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Introduction

(This introduction is not a part of IEEE Std 493-1997, IEEE Recommended Practice for the Design of Reliable
Industrial and Commercial Power Systems.)

The design of reliable industrial and commercial power systemsis of considerable interest to
many people. Prior to 1962, a qualitative viewpoint was taken when attempting to achieve
this objective. The need for a quantitative approach was first recognized in the early 1960s
when asmall group of pioneers led by W. H. Dickinson organized an extensive AIEE survey
of the reliability of electrical equipment in industrial plants. The AIEE survey that was taken
in 1962 was followed by several |EEE reliability surveys, which were published in 1973
through 1979. These surveys from the the 1970s were the basis for the reliability data con-
tained in IEEE Std 493-1980. Six additional 1EEE reliability surveys have been conducted
and published during the 1980s and have been updated in this revision of |EEE Std 493-1997.
The 1990 edition included pertinent tutorial reliability material and the cost of power inter-
ruptions data.

|EEE Std 493-1997 presents two new chapters, Chapter 9, a new methodology for estimating
the frequency of voltage sags at industrial and commercial sites, and Chapter 10, a methodol-
ogy for estimating the number of tests required to demonstrate reliability of emergency and
standby systems. New appendixes have been added on high- and low-voltage circuit breaker
reliability data, guarantees of gas turbines and combined cycle generating units, transmission
line and equipment outage data, interruption costs, and expectations for service reliability.
The existing appendices have been updated.

Tutorial reliability sessions on the design of industrial and commercial power systems were
conducted at technical conferences of the IEEE Industry Applications Society in 1971, 1976,
1980, and 1991.

This recommended practice was prepared by aworking group of the Power Systems Reliabil-
ity Subcommittee, Power Systems Engineering Committee, Industrial and Commercial
Power Systems Department of the IEEE Industry Application Society.

This IEEE Recommended Practice serves as a companion publication to the following other
Recommended Practices prepared by the IEEE Industrial and Commercial Power Systems
Department:

— |EEE Std 141-1993, | EEE Recommended Practice for Electric Power Distribution for
Industrial Plants (IEEE Red Book).

— |EEE Std 142-1991, IEEE Recommended Practice for Grounding of Industrial and
Commercial Power Systems (IEEE Green Book).

— |EEE Std 241-1990, |IEEE Recommended Practice for Electric Power Systems in
Commercial Buildings (IEEE Gray Book).

— |EEE Std 242-1986, | EEE Recommended Practice for Protection and Coordination of
Industrial and Commercial Power Systems (IEEE Buff Book).

— |EEE Std 399-1990, |IEEE Recommended Practice for Industrial and Commercial
Power Systems Analysis (IEEE Brown Book).



— |EEE Std 446-1995, |EEE Recommended Practice for Emergency and Standby Power
Systems for Industrial and Commercia Applications (IEEE Orange Book).

— |EEE Std 602-1996, IEEE Recommended Practice for Electric Systems in Health
Care Fecilities (IEEE White Book).

— |EEE Std 739-1995, |IEEE Recommended Practice for Energy Management in Com-
mercial and Industrial Facilities (IEEE Bronze Book).

— |EEE Std 1015-1997, IEEE Recommended Practice for Applying Low-Voltage Cir-
cuit Breakers Used in Industrial and Commercial Power Systems (IEEE Blue Book).

— |EEE Std 1100-1992, IEEE Recommended Practice for Powering and Grounding
Sensitive Electronic Equipment (IEEE Emerald Book).
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IEEE Recommended Practice for the
Design of Reliable Industrial and
Commercial Power Systems

Chapter 1
Introduction

1.1 Objectives and scope

The objective of this book isto present the fundamentals of reliability analysis applied to the
planning and design of industrial and commercial electric power distribution systems. The
intended audience for this material is primarily consulting engineers and plant electrical
engineers.

The design of reliable industrial and commercial power distribution systems is important
because of the high cost associated with power outages. It is necessary to consider the cost of
power outages when making design decisions for new power distribution systems as well as
to have the ability to make quantitative “ cost-versus-reliability” trade-off studies. The lack of
credible data concerning equipment reliability and the cost of power outages has hindered
engineersin making such studies.

The authors of this book have attempted to provide sufficient information so that reliability
analyses can be performed on power systems without requiring cross-references to other
texts. Included are

— Basic concepts of reliability analysis by probability methods
— Fundamentals of power system reliability evaluation

— Economic evaluation of reliability

— Cost of power outage data

— Equipment reliability data

— Examples of reliability analysis

In addition, discussion and information are provided on

— Emergency and standby power
— Electrical preventive maintenance
— Evaluating and improving reliability of existing facilities

Two new chapters have been added to this edition of |EEE Std 493:

—  Chapter 9,Voltage sag analysis
—  Chapter 10, Reliability compliance testing for emergency and standby power systems

Copyright © 1998 IEEE. All rights reserved. 1
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Chapter 9 meets the demand for a methodology for estimating the frequency of voltage sags
(which may interrupt processes and systems) at industrial and commercia sites. Chapter 10
presents a methodology for estimating the number of tests required to demonstrate reliability
compliance of devices and systems while considering the reliability constraints dictated by
the manufacturer and the customer.

New appendixes have been added to IEEE Std 493, and existing appendixes have been
updated as follows:

Appendix J, “Summary of CIGRE 13.06 Working Group Worldwide Reliability Data and
Maintenance Cost Data on High Voltage Circuit Breakers Above 63 kV,” contains a summary
of the most significant reliability data and maintenance cost data from two CIGRE 13.06
Working Group worldwide reliability surveys of high-voltage circuit breakers rated 63 kV
and above.

Appendix M, “Reliability/Availability Guarantees of Gas Turbines and Combined Cycle
Generating Units,” contains one manufacturer’s suggestion on how to write areliability/avail-
ability guarantee when industria firms are purchasing gas turbine generating units or com-
bined cycle units.

Appendix N, “Transmission Line and Equipment Outage Data,” contains the failure rates of
transmission line equipment that can be used for predicting voltage sags at a particular indus-
trial or commercia site caused by transmission line outages on adjacent feeders and/or from
the entire electric network configuration.

Appendix O, “Interruption Costs, Consumer Satisfaction and Expectations for Service Reli-
ability,” presents a recent study on the cost of service interruptions to various industrial and
commercia types. This data can be used for evaluating the cost-reliability worth of various
industrial and commercial electrical configurations.

Appendix B, “Survey Results of Low-Voltage Circuit Breakers as Found During Maintenance
Testing,” contains the results of a low-voltage circuit reliability survey achieved through the
use of available results from testing during preventive maintenance.

A quantitative reliability analysisincludes making a disciplined evaluation of alternate power
distribution system design choices. When costs of power outages at the various building and
plant locations are factored into the evaluation, the decisions can be based upon total owning
cost over the useful life of the equipment rather than simply the first cost of the system. The
material in this book should enable engineers to make more use of quantitative cost vs.
reliability tradeoff studies during the design of industrial and commercia power systems.

1.2 IEEE reliability surveys of industrial plants
From 1973 through 1996, the Power Systems Reliability Subcommittee of the Power Sys-

tems Engineering Committee of the |EEE Industry Applications Society conducted and pub-
lished the results of extensive surveys of the reliability of electrical equipment in industrial

2 Copyright © 1998 IEEE. All rights reserved.
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plants and also the cost of power outages for both industrial plants and commercial buildings.
This included motors, motor starters, generators, power transformers, rectifier transformers,
circuit breakers, disconnect switches, bus duct, switchgear bus-bare, switchgear bus-insu-
lated, open wire, cable, cable joints, cable terminations, and electric utility power supplies.
The results from these surveys have been published in 16 IEEE committee reports, 15 of
which are included in this book in Appendixes A, B, C, D, E, G, H, K, and P. Appendix F
gives the procedure used for conducting these surveys. It has been considered important that
the “reasons for conducting the survey” be written down at the beginning of each new survey.
It has also been considered important that the final report receive both oral and written dis-
cussion at the end of each survey. Some of the IEEE surveys have aso included the cost of
power interruptions, critical service loss duration time, and plant restart time. The most
important results from these 16 surveys have been summarized in Chapters 2, 3, and 5. Table
3-2 contains a summary of the latest equipment reliability data from these surveys, and these
values are suggested for use in the absence of better data that may be available from the
reader’s own experience. Table 3-1 presents a guide of where to look in this book for addi-
tional reliability data for each of several equipment categories.

Four important equipment reliability surveys conducted by others have been summarized and
included as Appendixes I, J, and N; these appendixes supplement the |IEEE equipment reli-
ability surveysin some categories in which there has been little or no data and in other cate-
gories in which the data is more recent and/or much more extensive. These four eguipment
reliability surveysinclude

— Cable, cable splices, and cable terminations
— High-voltage circuit breakers above 63 kV
— Diesdl and gas turbine generating units

— Transmission lines and terminal equipment

A paper on electrical service interruption costsis presented in Appendix O.

The reliability survey data contained in this book provide historical experience to those who
have not been able to collect their own data. Such data can be an aid in analyzing, designing,
or redesigning an industrial or commercia system and can provide abasis for the quantitative
comparison of alternate designs.

1.3 How to use this book

The methods of reiability analysis provided in this book are based upon probability and
statistics. Some users of this book may wish to read Chapter 8 on basic probability concepts
before reading Chapter 2 on planning and design. Other users may wish to start with
Chapter 2 and not wish to attempt to fully understand the derivation of the statistical formulas
givenin2.19and 2.1.11.1.

The most important parts of planning and design are covered in 2.1 and 2.2 on fundamentals

of power system reliability evaluation and on the economic evaluation of reliability.
Chapter 7 gives seven examples using these methods of analysis. These examples cover some

Copyright © 1998 IEEE. All rights reserved. 3
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of the most common decisions that engineers are faced with when designing a power distribu-
tion system. Some discussion on the limitations of reliability and availability predictions is
included in the latter part of 7.1.

Those wishing to obtain equipment reliability data should go to Chapter 3. Those wishing to
obtain data on the cost of electrical interruptions to industrial plants or commercia buildings
should consult 2.2. Any data on costs may need to be updated to take into account the effects
of inflation.

The importance of electrical preventive maintenancein planning and design is covered in 2.3
and 2.4. Chapter 5 discusses the subject in further detail and contains data showing the effect
of maintenance quality on equipment failure rates.

Many reliability studies need to be followed up by considerations for emergency and standby
power. This subject is covered in Chapter 6 and may also be considered part of planning and
design.

An approach to evaluating and upgrading the reliability of an existing plant is presented in
Chapter 4. Some users of this book may wish to start with this chapter.

1.4 Definitions
The following definitions should be used in conjunction with this recommended practice:

1.4.1 availability: Asapplied either to the performance of individual components or to that of
asystem, it isthe long-term average fraction of time that a component or system isin service
and satisfactorily performing its intended function. An aternative and equivalent definition
for availability is the steady-state probability that a component or systemisin service.

1.4.2 component: A piece of electrical or mechanical equipment, a line or circuit, or a
section of aline or circuit, or a group of items that is viewed as an entity for the purposes of
reliability evaluation.

1.4.3 electrical equipment: A general term including materials, fittings, devices, appliances,
fixtures, apparatus, machines, etc., used as a part of, or in connection with, an electric instal-
lation.

1.4.4 electrical preventive maintenance: A system of planned inspection, testing, cleaning,
drying, monitoring, adjusting, corrective modification, and minor repair of electrical equip-
ment to minimize or forestall future equipment operating problems or failures, which,
depending upon equipment type, may require exercising or proof testing.

1.4.5 expected failure duration: The expected or long-term average duration of a single
failure event.

4 Copyright © 1998 IEEE. All rights reserved.
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1.4.6 expected interruption duration: The expected, or average, duration of a single-load
interruption event.

1.4.7 exposur e time: The time during which acomponent is performing its intended function
and is subject to failure.

1.4.8failure: Any trouble with a power system component that causes any of the following to
occur:

—  Partia or complete plant shutdown, or below-standard plant operation
—  Unacceptable performance of user’s equipment

— Operation of the electrical protective relaying or emergency operation of the plant
electrical system

— De-energization of any electric circuit or equipment
A failure on apublic utility supply system may cause the user to have either of the following:

— A power interruption or loss of service
— A deviation from normal voltage or frequency outside the normal utility profile

A failure on an in-plant component causes a forced outage of the component; that is, the com-
ponent is unable to perform its intended function until it is repaired or replaced. The terms
“failure” and “forced outage” are often used synonymously.

1.4.9failurerate: The mean number of failures of acomponent per unit exposure time. Usu-
ally exposure timeis expressed in years and failure rate is given in failures per year.

1.4.10 forced outage: An outage (failure) that cannot be deferred.

1.4.11 forced unavailability: The long-term average fraction of time that a component or
system is out of service due to aforced outage (failure).

1.4.12 interruption: Theloss of electric power supply to one or more loads.

1.4.13 interruption frequency: The expected (average) number of power interruptions to a
load per unit time, usually expressed as interruptions per year.

1.4.14 mean time between failures (M TBF): The mean exposure time between consecutive
failures of a component. It can be estimated by dividing the exposure time by the number of
failures in that period, provided that a sufficient number of failures has occurred in that
period.

1.4.15 mean time to repair (MTTR): The mean time to repair or replace a failed compo-

nent. It can be estimated by dividing the summation of repair times by the number of repairs,
and, therefore, it is practically the average repair time.
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1.4.16 minimum cut-set: A set of components that, if removed from the system, resultsin
loss of continuity to the load point being investigated and that does not contain as a subset
any set of components that isitself a cut-set of the system.

1.4.17 offline system: A system that is dormant until it is called upon to operate, such as a
diesel generator that is started up when a power failure occurs.

1.4.18 online system: A system that is operating at al times, such as an inverter supplied by
dc power viathe primary power source through a battery charger.

1.4.19 outage: The state of a component or system when it is not available to properly per-
form its intended function due to some event directly associated with that component or
system.

1.4.20 repair time: The repair time of atailed component or the duration of afailure is the
clock time from the occurrence of the failure of a component to the time when the component
is restored to service, either by repair of the failed component or by substitution of a spare
component for the failed component. (Also called the duration of a failure). It includes time
for diagnosing the trouble, locating the failed component, waiting for parts, repairing or
replacing, testing, and restoring the component to service. It is not the time required to restore
service to a load by putting alternate circuits into operation. The terms “repair time” and
“forced outage duration” are often used synonymously.

1.4.21 scheduled outage: An outage that results when a component is deliberately taken out
of service at aselected time, usually for purposes of construction, maintenance, or repait.

1.4.22 scheduled outage duration: The period from theinitiation of a scheduled outage until
construction, preventive maintenance, or repair work is completed and the affected compo-
nent is made available to perform its intended function.

1.4.23 scheduled outage rate: The mean number of scheduled outages of a component per
unit exposure time.

1.4.24 switching time: The period from the time a switching operation is required due to a
component failure until that switching operation is completed. Switching operations include
such operations as throwover to an aternate circuit, opening or closing a sectionalizing
switch or circuit breaker, reclosing a circuit breaker following a trip-out due to a temporary
fault, etc.

1.4.25 system: A group of components connected or associated in a fixed configuration to
perform a specified function of distributing power.

1.4.26 unavailability: The long-term average fraction of time that a component or system is
out of service due to failures or scheduled outages. An alternative definition is the steady-
state probability that a component or system is out of service due to failures or scheduled
outages. Mathematically, unavailability = (1-availability).

6 Copyright © 1998 IEEE. All rights reserved.



Chapter 2
Planning and design

2.1 Fundamentals of power system reliability evaluation
2.1.1 Reliability evaluation fundamentals

Fundamentals necessary for a quantitative reliability evaluation in electric power systems
include definitions of basic terms, discussions of useful measures of system reliability and the
basic data needed to compute these indexes, and a description of the procedure for system
reliability analysisincluding computation of quantitative reliability indexes.

2.1.2 Power system design considerations

An important aspect of power system design involves consideration of the service reliability
requirements of loads that are to be supplied and the service reliability that will be provided
by any proposed system. System reliability assessment and evaluation methods based on
probability theory that allow the reliability of a proposed system to be assessed quantitatively
are finding wide application today. Such methods permit consistent, defensible, and unbiased
assessments of system reliability that are not otherwise possible.

The quantitative reliability evaluation methods presented here permit reliability indexes for
any electric power system to be computed from knowledge of the reliability performance of
the constituent components of the system. Thus, alternative system designs can be studied to
evaluate the impact on service reliability and cost of changes in component reliability, system
configuration, protection and switching scheme, or system operating policy including
maintenance practice.

2.1.3 Definitions

Terms previously defined in Chapter 1 are commonly used in the survey of the reliability of
electric equipment in industrial plants (see |EEE Committee Report [B15])*. Refer to 1.4.

2.1.4 System reliability indexes

The basic system reliability indexes (see Billinton and Allen [B2], Dickinson [B8], Endrenyi
[B9], and Patton and Ayoub [B19]) that have proven most useful and meaningful in power
distribution system design are

— Load interruption frequency
—  Expected duration of load interruption events

1The numbers in brackets preceded by the letter B correspond to those of the bibliography in 2.5.
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These indexes can be readily computed using the methods that will be described later. The
two basic indexes (interruption frequency and expected interruption duration) can be used to
compute other indexes that are also useful:

— Total expected (average) interruption time per year (or other time period)
—  System availability or unavailability as measured at the load supply point in question
—  Expected demanded, but unsupplied, energy per year

It should be noted here that the disruptive effect of power interruptions is often non-linearly
related to the duration of the interruption. Thus, it is often desirable to compute not only an
overal interruption frequency but also frequencies of interruptions categorized by the appro-
priate durations.

2.1.5 Data needed for system reliability evaluations

The data needed for quantitative evaluations of system reliability will depend to some extent
on the nature of the system being studied and the detail of the study. In general, however, it
requires both data on the performance of individual components together with the times
required to perform various switching operations.

System component data that are generally required are summarized as follows:

— Failure rates (forced outage rates) associated with different modes of component
failure

—  Expected (average) time to repair or replace failed component
— Scheduled (maintenance) outage rate of component
— Expected (average) duration of a scheduled outage event

If possible, component data should be based on the historical performance of componentsin
the same environment as those in the proposed system being studied. The reliability surveys
conducted by the Power Systems Reliability Subcommittee (see IEEE Committee Reports
[B15], [B16]) provide a source of component data when such specific data are not available.
These data have been summarized in Chapter 3.

The needed switching time data include the following:

—  Expected timesto open and close a circuit breaker

— Expected times to open and close a disconnect or throwover switch

—  Expected time to replace afuse link

—  Expected times to perform such emergency operations as cutting in clear, installing

jumpers, etc.
Switching times should be estimated for the system being studied based on experience, engi-
neering judgment, and anticipated operating practice.

8 Copyright © 1998 |IEEE. All rights reserved.
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2.1.6 Method for system reliability evaluation

The method for system reliability evaluation recommended and presented here has evolved
over a number of years (see Billinton and Allen [B2], Billinton and Grover [B3], Dickinson
[B8], Endrenyi [B9], and Gaver et a., [B11]). The method, called the minimal-cut-set
method, is believed to be particularly well suited to the study and analysis of electric power
distribution systems as found in industrial plants and commercial buildings. The method is
systematic and straightforward and lendsitself to either manual or computer computation. An
important feature of the method is that system weak points can be readily identified, both
numerically and nonnumerically, thereby focusing design attention on those sections or com-
ponents of the system that contribute most to service unreliability. See Chapter 8 for aderiva-
tion of the minimal cut-set-method.

The procedure for system reliability evaluation is outlined as follows:

a) Assess the service reliability requirements of the loads and processes that are to be
supplied and determine the appropriate service interruption definition or definitions.

b) Perform a failure modes and effects analysis (FMEA) identifying and listing those
component failures and combinations of component failures that result in service
interruptions and that constitute minimal cut-sets of the system.

c¢) Compute the interruption frequency contribution, the expected interruption duration,
and the probability of each of the minimal cut-sets of step b).

d) Combine the results of step c) to produce system reliability indexes.

These steps will be discussed in more detail in that following subclauses.

2.1.7 Service interruption definition

Thefirst step in any electric power system reliability study should be a careful assessment of
the power supply quality and continuity required by the loads that are to be served. This
assessment should be summarized and expressed in a service interruption definition, which
can be used in the succeeding steps of the reliability evaluation procedure. The interruption
definition specifies, in general, the reduced voltage level (voltage dip or sag) together with the
minimum duration of such a reduced voltage period that results in substantial degradation or
complete loss of function of the load or process being served. Frequently reliability studies
are conducted on a continuity basis, in which case, interruption definitions reduce to a mini-
mum duration specification with voltage assumed to be zero during the interruption.

Further discussion of interruption definitions as well as examples of such definitions are
givenin 7.1.2.

A method for calculating the magnitude of voltage sags is given in Chapter 9. Sags can be
caused by faults elsewhere on the power system.

Copyright © 1998 IEEE. All rights reserved. 9
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2.1.8 Failure modes and effects analysis (FMEA)

The FMEA for power distribution systems amounts to the determination and listing of those
component outage events or combinations of component outages that result in an interruption
of service at the load point being studied according to the interruption definition that has been
adopted. Thisanalysis must be made in consideration of the different types and modes of out-
ages that components may exhibit and the reaction of the system’s protection scheme to these
events.

The primary result of the FMEA as far as quantitative reliability evaluation is concerned is
thelist of minimal cut-sets it produces. The use of the minimal cut-sets in the calculation of
system reliability indexes is described in Chapter 3 of this book. A minimal cut-set is defined
to be a set of components that, if removed from the system, resultsin loss of continuity to the
load point being investigated and that does not contain as a subset any set of components that
isitself a cut-set of the system. In the present context, the components in a cut-set are just
those components whose overlapping outage results in an interruption according to the inter-
ruption definition adopted.

An important nonquantitative benefit of the FMEA is the thorough and systematic thought
process and investigation that it requires. Often weak points in system design will be identi-
fied before any quantitative reliability indexes are computed. Thus, the FMEA isauseful reli-
ability design tool even in the absence of the data needed for quantitative evaluation.

The FMEA and the determination of minimal cut-sets are most efficiently conducted by con-
sidering first the effects of outages of single components and then the effects of overlapping
outages of increasing numbers of components. Those cut-sets containing a single component
are termed first-order cut-sets. Similarly, cut-sets containing two components are termed sec-
ond-order cut-sets, etc. In theory the FMEA should continue until all the minimal cut-sets of
the system have been found. In practice, however, the FMEA can be terminated earlier, since
high-order cut-sets have low probability compared to lower-order cut-sets. A good rule of
thumb isto determine minimal cut-sets up to order n + 1 where n is the lowest-order minimal
cut-set of the system. Since most power distribution systems have at least some first-order
minimal cut-sets, the analysis can usually be terminated after the second-order minimal cut-
sets have been found.

2.1.9 Computation of quantitative reliability indexes
The list of minimal cut-sets obtained from the FMEA is used to compute system reliability
indexes. Since the accurrence of any cut-set will result in system failure, these cut-sets can be

regarded as acting in series. The failure frequency and average outage duration can therefore
be computed using Equations (2-1) and (2-2).

fs= System interruption frequency = z 1‘Csi (2-1
i

rs = System expected interruption duration = z fes Tes /fs (2-2)

10 Copyright © 1998 IEEE. Al rights reserved.
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where

fC% isthe frequency of cut-set event i; and

res isthe expected duration of cut-set event i.

NOTE—These are approximate formulas and should only be used when the various (fC xr..) ae
lessthan 0.01. s 5

It can be seen from Equations (2-1) and (2-2) that, once the frequency and duration of the
various cut-sets are known, the load point interruption frequency and duration can be easily
computed. Since the various cut-set events are not mutually exclusive, Equation (2-1) is an
upper bound on the frequency of system failure. Assuming, however, that the time a compo-
nent spends on outage is very small compared to the time it is operating satisfactorily,
Equations (2-1) and (2-2) give results close to the exact values. A later section gives equa-
tions for computing the frequency and duration for various types of outage events.

2.1.10 Component failure modes

Distribution system components, such aslines, transformers, and circuit breakers, are subject
to avariety of failure modes that, in general, have different impacts on system reliability per-
formance. For system reliability evaluation purposes, it is useful to categorize system compo-
nents as switching devices or nonswitching devices. First, consider nonswitching devices
such as lines or transformers. The important modes of failure are those events that cause the
component to be unable to fulfill its current-carrying function, generally due to a fault and
subsequent isolation of the faulted component by a protective device. Such failure modes can
be modeled in system reliability calculations through the use of permanent forced outage
rates and transient forced outage rates, where

A isthe permanent forced outage rate of the component = rate of occurrence of forced
outages in which the component is damaged and cannot be restored to service until
repair or replacement has been completed; and

A" isthetransient forced outage rate of component = rate of occurrence of forced outages
in which the component is undamaged and can be immediately restored to service.

NOTE—A forced outage is defined as “an outage (failure) that cannot be deferred.”

Now consider the failure modes of protection systems and of switching devices, such as cir-
cuit breakers. In contrast to the components described above whose only function is carrying
current (a continuously required function), protection systems and switching devices gener-
aly have both continuously required and response functions. The inability to perform a con-
tinuously required function, such as current carrying, will immediately impact system
performance while the inability to perform a response function, such as tripping open on
command, will be manifested only when the response is required.

Copyright © 1998 IEEE. All rights reserved. 11
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Some of the more important failure modes of protection systems and switching devices, and
the parameters used to model these failure modes in reliability calculations are summarized
asfollows:

2.1.10.1 Continuous functions

a) Component short circuit resulting in operation of backup protective devices. The
modeling parameter is A, which is the rate of occurrence of such short-circuit events.

b)  Switching device opening without the proper command. The modeling parameter is
A1, Which isthe rate of occurrence of such events given that the device is closed.

¢) Switching device closing without the proper command. The modeling parameter is
Arc, which is the rate of occurrence of such events given that the device is open.

2.1.10.2 Response functions

a)  Switching device failure to open on command. The modeling parameter is pg, which
isthe probability that the device will not open on command.

b)  Switching device failure to close on command. The modeling parameter is p;, which
is the probability that the device will not close on command.

c) Protection system trips incorrectly due to a fault outside of the protection zone. The
modeling parameter is py, which is the probability of an incorrect trip, given afault
outside the protection zone.

2.1.11 Expressions for outage events

Expressions for computing the frequency, f ., and the expected durétions, r, of a cut-set
event are summarized in this subclause. These expressions are generally approximate, but are
sufficiently accurate for practical calculations in typical situations. The given expressions
presume that all physically parallel pathsin a distribution system are fully redundant; that is,
it is presumed that any one path of a parallel set isfully capable of carrying the highest load
that may be experienced. Further, the failure bunching effects of storms and other common-
mode or common-cause failures are not considered in the given expressions. These issues are
fully described elsewhere (see Billinton and Allan [B2] and Endrenyi [B9]) and are usually
not numerically important in industrial and commercial distribution systems whose reliability
performance is dominated by series components that yield first-order cut-sets.

2.1.11.1 Forced outages of current-carrying components

Now the events of cessation of the continuous current-carrying function of any component
will be considered. The following notations are used:

f.s Isthefrequency of cut-set event;

ros Is the expected duration of the cut-set event = expected duration of system failure
event due to occurrence of the cut-set event;

A; isthe permanent forced outage rate of component i;

A, isthetransient forced outage rate of component i;
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r; istheexpected repair or replacement time of component i; and
t isthe time to perform an appropriate switching operation.

First, consider cut-sets associated with permanent forced outages.
First-Order (single-component) cut-sets:
fes =N (2-3)
I'es=min (rj, t) = Minimum of r; or t (2-4)
Second-Order (dual-component) cut-sets:
fes =N A (ri+ 1)) (2-5)
Fes =MIN(rirj/(ri+19), 1) (2-6)

NOTE—Equations (2-5) and (2-6) are approximate formulas and should only be used when both (A; x
r;) and (A; x ;) areless than 0.01.

Note that the above expressions for f. are approximate and assume that A is much less than
1/r. Thisisusually areasonable assumption, but exact expressions are given in Chapter 8 and
should be used if needed. Also note that, particularly in the above expressions for r.g, system
interruption durations may be determined by component repair or replacement times or by
the time to restore service to interrupted |oads through a switching operation. Thus, rgisvery
much a function of system topology and switching arrangements. It should also be noted that
fcs for second-order cut-sets may, in certain circumstances, also be a function of switching
times rather than repair and replacement times. In such cases, the times r; and r; should be
viewed as the appropriate switching times.

Next, consider cut-sets associated with transient forced outages or transient forced outage
events overlapping permanent forced outage events. The likelihood of overlapping transient
forced outages is considered remote and is not discussed in this book.

First-Order (single-component) cut-set:
fes= N (27
res=t (2-8)
Second-Order (dual-component) cut-sets:
fes=Aj N 1 (2-9)
les=t (2-10)

NOTE—Equation (2-9) is an approximate formula and should only be used when (A; X r;) are less than
0.01.
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2.1.11.2 Failures of switching devices or protection systems

Now consider failure events of switching devices or protection systems. The frequency and
duration of cut-set events associated with the short-circuit failure mode of switching devices
can be calculated using Equations (2-3) through (2-10) as appropriate. Similarly, if a switch-
ing device is normally operated closed, the effects of false trip events having arate of Azt can
be calculated using the approaches of Equations (2-3) through (2-10). The event of switching
device closure without proper command is not generally viewed asimportant from a distribu-
tion system reliability point of view (though it certainly isimportant from a safety viewpoint)
and will not be treated in this book.

Switching device or protection system failures that render the device or system unable to
respond properly to some other event may occur at the instant of required action or more
probably represent undetected prior failures. Such latent failures are only revealed by the
event calling for the device or system action. It follows, therefore, that response function fail-
ures of switching devices or protection systems never congtitute first-order cut-sets since such
failures do not in and of themselves result in load interruptions. Expressions for f.q and reg
for each of the response function failure modes appear in Equations (2-11) through (2-20). In
these expressions, A isthe rate of occurrence of the event requiring a response.

Failure to open on command:
fes=APs (2-11)
res =T Or t s appropriate (2-12)
Failure to close on command:
fes=APc (2-13)
res =1 Or t as appropriate (2-14)
Incorrect trip due to fault outside protection zone:
fes=APo (2-15)
res =1 Or t as appropriate (2-16)
The probabilities pg and p., are very much influenced by inspection, maintenance, and testing
policies. This follows, since pg and p.. largely reflect undetected prior failures at the time of a
required response.
2.1.11.3 Scheduled outage of components
System interruptions and their related cut-sets will now be considered, which are associated

with scheduled outages of components. A scheduled outage is defined as “an outage that
results when a component is deliberately taken out of service at a selected time, usually for
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purposes of construction, maintenance, or repair.” The distinction between a forced outage
and a scheduled outage is the degree to which the outage can be postponed; a forced outage
cannot be postponed, while a scheduled outage can be postponed, if necessary, to avoid con-
sumer interruptions. Clearly, a scheduled outage of a component that constitutes a first-order
cut-set will result in a consumer interruption regardless of the degree to which it can be post-
poned. However, the timing of such an outage is entirely controllable and can, therefore, be
taken at times of minimum inconvenience and with forewarning. Therefore, such interrup-
tions may not have the same impact as interruptions that occur at a random time and without
warning. The frequency and duration of first-order cut-sets associated with scheduled outages
are

fes= A" (2-17)
res=1" (2-18)

where A"; and r"; are the scheduled outage rate and average scheduled outage duration of the
ith component.

In systems possessing redundant supply paths, consumer interruption should never occur due
to overlapping scheduled outages of components. However, a component forced outage may
overlap a preexisting component scheduled outage, thereby producing a consumer interrup-
tion and a second-order cut-set. The frequency and duration of a cut-set in which a forced
outage of component j overlaps a scheduled outage of component i are given as follows:

fes= AP NI (2-19)

rr
fes= o '+ Jr or t as appropriate (2-20)
I

j

Again, the assumption isthat A is much greater than Lr.
2.1.12 Example

A simple example will now be used to illustrate the application of the reliability evaluation
concepts that have been presented to the evaluation of alternative system protection and sec-
tionalizing schemes. The aternative cases to be studied are shown in Figures 2-1, 2-2, and 2-
3. More detailed examples using typical data are given in Chapter 7. In these examples, only
the labeled line sections and circuit breakers or switches are considered fallible. Furthermore,
in the interest of simplifying the example, scheduled outages and transient forced outages of
components are not considered. Assumed numerical datafor the example systemsis shownin
Table 2-1. In every case, the reliability performance indexes desired are the interruption rate
and expected duration that would be experienced by aload served from line section L.

Here an interruption is defined to be “the loss of continuity from the source to the load point

for a time longer than that required for an automatic or remotely controlled switching
operation.”
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Table 2-1—Data for example systems

Line sections
A = 0.20/yr
r = 3h

Breakers and switches

A = 0.0lyr
)\FT = 0003/yl’
ps = 0.001
p, = 0.01
r = 5h
Switching times

ts = Norma manual switching time=0.5h
tg = Timetoisolate breaker or switch or to repair noncatastrophic failure=1h

The analysis of each system is shown in the tables within Figures 2-1, 2-2, and 2-3 (Cases 1,
2, and 3). In the analysis, it is assumed that breakers are operated automatically or remotely,
while switches are operated manually. The results of the analyses are in agreement with intu-
ition:

— Sectionalizing circuits with noninterrupting devices reduces average interruption
duration but has aminimal effect on the interruption rate.

—  Sectionalizing circuits with fault-interrupting devices cuts the interruption rate.

Note, however, that the average interruption duration of Case 3 is close to that of Case 1 and
higher than that of Case 2. This points out that f5and rg may not move in the same direction
as changes are made in the protection scheme, and that the indexes f5 and rg should be viewed
as acomplementary pair in reliability analysis.

2.1.13 Incomplete redundancy

A common method of improving the reliability performance of a system is through compo-
nent redundancy, for example, more than one transformer in a substation. Typically, each
component of the redundant set has sufficient capacity, perhaps based on an emergency rat-
ing, to carry the peak load that the system may be asked to deliver. Such full redundancy is
effective in improving system reliability performance but is usually quite expensive. If the
load of the system is variable, the opportunity exists to cut costs by reducing the capacity of
redundant components to levels less than that required to carry system peak load and where
they would thereby suffer an overload. An overload might result in an actual interruption of
load or perhaps only some loss of life in the overloaded component, depending on the protec-
tion scheme in service.

16 Copyright © 1998 IEEE. Al rights reserved.



IEEE

PLANNING AND DESIGN Std 493-1997

B1 L1 L2
]
SOURCE * '
S1
O— o\
|
|
Bo L3 Lg
Cut-Set @ 2
Frequency Duration D) %2
(failureslyr) (h/failure)
Line Failures
Ly A=0.20 r=3 0.20x 3
L, A=0.20 r=3 0.20x 3
Breaker/Switch Failures
Type 1: By A=0.01 tg=1 0.01x1
Typel: B, A=0.01 tg=1 0.01x1
Typel: S; A=0.01 tg=1 0.01x1
Type2: B4 At =0.003 tg=1 0.003x 1
> =0.433 > =1233
where

fs = 0.433 interruptions/yr
rq = 1.233/0.433 = 2.85 h/interruption

Figure 2-1—Example system—no line sectionalizing

A method exists (see Ayoub and Patton [B1] and Christiaanse [B6]) for computing the
frequency, average duration, and probability of overload outage events as a function of
component capacities and load characteristics. This method, which is compatible with the
general reliability evaluation procedure outlined earlier, can be used to evaluate the cost/reli-
ability tradeoffs of incomplete redundancy. The method is briefly presented hereafter.

Consider a system possessing incomplete redundancy, and consider the forced outage of
some set i of the components of this system. Let the frequency and probability of thisforced
outage event be f; and P;. Then the frequency, probability, and average duration of overload-
ing events that are precipitated by loss of the componentsin set i are given approximately by
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1 1 / So 2
SOURCE * NC
S1
LOAD No N\
NC
S
B2 L3 3 14
Cut-Set 1) 2
Frequency Duration Q) x (2
(failureslyr) (h/failure)
Line Failures
Ly A=0.20 r=3 0.20x 3
L, A=0.20 r=0.5 0.20x0.5
Breaker/Switch Failures
Type 1: B4 A=001 tg=1 0.01x1
Type 1: B, A=0.01 tg=1 0.01x1
Typel: S, A=0.01 tg=1 0.01x1
Typel: S, A=001 tg=1 0.01x1
Type2: By Apr =0.003 tg=1 0.003x1
Type4: B tg=1 0.00041 x 1
ypet B2 P, + AL +As) B
=0.0041
S =0.44341 s =0.74341
where

fs = 0.44341 interruptions/yr
rg = 0.74341/0.43341 = 1.68 h/interruption

Figure 2-2—Example system—Iline sectionalized with switches

fOLi = f, x P (load = capacity of remaining components)
+ P; x f (load 2 capacity of remaining components)
= P; x P (load = capacity of remaining components)

= PoL /oL,
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Cut-Set

Line Failures
Ly
L2
Breaker/Switch Failures
Typel: By
Typel: B,
Type 1: B3
Type2: By

Type 4: B3

Type4: B,

Type6: By

where

fs = 0.23552 interruptions/yr

B1 L1 B3 L2
NC
B2 L3 B4 Lg
@ &)
Frequency Duration D) %2
(failureslyr) (h/failure)
A=0.20 r=3 020x3
A=0.20 r=05 0.20x 0.5
A=0.01 tg=1 001x1
A=001 tg=1 0.01x1
A=0.01 tg=1 001x1
At = 0.003 tg=1 0.003x 1
ps()\L2 + )\Bs) =0.00021 tg=1 0.00021 x 1
ps()\LS + 7\54) =0.00021
tg=1 0.00021 x 1
po()\,_2 + )\Bs) =0.0021
tg=1 0.0021x 1
> =0.23552 > =0.63552

rg = 0.63552/0.433 = 2.70 h/interruption

Figure 2-3—Example system—Iines sectionalized with circuit breakers
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In the above expressions, P (load = X) is called the load-duration characteristic and is simply
the probability or proportion of time that the load is greater than or equal to X. A typical load-
duration characteristic for a utility load is shown in Figure 2-4. Similary, f (load = X) iscalled
the “load-frequency characteristic” and is the rate with which events (load = X) occur. A typi-
cal load-frequency characteristic is shown in Figure 2-5. The reader isreferred to (Ayoub and
Patton [B1]) for additional discussion of the load-duration and |oad-frequency
characteristics.
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PROBABILITY (LOAD X)

o.1r

0O 01 02 03 04 05 06 07 08 09 10
PER UNIT LOAD

Figure 2-4—Typical load-duration characteristic

2.2 Costs of interruptions—economic evaluation of reliability
2.2.1 Cost of interruptions vs. capital cost

The type and extent of new or rehabilitated electric systems for industrial plants or commer-
cial buildings must carefully balance the costs of anticipated interruptions to electrical ser-
vice against the capital costs of the systems involved. Each instance requires a separate
analysis taking into account special production and occupancy needs. Because of the many
variables involved, one of the most difficult items to obtain is the cost of the electrical
interruptions.

2.2.1.1What is an interruption?
Economic evaluation of reliability begins with the establishment of an interruption definition.

Such a definition specifies the magnitude of the voltage sag and the minimum duration of
such a reduced-voltage that result in a loss of production or other function for the plant,
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Figure 2-5—Typical load-frequency characteristic

process, or building in question. Freguently, interruption definitions are given only in terms
of aminimum duration and assume that the voltage is zero during that period.

| EEE surveys (see IEEE Committee Reports [B15], [B16], and Patton [B20]) have revealed a
wide variation in the minimum or critical service loss duration. Table 2-2 summarizes results
for industrial plants, and Table 2-3 gives results for commercia buildings. It is clear from
these tables that careful attention must be paid to choosing the proper interruption definition
in any specific reliability evaluation.

Table 2-2—Critical service loss duration for industrial plants®
(Maximum length of time an interruption of electrical service that will not stop plant production.)

Aver age plant outage time
25th percentile Median 75th percentile for equipment failure between
1- and 10-cycle duration

10 cycles 10s 15 min 1.39h

8Fifty-five plants in the United States and Canada reporting; all industry.

Another important consideration in the economic evaluation of reliability isthe time required
to restart a plant or process following a power interruption. An |EEE survey (see IEEE Com-
mittee Report [B15] and Table 2-4) indicates that industrial plant restart time following a
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Table 2-3—Critical service loss duration for commercial buildings?
(Maximum length of time before an interruption to electrical serviceis considered critical.)

Servicelossduration time

1lcycle 2 cycles 8 cycles 1ls 5min 30min 1h 12h
(%) (%) (%) (%) (%) (%) (%) (%)
3 6 9 15 36 64 74 100

8Fifty-four buildings reporting; percentage of buildingswith critical servicelossfor duration lessthan
or equal to time indicated.

Table 2-4—Plant restart time?
(After serviceisrestored following afailure that has caused a complete plant shutdown.)

Average Median
(h) (h)
174 4.0

8Forty-three plants in the United States and Canada reporting: all industry.

complete plant shut-down due to a power interruption averages 17.4 h. The median plant
restart time was found to be 4.0 h. Clearly, specific data on plant or process restart time
should be used if possible in any particular evaluation.

Many industrial plants reported that 1 to 10 cycles were considered critical interruption time,
as compared to 1.39 h, required for startup (plant outage time being considered equal to plant
startup time). This indicates that the critical factor must be carefully explored prior to assign-
ing a cost to the interruption. That 15% of the commercia buildings reported the critical
service loss duration time to be 1 s or less can probably be attributed to the fact that computer
installations were involved.

Further data from |EEE Committee Report [B15] graphically illustrates the time required to
start an industrial plant after an interruption.

The first step of the cost analysis thus becomes the selection of the critical duration time of

the outage and the plant startup time, including equipment repair or replacement time
required because of the interruption.

2.2.1.2 Cost of an electrical service interruption

With the establishment of expected downtime per interruption, costs are assigned to all indi-
vidual itemsinvolved, including but not limited to
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— Vaueof lost production time less expenses saved (expected restart timeis used along
with the repair or replacement time)

— Damaged plant equipment

— Spoiled or off-specification product

— Extramaintenance costs

—  Cost for repair of failed component

If possible, the cost for each interruption of service should be expressed in dollars for a short
interruption plus an amount of dollars per hour for the total outage timein order to utilize the
reliability data and analysis presented.

2.2.1.3 Economic evaluation of reliability

There are many methods of varying degrees of complexity for accomplishing economic eval-
uations. For quick order of magnitude or Is it worth further investigation? types of evalua-
tions, cost data from |IEEE Committee Report [B15] and Patton [B20] can be used. Caution
must be exercised, however, since these data are very genera in nature, and wide variations
arepossibleinindividual cases. Some of the more commonly accepted methods for economic
analyses are

— Revenue requirements (RR)
— Return on investment (ROI)
— Lifecycle costing (LCC)

Itisnot the intent to stipul ate here the method to be used nor the depth to which each analysis
is to be made. These are considered to be the prerogative of the engineer and will depend
heavily on management choice and the time available for the analysis. The RR method is
given in this chapter as an example.

2.2.2"“Order of magnitude” cost of interruptions

IEEE surveys (see Dickinson [B8], IEEE Committee Report [B14], and Patton [B20])
presented general data on the cost of interruptions to industrial plants and commercial
buildings in the United States and Canada. Additional cost of interruption datais presented in
various |EEE-IAS and | EEE-PES publications. Recent data collected by aU.S. electric utility
is given in (Sullivan [B23]). Other data are listed in Billinton and Wacker [B4], Billinton
et a., [B5], Goushleff [B12], and Koval and Billinton [B18] and are primarily for areasin the
middle of Canada and the Province of Ontario. The reader is again cautioned that such
general data should be used only for “order of magnitude” evaluations where data specific to
the system being studied is not available. A review of the reliability data can probably best be
used in selecting the type of utility company service that should be provided.

The costs based on the kilowatts interrupted and the kilowatts-hours not delivered to indus-
trial plants are presented in Tables 2-5 and 2-6.

Interruption costs based on kilowatts-hours not delivered and reflecting the relationship to
duration of interruptions for commercial buildings are presented in the Tables 2-7 and 2-8.
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Table 2-5—Average cost of power interruptions for industrial plants?

All plants $6.43/kW + $9.11/kWh
Plants > 1000 kW max demand $3.57/kW + $3.20/kWh
Plants < 1000 kW max demand $15.61/ kW + $27.57/kWh

4 orty-one plants in the United States and Canada reporting (published in 1973, with costs updated
to July 1996).

Table 2-6—Median cost of power interruptions for industrial plants?®

All plants $2.35/kW + $2.82/kWh
Plants > 1000 kW max demand $1.09/kW + $1.22/kWh
Plants < 1000 kW max demand $12.51/kW + $15.03/kWh

3Forty-one plants in the United States and Canada reporting (published in 1973, with costs updated
to July 1996).

Table 2-7—Average cost of power interruptions for commercial buildings

All commercial buildings? $21.77/kWh not delivered

Office buildings only $26.76/kWh not delivered

8Fifty-four buildings in the United States reporting (published in 1975, with costs updated to July
1996).

Table 2-8—Cost of power interruptions as a function of duration for office
buildings (with computers)?@

Cost/Peak kWh not delivered
Power interruptions Samplesize
Maximum Minimum Average
15 min duration 14 $67.10 $5.68 $26.85
1 hduration 16 $75.29 $5.68 $25.07
Duration>1h 10 $204.33 $0.48 $29.63

8published in 1975 with costs updated to July 1996.
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Interruption costs as they are related to interruption time from Table 2-7 and from (Koval and
Billinton [B18]) are graphically represented in Figure 2-6. Small industrials are considered to
be those with a maximum demand of less than 1000 kW and large industrials are considered
to be those with a demand of 1000 kW or more.
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Figure 2-6—Cost of interruptions versus duration (adjusted to July 1996 value)

2.2.3 Economic analysis of reliability in electrical systems

There are several acceptable methods for accomplishing an economic analysis of the reliabil-
ity in electric systems. The examples of reliability analysis included in this chapter and
Chapter 7 utilize the RR method. The application of this method asit applied to the analyses
of the reliability in industrial plant electrical systems was presented in part 6 of Dickinson
[B8]. Applicable excerpts from that reference are included herein.

2.2.3.1 The RR method

Although there are many waysin use to compare aternatives, some of these have defects and
weaknesses, especialy when comparing design alternatives in contrast to overall projects.
The RR method is “mathematically rigorous and quantitatively correct to the extent permitted
by accuracy with which items of cost can be forecast” (see Dickinson [B8] and Jeynes and
Van Nemwegen [B17]).
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The essence of the RR method is that for each alternative plan being considered, the mini-
mum revenue requirements (MRR) are determined. This reveas the amount of product
needed to be sold to achieve minimum acceptable earnings on the investment involved plus
al expenses associated with that investment. These minimum revenue requirements for
aternative plans may be compared directly. The plan having the lowest MRR is the economic
choice.

MRR are made up of and equal to the summation of

a) Variable operating expenses
b)  Minimum acceptable earnings
c) Depreciation

d) Income taxes

€) Fixed operating expenses

These MRR may be separated into two main parts, one proportional and the other not propor-
tional to investment in the alternative. This may be expressed in an equation

G = X+CF (2-21)
where

G isthe MRR to achieve minimum acceptable earnings;

X isthe nonfixed or variable operating expenses,

C isthecapital investment; and

F isthefixed investment charge factor.

The last term in Equation (2-21), the product of C and F includes the items b), c), d), and €)
listed in the preceding paragraph. Equation (2-21) is now discussed.

X (variable expenses)—The effect of the failure of a component is to cause an increase in
variable expenses. How seriousthisincrease is dependsto a great extent on the location of the
component in the system and on the type of power distribution system employed. The quality
of a component as installed can have a significant effect on the number of failures experi-
enced. A poor quality component installed with poor workmanship and with poor application
engineering may greatly increase the number of failures that occur as compared with a high
quality component installed with excellent workmanship and sound application engineering.

When afailure does occur, variable expenses are increased in two ways. In the first way, the
increase isthe result of the failure itself. In the second way, the increase is proportional to the
duration of the failure.
Considering the first way, the increased expense due to the failure includes the following:

— Damaged plant equipment

—  Spoiled or off-specification product
— Extramaintenance costs
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— Costsfor repair of the failed component

Considering the second way, plant downtime resulting from failures is made up of the time
required to restart the plant, if necessary, plusthe time to

—  Effect repairs, if itisaradial system, or
— Effect atransfer from the source on which the failure occurred to an energized source

During plant downtime, production is lost. This lost production is not available for sale, so
revenues are lost. However, during plant downtime, some expenses may be saved, such as
expenses for material, labor, power, and fuel costs. Therefore, the value of the lost production
isthe revenues lost because production stopped |ess the expenses saved. Some of the variable
expenses may vary depending on the duration of plant downtime. For example, if plant down-
timeisonly 1 h, perhaps no labor costs are saved. But, if plant downtime exceeds 8 h, labor
costs may be saved.

If it is assumed that the value/hour of variable expenses does not vary with the duration of
plant downtime, then the value of lost production can be expressed on a per hour basis, and
the total value of lost production is the product of plant downtime in hours and the value of
lost production per hour.

It should be noted that both the value of lost production and expenses incurred are propor-
tional to the failure rate. The total effect on variable expenses, if the value of lost production
isaconstant on a per hourly basis, may be expressed in an equation

X= A[x+(gp—xp) (r +9)] (2-22)
where

X isthe variable expenses ($ per year);
A isthefailures per year or failure rate;
X isthe extraexpensesincurred per failure ($ per failure);

gp Iistherevenueslost per hour of plant downtime ($ per hour);
X,  isthevariable expenses saved per hour of plant downtime ($ per hour);

r isthe repair or replacement time after afailure (or transfer time if not radial system);
in hours; and
s istheplant startup time after afailure, in hours.

Assume that

A isthe0.1 failure per year;

X;  isthe $55 000 per failure, extra expenses incurred;
gp isthe $22 000 per hour, revenues lost;

X,  isthe $16 000 per hour, expenses saved;

r isthe 10 h per failure; and
isthe 20 h per failure.
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Then, variable expenses affected would be
X =(0.1)[$55 000 + ($22 000 — $16 000)(10 + 20)] = $23 500 per year

The term g, represents revenues lost and it is not really an expense. However, it is a negative
revenue, and as such, has the same effect on the economics as a positive expense item. It is
convenient to treat it as though it were an expense.

A failurerate of 0.1 failure per year is equivalent to a mean time between failures of 10 years.
These results can be expected since this is probability, but in a specific case, there might be
two failures in one 10-year period and no failures in another 10-year period. But considering
many similar cases, it is expected to have an average of 0.1 failure per year, with each failure
costing an average of $235 000. This gives an equa average amount per year in the above
example of $23 500.

The point is that even though the actual failures cost $235 000 each and occur once every 10
years, a given falure is just as likely to occur in any of the 10 years. The equivalent equal
annual amount of $23 500 per year is the average value of one failurein 10 years.

C (Investment)—Each different alternative in an industrial plant power distribution system
involves different investments. The system requiring the least investment will usually be
some form of radial system. By varying the type of construction and the quality of the com-
ponentsin the system, the investment in radial systems can vary widely.

The best method is to find one total investment in each alternative plan. Another common
method is to find the incremental investment in all alternatives over a base or least expensive
plan. The main reason that the total investment method is preferable, is that in comparing
alternatives, the investment is multiplied by an F factor (which will be explained later). This
factor isusually the same for aternative plans of the sort being considered here, but thisis not
necessarily the case.

Using the incremental investment may thus introduce a slight error into the economic com-
parisons.

F (Investment Charge Factor)—This discussion of investment charge factor is taken from
Dickinson [B8].

The factor F includes the following items, which are constant in relation to the investment:

a)  Minimum acceptable rate of return on investment, allowing for risk
b) Incometaxes

c) Depreciation

d) Fixed expenses
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An equation to calculate the F factor is

Sa /f,)-td
F = Galf)-tdl CaLl_ft) e (2-23)

This may also take the following form:

F=r+d+i+e (2-24)

a, isR+d,, amortization factor or leveling factor;

is R/(S+-1), sinking fund factor;

isthe (1 + R)", growth factor or future value factor;

isthe period of years, suchascor L;

isthe years prior to startup that an investment is made;

isthelife of investment years,

is the minimum acceptable earnings per $ of C (investment);

isthe probability of success or risk adjustment factor;

isthe income taxes per $ of C (investment);

isthe income tax depreciation, levelized per $ of C (investment) = 1/L, Od; = 1L;
isthe fixed expenses per $ of C (investment);

isthe levelized return on investment per $ of C (investment);

isthe levelized depreciation on investment per $ of C (investment); and
isthe levelized income taxes on investment per $ of C (investment).

o
=]

:n;UI—O:S:g/)

~ ol 0 o

Assume

to be twenty years, life of the investment;
¢ tobeoneyear;
R  tobe0.15, minimum acceptable rate of return;
fr tobel, risk adjustment factor;

t to be 0.5, income tax rate;
di tobel/L =0.05; and

to be 0.0825.
then
S is(1+R°=(1+0.15'=115
§ is(1+R)‘=(1+0.15%=16.37
d. isR(S -1)=0.15/(16.37 — 1) = 0.0.0098; and
a_ isR+d_=0.15+0.0098 = 0.1598.
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Substituting into Equation 2-23 to calculate the F factor, resultsin

(1.15)(0.1598)
=l - (0.5)(0.05)

F= T-05) +0.0825 = 0.04 (2-25)

All the assumed values are believed to be typical for the average electric distribution system,
except the value of e = 0.0825. This latter value was arbitrarily assumed to make R round out
to 0.4. The term e covers such items as insurance, property taxes, and fixed maintenance
costs. A typical valueis probably less than 0.0825.

It is believed that a typical value for minimum acceptable return on investment in many
industrial plantsis 15%, that is, R = 0.15. The company average rate of return, based on either
past history or anticipated results, is a measure of what R should be. In plants of higher risk
than the average, the risk adjustment factor, f,, should probably be less than 1. However,
company management determines what the value of R should be.

The value of F can be calculated from Equation (2-23). In (Dickinson [B7]), tabular values
are given for the factors S, and a,, for various rates of return and plant lives.

2.2.3.2 Steps for economic comparisons

a) Preparesingle-line diagrams of aternative plans and assign failure rates, repair times,
and investment in each component, and determine the total investment C in each
plan.

b) Determine X, the increased variable expense for each plan as the sum of the value of
lost production and the extra variable expenses incurred.

c¢) Determine F, the fixed investment charge factor F from Equation (2-23).

d) Caculate G = X + CF, the minimum revenue requirements G of each plan from Equa-
tion (2-21).

e) Select asthe economic choice the plan having the lowest value of G.

2.2.3.3 Conclusions

A technique has been presented for the economic evaluation of power system reliability. The
method of determining the failure rates and repair times of different alternatives is not
covered here. Additional information relative to the RR method is included in (Jeynes and
Van Nemwegen [B17]).

2.2.4 Examples

Examples of electric systems with varying degrees of reliability (availability), together with
fixed and variable costs are given in Chapter 7.
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2.2.5Worth of improved reliability in electrical components

All of the data and examples presented in this chapter utilize failure rates and average repair
time data for standard electrical components. Unfortunately, industry and commercia stan-
dards for recording failure history are very unsophisticated and do not allow differentiation
between various grades of equipment or between different manufacturers.

2.2.6 Maintenance costs of electrical components

This book does not contain much data on the maintenance costs of electrical components.
However, (Heising et al., [B13]), which is included as Appendix J, contains maintenance
costs for high-voltage circuit breakers above 63 kV. These studies were made by a working
group in CIGRE (International Conference on Large Voltage Electric Systems), which is a
technical arm of the International Electrotechnical Commission (IEC). In addition, this
CIGRE working group has made a worldwide survey that collected and published all of the
necessary reliability data and maintenance cost data that are needed in order to make studies
on the worth of improved reliability and reduced maintenance costs of high-voltage circuit
breakers. A summary of thisdataisgivenin Heising et a., [B13].

2.3 Cost of scheduled electrical preventive maintenance

In the economic evaluation of reliability, it is always appropriate to consider the costs of
scheduled electrical preventive maintenance. Sometimes these costs are large enough to make
it desirable to analyze them separately when comparing alternative designs of industrial
power systems. The RR method described in 2.2.3.1 includes a term called the “investment
charge factor (F),” which is given by Equation (2-23) in 2.2.3.1 and includes e (the fixed
yearly expenses) as a percentage of the capital investment. Both F and e are attributed to
scheduled electrical preventive maintenance, insurance, property taxes, etc. Since the yearly
average costs for scheduled electrical preventive maintenance may not be the same percent-
age of investment for every component within the industrial power system, a separate, more
detailed look is often taken at these costs for each component.

Scheduled electrical preventive maintenance has two major cost elements: labor effort and
spare parts consumed. These costs are often expressed on an average yearly basis so asto be
usable with the RR method when an economic evaluation is made. These data are needed for
each different type of component used in the industrial power system and can be compiled for
each component as follows:

@) Labor costsin manhours per component per year
b) Cost of spare parts consumed in dollars per component per year
c) Labor ratein dollars per manhour

If, for example, a component is only maintained once every three years, then its maintenance
costs should be divided by three in order to determine the average yearly maintenance cost.
The labor rate used probably should only include the overhead costs associated with the stor-
age of spare parts, direct supervision of the maintenance, and costs for necessary test equip-
ment. The labor costs in dollars per component per year can be calculated by multiplying
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items a) and c) together; the result can then be added to item b) to get the total average yearly
costs that are attributable to scheduled electrical preventive maintenance.

Data thus collected can become obsolete at a later date due to inflation, which can result in
changing the labor rate used and also the average yearly cost of spare parts consumed. But the
datafor labor in manhours per component per year does not become obsolete due to inflation.
Some engineers have chosen to use their labor rate to convert their average yearly cost data
for spare parts consumed into average yearly “equivalent manhours’ data. Thisis then added
to the labor manhours data to get total equivalent manhours per component per year that
includes both the labor cost and the cost of spare parts consumed. The use of equivalent man-
hours for cost data instead of dollars has two advantages:

— The equivalent manhours data do not become obsolete due to inflation.

— The equivalent manhours data can be considered an international currency. The data
are not affected by changing exchange rates between the currencies or different coun-
tries. This enables the cost data to be compared with studies from other countries.

Component data on the cost of scheduled electrical preventive maintenance are not included
in this book except for the data on high-voltage circuit breakers above 63 kV collected by a
CIGRE working group (see Heising, et a., [B13]), which isincluded in this book as Appen-
dix J. It would be desirable to have such data for al of the electrical equipment categories
listed in Table 3-9. It would then be possible to consider the cost of scheduled electrical pre-
ventive maintenance in design decisions of the industrial power system by adding this into
the MRR method.

2.4 Effect of scheduled electrical preventive maintenance on failure
rate

One of the important total operating cost decisions made by the management of an industrial
plant is how much money to spend for scheduled electrical preventive maintenance. The
amount of maintenance performed on a component can affect its failure rate. Very little quan-
titative data have been collected and published on this subject. Yet thisis an important factor
when attempting to study the total owning costs of a complete power system. If maintenance
effort is reduced the maintenance costs go down. This may increase the failure rate of the
components in the power system and raise the costs associated with failures. Thereis an opti-
mum amount of maintenance for minimum total owning cost of a complete power system.

The subject of electrical preventive maintenance is discussed in Chapter 5. Some data are
shown in Tables 5-1 and 5-2 on the effect of the frequency and quality of scheduled electrical
preventive maintenance. These data have been used to calculate the effect of maintenance
quality on the failure rate of transformers, circuit breakers, and motors shown in Table 5-3.
Unfortunately the data do not relate the amount or cost of component maintenance to the fail-
urerate.
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The effect of the cost of component scheduled electrical preventive maintenance on the fail-
ure rate has not been included in this book. More industry studies and published data are
needed on this subject, like the example described next.

2.4.1 Example

A paper containing quantitative data and an analysis of optimum maintenance intervals has
been published (see Sheliga [B22]). This work was based upon 10 000 failures collected at
the author’s company over a period of seven years for 23 categories of electrical equipment.
Included in this paper was a description of just what failures could be prevented by mainte-
nance. Actua data were used to determine how this failure rate varied with the maintenance
interval. The optimum maintenance interval was then determined based upon the mainte-
nance cost and the cost of failures/power outages. Failures that could be prevented by diag-
nostic testing were then studied in a similar manner to those that could be prevented by
maintenance. The optimum diagnostic interval was then calculated for 15 equipment cate-
gories based upon the cost of diagnostic testing and the cost of failures/power outages.

It was reported that 25% of the failures could have been prevented by maintenance, and addi-
tional failures could have been prevented by diagnostic testing.
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Chapter 3
Summary of equipment reliability data

3.1 Introduction

This chapter summarizes the reliability data collected from equipment reliability surveys over
a period of 35 years. The chapter is divided into two parts, consisting of equipment surveys
conducted between 1976 and 1989 (Part 1) and equipment surveys conducted prior to 1976
(Part 2). Detailed reports on the surveys are given in the appendixes and references. The
results of these surveys are discussed and compared. Detailed information contained in the
other chapters of this book and pertinent to equipment reliability data is referenced in this
chapter. Detailed lists of references on equipment reliability are presented in the appendixes
and at the end of this chapter.

A knowledge of the reliability of electrical equipment is an important consideration in the
design and operation of industrial and commercial power distribution systems. The failure
characteristics of individual pieces of electrical equipment (i.e., components) can be partially
described by the following basic reliability statistics:

a) Failure rate, often expressed as failures per year per component (failures per unit-
year);

b) Downtimeto repair or replace a component after it hasfailed in service, expressed in
hours (or minutes) per failure; and

¢) Insome special cases, probability of starting (or operating) is used.

Reliability data on the pertinent factors (e.g., cause and type of failures, maintenance
procedures, repair method, etc.) is also required to practically characterize the performance
of electrical equipment in service. (Refer to AppendixesA and B.)

The reliability performance of industrial and commercial electrical power distribution
systems (e.g., economic operation, frequency and duration of equipment and system outages,
etc.) can be estimated from a knowledge of the reliability data of individual electrical parts
(i.e., components) that are interconnected to form an operating system. The analytical models
required for estimating the reliability of various power system configurations are presented in
Chapters 2 and 8. Based on the results of these analytical models, the cost of interruptions can
be estimated and used in the reliability cost/reliability worth methodology presented in
Chapter 7 and Appendix C. The cost of power interruptions to industrial plants and commer-
cial buildings is summarized in Chapter 2.

Electrical equipment reliability data is normally obtained from field surveys of individual
industrial and commercial equipment failure reports. The reason for conducting a survey isto
provide answers to critical questions pertaining to the failure characteristics of electrical
equipment in industrial and commercial installations.

Each survey has a defined objective of obtaining field data on electrical equipment failure
characteristics, and this determines the form of the questionnaires that are sent to various
respondents.
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An analysis of the survey returns may or may not provide answers to al the questions posed
in the questionnaire. The significance of the surveyed data obtained is dependent upon many
factors, for example, the number of equipment failures reported, their operating history, the
survey questionnaire, etc. There will undoubtedly be new questions raised and also some old
guestions and controversies left unresolved. Items found to be of little significance will be
omitted and the survey form simplified to maximize the response for the next survey. The
procedure for conducting the survey is given in Appendix F. Information on the determination
and analysis of reliability studiesis presented in IEEE Std 500-1984 [Bl].1

The IEEE Industry Applications Society (IAS) has a continuing program to conduct surveys
on the reliability of electrical equipment in industrial and commercial instalations (see
Dickinson [B7], IEEE Committee Reports [B12]-{B16], and O’ Donnell [B18], [B19]). The
most significant results from these surveys are then summarized for inclusion in a future
revision of this standard.

As in previous survey reports, this chapter maintains the standard for credibility of failure
rates by identifying categories that contain an insufficient number of failures. If there were
less than eight failures, afootnote indicates a small sample size. It is believed that a minimum
of eight field failuresis necessary to have a reasonable chance of estimating the failure rate or
the average downtime per failure to within a factor of two (see Appendix A, Part 1 for
details). Both the average downtime per failure data and median downtime per failure data
are given so that the effect of a few very long outages on the average downtime can be
indicated by alarge difference between the average and median values.

An equipment reliability reference guide is shown in Table 3-1. For each electrical compo-
nent presented in this chapter, the tables and appendixes that contain reliability data pertinent
to that component are presented. Table 3-2 contains a summary of the failure rate and average
and median downtime per failure data for all electrical equipment surveyed. These values are
suggested for use in the absence of better data being available from the reader's own
experience.

3.2 Part 1: Most recent equipment reliability surveys (1976—-1989)
3.2.1 1979 switchgear bus reliability data

The reliability of switchgear bus in industrial and commercial applications was investigated
in a 1979 survey (see IEEE Committee Report [B14] and Appendix E) and the summarized
failure rate and median outage duration time for the various subcategories of equipment are
shown in Table 3-3. In this survey, the term “units’ for abusis defined as the total number of
connected circuit breakers and connected switches. In the previous survey of 1974, the term
“units” included the total number of connected circuit breakers or instrument transformer
compartments. The total number of plants in the 1979 survey response was considerably
greater than the 1974 survey; however the unit-year sample size was dlightly less.

1The numbers in brackets preceded by the letter B corresponds to those of the bibliography in 3.4.
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Table 3-1—Equipment reliability reference guide
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Electrical

Reference tablesin Chapter 3

Part 1

Part 2

equipment Appendixes
Surveys Surveys
1976-1989 prior to 1976
>50 hp 32 — | = = = | =] 42| —
Motors > 200 hp 2331 — | — | — | — | — | 42| — A,B,H
> 250 hp 33 — | - = | = | — |42 —
Motor starters — — | 37 | 38| 39|40 | 42 | 43 A, B
Generators 12 —_— | == — | — | 42| —
13,1516 17| — | —|— | —|— |42 |43
Power
Trans 18|19 |20 | 21 A,B,G
formers 1416|1718 | — | — | — | — | — | 42| 43
Rectifier
19 | 20 | 22 | —
Circuit breakers 36 35| — | 3839|4042 | 43| ABJK,P
Disconnect switches — — | 37 | 38 | 39| 40 | 42 | 43 AB
Bus duct — — | 37 | 38| 39|40 | 42 | — A,B
Bus
. . 11 — | - = | = | — | 42| —
Switch- | insulated A B E
gear
Bus bare 11 — | - = | = | — | 42| —
Open wire — — | 37 | 38| 39|40 | 42 | 43 A,B
Cable — — | 37 | 38| 39|40 | 42 | 43
Cablejoints — — | 37 |38 ]3940 | 42| 43 A, B, I
Cable terminations — — | 37 | 38| 39|40 | 42 | 43
Transmission lines . I R e R R e N
230 kV and above
Electric ut|I|_ty . N U N N TR N A,B,D
power supplies
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Table 3-2—Summary of optional failure rate and average and median
downtime per failure for all electrical equipment surveyed

Fail Actual hours of
alure | gowntime per failure
rate

Equipment Equipment subclass (failures .
per unit- | Industry | Median
year) average plant
average
Transformers Liquid filled—All 0.0062 356.12 —
300-10 000 kVA 0.0059 297.42 —
10 000+ kVA 0.0153 117852 —
Rectifier transformers | Liquid filled
300-10000 kVA 0.0153 1664.0% —
Motors > 200 hpb Induction
0-1000V 0.0824 425 15.0
1001-5000 V 0.0714 75.1 12.0
Synchronous
001-5000V 0.0762 78.9 16.0
Circuit breakers® Fixed (including molded case) 0.0052 5.8 4.0
0-600 V—AIl sizes 0.0042 47 40
0-600 A 0.0035 2.2 1.0
Above 600 A 0.0096 9.6 8.0
Above 600 V¢ 0.0176 10.6 3.8
Metalclad drawout type—All 0.0030 129.0 7.6
0-600 V—AIl sizes 0.0027 147.0¢ 4.0
0-600A 0.0023 3.2 1.0
Above 600 A 0.0030 232.0 5.0
Above 600 V¢ 0.0036 100.0¢ | 168.0
Motor starters Contact type: 0600V 0.0139 65.1 24.5
Contact type: 601-15 000V 0.0153 284.0 16.0
Generators Continuous service
Steam turbine driven 0.1691 327 —
Emergency and standby units
Reciprocating engine driven
Rate per hour in use (0.00536) 478.0 —
Failures per start attempt
(0.0135)
Disconnect switches Enclosed 0.006100 16 2.8
Switchgear bus— Insulated: 601-15 000V 0.001129 261.0 28.0
Indoor and outdoor® Bare: 0-600V 0.000802 550.0 27.0
Bare: Above 600V 0.001917 17.3 36.0
Bus duct—
Indoor and outdoor All voltages 0.000125 128.0 9.5
(Unit = 1 circuit ft)
Open wire (Unit = 0-15 000V 0.01890 425 4.0
1000 circuit ft) Above 15 000V 0.00750 175 12.0
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Table 3-2—Summary of optional failure rate and average and median
downtime per failure for all electrical equipment surveyed (Continued)

. Actual hours of
Failure | gowntime per failure
rate
Equipment Equipment subclass (failures .
per unit- | Industry | Median
year) average plant
average
Cable—All types Above ground and aerial
of insulation 0-600V 0.00141 457.0 10.5
(Unit = 1000 601-15 000 V—AII 0.01410 40.44 6.9
circuit ft)f In trays above ground 0.00923 89 8.0
In conduit above ground 0.04918 140.0 475
Aerial cable 0.01437 31.6 53
Below ground and direct burial
0-600V 0.00388 15.0 24.0
601-15 000 V—AII 0.00617 95.52 35.0
In duct or conduit 0.00613 96.8 35.0
Above 15 000V 0.00336 16.0 16.0
Cable (Unit = 601-15 000V
1000 circuit ft) Thermoplastic 0.00387 45 10.0
Thermosetting 0.00889 168.0 26.0
Paper insulated lead covered 0.00912 48.9 26.8
Other 0.01832 16.1 285
Cable joints—All 601-15 000V
types of insulation In duct or conduit below 0.000864 36.1 31.2
ground
Cablejointsf 60115 000V
Thermoplastic 0.000754 15.8 8.0
Paper insulated lead covered 0.001037 314 28.0
Cable Above ground and aerial
terminations’ 0-600V 0.000127 38 40
all types of 601-15 000 V—AII 0.000879 198.0 111
insulation Aerial cable 0.001848 485 11.3
In trays above ground 0.000333 8.0 9.0
In duct or conduit below ground
601-15 000V 0.000303 25.0 234
Cable 601-15 000V
terminations Thermoplastic 0.004192 10.6 115
Thermosetting 0.000307 451.0 11.3
Paper insulated lead covered 0.000781 68.8 29.2
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Table 3-2—Summary of optional failure rate and average and median
downtime per failure for all electrical equipment surveyed (Continued)

Fail Actual hours of
alure | gowntime per failure
rate

Equipment Equipment subclass (failures .
per unit- | Industry | Median
year) average plant
average
Miscellaneous Inverters 1.254000 107.0 185.0
Rectifiers 0.038000 39.0 52.2

8See Tables 3-5 and 3-6 in this chapter for data comparing replacement time with average repair time

of transformers.

bSee Table 3-24 for motors > 50 hp.
CSee Appendix J for circuit breakers above 63 kV from a CIGRE 13-06 worldwide survey. See
Appendix K for alater small IEEE survey.
dSee Tables 50, 51, 55, and 56 in Appendix B for results on aspecial study on effects of failure repair
method and failure repair urgency on the average hours downtime per failure.
€Unit = the number of connected circuit breakers and connected switches.

fSee Appendix | for utility industry data on underground cable, terminations, and splices.

Table 3-3—Switchgear bus, indoor and outdoor 1979 survey data

Median

Industry Equipment subclass Fail;errelzgitﬁ)(/g;"% dor\:\(/)#tri?ne

per failure
All All 0.001050 28

All Insulated, above 600V 0.001129 (0.001700) 28 (26.8)2
All Bare, al voltages 0.000977 28

All Bare, 0600V 0.000802 (0.000340) 27 (24.0)2

All Bare, above 600V 0.001917 (0.000630) 36 (13.0)2
Petroleum/Chemical Insulated, above 600V 0.002020 40
Petroleum/Chemical Bare, al voltages 0.002570 28
Petroleum/Chemical Bare, 0600V 0.002761 22
Petroleum/Chemical Bare, above 600V b 48

8\ umber in parentheses = the result from the 1974 survey.

bSmall sample size, less than eight failures.

42
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The 1974 survey generated some controversy concerning bare and insulated buses. As can be
seen from Table 3-3, insulated bus equipment showed a significantly higher failure rate than
bare bus above 600 V. An analysis of the 1974 data base revealed that the mgjority of the data
collected came from the petroleum/chemical industry. In the 1979 survey, the petroleum/
chemical industry data was separated from the remaining industrial data base and indicated
that the number of reported failures in each category was dominated by the petroleum/chemi-
cal industries. The bare bus failure rate was significantly higher and the insulated bus failure
rate lower in the 1979 survey than in the 1974 survey.

A comparison of the median downtime per failure in both surveys revealed no significant
differences. It isimportant to emphasize that the duration of an outage is dependent on many
factors, and without supplementary information on the operating procedures, maintenance
type, spare parts inventory, etc., the data in these surveys should be viewed as genera
information.

Some important additional observations based on the 1979 survey are asfollows:

a) Newer bus appears to experience a higher failure rate than older bus. This may be
partly explained by improper installation, type of construction of new switchgear,
etc., but is not completely consistent with the observation that failure rates are highly
dependent on maintenance.

b)  Outdoor bus shows a higher failure rate than indoor bus.

¢) Primary and contributing causes of failures were investigated. Inadequate mainte-
nance was one of the leading “suspected primary causes of failure” and exposure to
contaminants (including dust, moisture, and chemicals) was the leading “ contributing
causeto failure” Thistends to support the data showing outdoor bus with arelatively
high failure rate.

d) Thesurvey results on type of failures show a surprisingly high percentage of line-to-
line failures, rather than line-to-ground.

3.2.2 1980 generator survey data

The results of the 1980 generator survey data (see |EEE Committee Report [B13]) are
summarized in Table 3-4. A “unit” in this survey was defined to include the generator’s driver
and its ancillary equipment, including the device from which the generator’s output is made
available to the “outside” world. The term “unit-year” was defined as the summation of the
running times reported for each generator.

Two major categories (i.e., continuously applied units and emergency or standby applied
units) emerged from an evaluation of the responses. All of the continuous units were steam
turbine driven, and al of the emergency or standby units were reciprocating engine driven.
An important point to note on the data for emergency and standby units: Failure to start for
automatically started units was counted as a failure, whereas failure to start for manually
started units was not counted as afailure.
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Table 3-4—1980 generator survey data

. Aver age downtime per .
Equipment subclass failure Failurerate

Continuous service

steam turbine driven 327 0.16900 failures per unit-year
Emergency and standby units

reciprocating engines driven 478.0 0.00536 failures per hour in use
Reciprocating engines driven a 0.01350 failures per start attempt
NOTE—Appendix L contains data from a recent survey of diesel and gas turbine generators,
600—1800 kW.

aSmall sample size—less than eight failures.

3.2.2.1 Reliability/availability guarantees of gas turbine and combined cycle
generating units

Many industrial firms are now purchasing gas turbine generating units or combined cycle units
that include both a gas turbine and a steam turbine. In some cases, the specification contains a
reliability/availability guarantee. Appendix N (see Ekstrom [B8]) contains one manufacturer’s
suggestion on how to write areliability/availability guarantee when purchasing such units; this
is a very thorough description of the factors that need to be considered along with the neces-
sary definitions. Appendix N also contains some 1993 data on the reliability/availability of gas
turbine units that was collected by an independent data collection organization.

3.2.3 1979 survey of the reliability of transformers

A survey published in 1973-74 raised some interesting questions and created some
controversy (see |[EEE Committee Report [B11]). The most controversial itemsin this survey
concerned the average outage duration time after a transformer failure in relation to the fail-
ure restoration method, and the comparatively high failure rate for rectifier transformers.

The 1979 survey form (see IEEE Committee Report [B12]) was improved considerably,
taking lessons learned from the 197374 version. Items felt to be of little significance in the
past were omitted and the form was simplified to maximize the response. Data relating spe-
cifically to transformer reliability such asrating, voltage, age, and maintenance were included
in the new form. The most significant categories in the failed unit data are the causes of fail-
ure, the restoration method, restoration urgency and the duration of failure, and the age at
time of failure. The survey form of the 1979 survey (published in 1983) is shown in the
Appendix G.
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3.2.3.1 Failure rate and restoration method for power and rectified transformers

survey results

The survey response for power transformers is summarized in Table 3-5 and the survey
response for rectifier transformersis summarized in Table 3-6.

Table 3-5—Power transformers (1979 survey)

Failurerate Aver age repair Average
Equipment subclass (failures per time (hours replacement time
unit-year) per failure) (hours per failure)
All liquid filled 0.0062 356.1 85.1
Liquid filled
300-10 000 kva 0.0059 297.4 79.3
Liquid filled
>10 000 kVA 0.0153 117852 192.02
Dry
300-10 000 kVA a a a
8Small sample size, less than eight failures.
Table 3-6—Rectifier transformers (1979 survey)
Failurerate Averagerepair Average
Equipment subclass (failures per time (hours replacement time
unit-year) per failure) (hours per failure)
All liquid filled 0.0190 2316.0 41.4
Liquid filled
300-10 000 kva 0.0153 1664.0% 38.72
Liquid filled
>10 000 kVA a a a

8Small sample size, less than eight failures.

The survey results for the liquid-filled power transformers compared favorably between the
1973-74 and 1979 surveys. 0.0041 and 0.0062 failures per unit-year, respectively. The 1979
survey also confirmed the fact that the failure rate for rectifier transformers (i.e., 0.0190) is
much higher than those for the other transformer categories (i.e., 0.0062). This may be due to
the severe duties to which they were subjected and/or the harsh environments in which they
are housed.
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Tables 3-5 and 3-6 include data on restoration time vs. restoration method. The data clearly
indicates that the restoration of a unit to service by repair rather than replacement resultsin a
much longer outage duration in every case. This is consistent with previous survey results.
Despite this fact, in most categories a larger number of units were restored to service by
repair. These results show the obvious benefitsin having spares at the site or readily available.
The data aso provides some of the information necessary in the preparation of an economic
justification for spares. The averages shown represent only those cases where restoration
work was begun immediately. Those instances in which the repair or replacement was
deferred were excluded to avoid distorting the average restoration time data.

3.2.3.2 Failure rate vs. age of power transformers

The survey response for power transformer failures as a function of their age is summarized
in Table 3-7.

Table 3-7—Failure rate vs. age of power transformers (1979 survey)

. Number Failurerate
. Age? Number | Samplesize X
Equipment subclass X o of (failuresper
(years) of units (unit-years) failures® unit-year)

Liquid filled

300-10 000 kVa 1-10 638 2625.5 19 0.0072
Liquid filled

300-10 000 kVa 11-25 715 8846.5 47 0.0053
Liquid filled

300-10 000 kVa >25 397 5938.0 36 0.0060
Liquid filled

>10 000 kVA 1-10 27 144.0 0° —
Liquid filled

>10 000 kVA 11-25 28 2835 7° 0.0246°
Liquid filled

>10 000 kVA >25 9 158.0 2¢ 0.0126°

aa ge was the age of the transformer at the end of the reporting period.

Relay or tap changer faults were not considered in calculation of failure rates or repair and replace-
ment times.
¢Small sample size; less than eight failures.

An examination of Table 3-7 reveals that the failure rates for power transformers was approx-
imately equal in al three age groups. It can be seen that slightly higher failure rates for trans-
former units aged 1 to 10 years and for units greater than 25 years may be attributable to
“infant mortality” and to units approaching the end of their life, respectively.
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3.2.3.3 Failure-initiating cause

Table 3-8 summarizes the failure-initiating cause data for power and rectifier transformers.
Thistable revea s that alarge percentage of transformer failures was initiated by some type of
insulation breakdown or transient overvoltages.

Table 3-8—Failure-initiating cause for power and rectifier transformers

(1979 survey)
All power All rectifier
transformers transformers
Failure-initiating cause Number Number
of Percentage of Percentage
failures® failures
Transient overvoltage disturbance (switch- 18 16.4% 2 13.3%
ing surges, arcing ground fault, etc.)
Overheating 3 2.7 1 6.7
Winding insulation breakdown 32 291 2 133
Insulation bushing breakdown 15 136 1 6.7
Other insulation breakdown 6 55 3 20.0
Mechanical breaking, cracking, loosening, 8 7.3 3 20.0
abrading, or deforming of static or structural
parts
Mechanical burnout, friction, or seizing of 3 2.7 2 13.3
moving parts
Mechanically caused damage from foreign 3 2.7 0 0.0
source (digging, vehicular accident, etc.)
Shorting by tools or other metal objects 1 0.9 0 0.0
Shorting by birds, snakes, rodents, etc. 3 2.7 0 0.0
Malfunction of protective relay control 5 4.6 0 0.0
device or auxiliary device
Improper operating procedure 4 36 0 0.0
L oose connection or termination 8 7.3 1 6.7
Others 1 0.9 0 0.0
Continuous overvoltage 0 0.0 0 0.0
Low voltage 0 0.0 0 0.0
Low frequency 0 0.0 0 0.0
Total 110 110.0% 15 100.0%

Failure = initiating cause not specified for two failures.
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3.2.3.4 Failure-Contributing Cause

Table 3-9 summarizes the failure-contributing cause for power and rectifier transformers.
Normal deterioration from age and cooling medium deficiencies were reported to have con-
tributed to alarge number of both power and rectifier transformer failures.

Table 3-9—Failure-contributing cause for power and rectifier transformers

(1979 survey)
All power transformers t'rAau];fe(():rt:]fwigs
Failure-contributing cause Nur:fber percentag Nur:fber percentag
failures? € failures? €
Persistent overloading 1 1.1% 0 0.0%
Abnormal temperature 5 5.5% 1 7.1
Exposure to aggressive chemicals, 13 14.4 1 7.1
solvent;, dusts, moisture, or other
contaminants
Normal deterioration from age 12 133 4 28.6
Severe wind, rain, snow, sleet, or other 4 4.4 0 0.0
weather conditions
Lack of protective device 2 22 0 0.0
Malfunction of protective device 7 7.8 0 0.0
L oss, deficiency, contamination, or 9 10.0 3 215
degradation of oil or other cooling medium
Improper operating procedure or testing 3 33 0 0.0
error
Inadequate maintenance 7 7.8 3 215
Others 27 30.0 1 71
Exposure to nonelectrical fire or burning 0 0.0 0 0.0
Obstruction of ventilation by foreign object 0 0.0 0 0.0
or material
Improper setting of protective device 0 0.0 0 0.0
Inadequate protective device 0 0.0 1 7.1
Total 90 100.0% 14 100.0%

8Failure-contributing cause not specified for 22 failures.
bFailurecontributing cause not specified for two failures.
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3.2.3.5 Suspected failure responsibility

Table 3-10 summarizes the suspected failure responsibility for power and rectifier trans-
former failures. The respondents believed that manufacturer defects and inadequate mainte-
nance were responsible for the majority of power transformer failures (i.e., 59.3%). Table
3-10 shows that inadequate operating procedures were a more significant cause of rectifier
transformer failures (i.e., 31.2%) than inadequate maintenance.

Table 3-10—Suspected failure responsibility for power and rectifier
transformers (1979 survey)

All rectifier
All power transformers transformers
Failure-initiating cause Number Number
of Per centage of Per centage
failures? failures
Manufacturer defective component or 32 33.3% 5 31.2%
improper assembly
Transportation to site, improper 1 1.0 0 0.0
handling
Application engineering, improper 3 31 2 125
application
Inadequate installation and testing prior 6 6.3 0 0.0
to start up
Inadequate maintenance 25 26.0 2 125
Inadequate operating procedures 4 4.2 5 31.3
Outside agency—Personnel 3 31 0 0.0
Outside agency—Others 6 6.3 0 0.0
Others 16 16.7 2 125
Total 96 100.0 16 100.0%

8Suspected failure responsibility not specified for 16 failures.

3.2.3.6 Maintenance cycle and extent of maintenance

The 1973-1974 survey asked the respondent to give an opinion of the maintenance quality as
excellent, fair, poor, or none. It is very difficult to be completely objective in responding to
this type of question. The 1979 survey, therefore, asked for a brief description of the extent
of maintenance performed, the idea being to enable the reader to judge the benefits derived
from a particular maintenance procedure. The large percentage of failures that resulted from
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inadequate maintenance shows the importance of a comprehensive preventive maintenance
program and compilation of accurate data on the extent and frequency of the maintenance
performed. Unfortunately, the response did not lend itself to reporting in tabular form.
Maintenance information continues to be the most difficult to obtain and report for all equip-
ment categories.

3.2.3.7 Type of failure

The 1979 survey limited the choices of failure type to “winding” and “other” as shown in
Table 3-11 for power and rectifier transformers. Clearly, the most significant failure type was
that occurring in power transformer windings.

Table 3-11—Type of failure for power and rectifier transformers
(1979 survey)

All rectifier
All power transformers transformers
Fail initiati
ailure-initiating cause Number Number
of Per centage of Per centage
failures failures
Winding 59 53% 8 50%
Other 53 47 8 50

3.2.3.8 Failure characteristics

The failure characteristics of power and rectifier transformers are shown in Table 3-12. As
would be expected, the survey results show that about 75% of transformer failures resulted in
their removal from service by automatic protective devices; however, the percentage requir-
ing manual removal was significant. Increasing use of transformer oil or gas analysis could be
afactor here, enabling detection of incipient faults in their early stages, and thus permitting
manual removal before a major failure occurs.

3.2.3.9 Voltage rating

The failure rates for liquid-filled power transformers and rectifier transformers classified by
their voltage ratings is shown in Tables 3-13 and 3-14, respectively. An examination of
Table 3-13 revealsthe failure rate for the 600-15 000V transformers (i.e., 0.0052 failures per
unit year) is less than that for the higher voltage units. The lack of data (i.e., small sample
sizes) reported for rectifier transformers makes it impossible to draw any definite conclusions
as to the effect of voltage or size on their failure rates.
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Table 3-12—Failure characteristic for power and rectifier transformers
(1979 survey)

All rectifier
All power transformers transformers
Fail S
ailure-initiating cause Number Number
of Percentage of Percentage

failures failures
Automatic removal by protective device 83 5% 11 69%
Partial failure, reducing capacity 5 5 0 0
Manual removal 23 20 5 31

Table 3-13—Failure rate vs. voltage rating and size for power transformers

(1979 survey)
: Number | Failurerate
. Voltage Number | Samplesize B
Equipment subclass (kV)g of units (unitF-)years) of (failuresper
failures unit-year)
Liquid filled
300-10 000 kva 0.16-15 1626 15775 82 0.0052
Liquid filled
300-10 000 kva >15 124 1637 18 0.0110
Liquid filled
>10 000 kVA >15 52 490 9 0.0184¢

Table 3-14—Failure rate vs. voltage rating for rectifier transformers
(1979 survey)

. Number Failurerate
Voltage Number Samplesize of (failuresper

Equipment subclass (V) | ofunits | (nityears | 0 | (SRS

All liquid filled 0.16-15 65 745 15 0.0201

3.2.4 1983 IEEE survey on the reliability of large motors

A decision was made by the IEEE Motor Reliability Working Group to focus on motors that
were of a critical nature in industrial and commercial installations and, thus, only motors
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larger than 200 hp were selected to be included in the survey (see IEEE Committee Report
[B13] and Appendix H). Another decision was made to limit the survey to only include
motors that were 15 years old or less to focus on motors that were similar to those presently
being manufactured and used today.

Failure rates are given for induction, synchronous, wound rotor, and direct-current motors.
Pertinent factors that affect the failure rates of these motors are identified. Data is presented
on key variables such as downtime per failure, failed component, causes of failure, and the
time of failure discovery. The results of this recent survey are compared with four other sur-
veys on the reliability of motors (see |IEEE Std 841-1994 [B2], Albrecht et al., [B5], IEEE
Committee Reports[B15], [B16]). Details of the report are shown in Appendix H. The results
of the survey are summarized in this subclause. The term “large motor” is defined in this sub-
clause to be any motor whose horsepower rating exceeds 200 hp.

3.2.4.1 Overall summary of failure rate for large motors

The 1983 survey included data reported for 360 failures on 1141 motors with a total service
of 5085 unit-years. The overal summary of the survey results for induction, synchronous,
wound rotor, and direct-current motorsis shown in Table 3-15. Caendar time was used in the
calculation of the unit-years of service (rather than the running time) to simplify the data col-
lection procedure.

To summarize the important conclusions derived from the 1983 survey on the failure rates of
large motors:

@) Induction and synchronous motors had approximately the same failure rate of 0.07 to
0.08 failures per unit-year.

b)  Induction motorsrated O to 1000 V and those rated 1001-5000 V had approximately
the same failure rates. The response on motors operating above 5000 V was too small
to draw any meaningful conclusions.

¢)  Wound-rotor motors rated O to 1000 V had afailure rate that was about the same as
induction motors of the same rating.

d) Thesample size for direct current motors was too small to draw any meaningful con-
clusions.

€) Motorswith intermittent duty operation had a failure rate that was about half as great
as those with continuous duty.

f)  Motors with less than one start per day had approximately the same failure rate as
those motors with between one to ten starts per day, which would indicate that up to
ten starts per day does not have a major effect on the motor failure rates.

3.2.4.2 Downtime per failure vs. repair/replacement and urgency for repair for
large motors

The comparison of the downtime per motor failure data for “repair” vs. “replace with spare”
is considered important when deciding whether a spare motor should be purchased when
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Table 3-15—Overall summary for large motors above 200 hp
(see O’Donnell [B18])

Number Failure Average | Average
of plants Sample Number . rate hours hours
: size of Equipment h
n (unit- failures subclass (failures down- down-
sample per unit- timeper | timeper
. years) reported X .
size year) failure failure
75 5085.0 360 All 0.0708 69.3 16.0
Induction
33 1080.3 89 0—1000V 0.0824 425 15.0
52 2844.4 203 1001-5000V 0.0714 75.1 12.0
5 781 2 500115 000 V a 2 2
Synchronous
19 459.3 35 1001-5000 V 0.0762 78.9 16.0
2 295 3 500115 000 V a 2 2
Wound rotor
5 137.0 10 0—1000V 0.0730 a a
9 251.1 8 1001-5000 V 0.0319 a a
2 39.0 4 500115 000 V a 2 2
Direct current
5 1227 6% 0-1000V a a a
1 30.0 — 1001-5000V — — —

aSmall sample size; less than eight failures.

designing a new plant. The downtime per failure survey characteristics for all types of motors
grouped together as a category is shown in Table 3-16.

An examination of Table 3-16 shows the effect on the “repair” time that the “urgency for
repair” has had. There were 45 cases of motor failures where the “repair” activities were car-
ried out on a“round-the-clock, al-out” effort. There were four cases of motor failures where
“low-priority” urgency resulted in a very long downtime; it is important to exclude these
cases when making decisions on the design of industrial and/or commercial power systems.
In general, the “average downtime per failure” is about five times larger for “repair” vs.
“replace with spare.”

3.2.4.3 Failed component—large motors

The identified motor component that failed is shown in Table 3-17 for induction, synchro-
nous, wound rotor, direct-current, and “al” motors.

It can be seen that the two largest categories reported are motor bearing and winding failures
with 166 and 97 failures, respectively, out of atotal of 380 failures. Bearings and windings
represent 44% and 26%, respectively, of the total number of motor failures.
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Table 3-16—Downtime per failure vs. repair or replace with spare and urgency

for repair—All types of motors above 200 hp
(see O’Donnell [B18])

Number of Al\wlg[Jarlge M(ildoiv?/rr]\tr; g:]és
failures (downtime :
per failure) per failure)

Repair—Normal working hours? 87 97.7 240
Repair—Round the clock 45 814 72.0
Replace with spare? 111 18.2 8.0
Low priority 4 370.0° 400.0°
Not specified 6° 288.0° 240.0°

Total 251 69.3 14.0

36570 h for one failure omitted.
b960 h for one failure omitted.
CSmall sample size; less than eight failures.

Table 3-17—Failed component—Large motors (above 200 hp)

(see O’Donnell [B18])

(Number of failures)

. Wound Direct-
) a Induction | Synchronous Total (all
Failed component motors motors rotor current types)
motors motors
Bearings 152 2 10 2 166
Windings 75 16 6 — 97
Rotor 8 1 4 — 13
Shaft or coupling 19 — — — 19
Brushes or dlip ring — 6 8 2 16
External devices 10 7 1 — 18
Not specified 40 9 — 2 51
Tota 304 41 29 6 380

8Some respondents reported more than one failed component per motor failure.

3.2.4.4 Failed component vs. time of discovery—Large motors

Data on the failed component vs. the time the failure was discovered is shown in Table 3-18.
It can be seen that 60.5% of the failures found during “maintenance or test” are bearings.
Many users consider that it is very important to find as many failures as possible during
“maintenance or test” rather than “normal operation.” Bearings and windings represent
36.6% and 33.1%, respectively, of the failures discovered during “normal operation.”
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Table 3-18—Failed component vs. time of discovery
(all types of motors above 200 hp) (see O’'Donnell [B18])
(Percentage of failures)

Time of discovery
Failed component Nor m_al Maintenance Other
operation or test

Bearing 36.6% 60.5% 50.0%
Windings 331 8.3 28.6
Rotor 51 18 0.0
Shaft or coupling 5.8 8.3 14.3
Brushes or dlip rings 31 7.3 0.0
External devices 5.0 37 0.0
Not specified 11.3 10.1 7.1
Total percentage of failures 100.0% 100.0% 100.0%
Total number of failures 257 109 14

3.2.4.5 Causes of large motor bearing and winding failures

The causes of motor failures categorized according to the failure initiator, the failure contrib-
utor, and the failure’s underlying cause are shown in Table 3-19 for induction, synchronous,
and “dal” motors.

"Mechanical breakage” is the largest failure initiator for induction motors. “Normal deterio-
ration from age,” “high vibration,” and “ poor lubrication” are the major failure contributorsto
induction motor failures. “ Inadequate maintenance” and “ defective component” are the larg-
est underlying causes of induction motor failures.

"Electrical fault or malfunction” and “ other insulation breakdown” are the major failure initi-
ators for synchronous motors. “Normal deterioration from age” is the major fault contributor
of synchronous motors. “Defective component” is the largest underlying cause of synchro-
nous motor failures.

Table 3-19 shows a correlation between bearing failures and the causes of failure: 50.3% of
bearing failures were initiated by “mechanical breakage;” 31.3% and 21.8%, respectively,
had “poor lubrication” and “high vibration” as failure contributors, and 27.6% blamed
“inadequate maintenance” as the underlying cause.

Table 3-19 aso shows a correlation between winding failures and the causes of failure:
36.7% of the winding failures had “other insulation breakdown” as the initiator; 18.5% and
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Table 3-19—Causes of failure vs. motor type and
vs. bearing and winding failures—Motors above 200 hp
(see O’Donnell [B18])

(Percentage of failures)

All motor types—
failed component | All types | Induction | Synchronous
of motors | motors motors Causes of failures
Bearings | Windings % % %
% %
Failureinitiator
0.0% 4.1% 1.5% 1.4% 0.0% Transient overvoltage
124 214 13.2 14.7 0.0 Overheating
19 36.7 123 11.9 211 Other insulation breakdown
50.3 10.2 331 374 5.2 Mechanical breakage
3.7 11.2 7.6 5.8 23.7 Electrical fault or malfunction
0.0 21 0.9 0.7 2.6 Stalled motor
317 14.3 314 28.1 474 Other
100.0% 100.0% 100.0% 100.0% 100.0% Total percentage of failures
161 98 341 278 38 Total number of failures
Failure contributor
1.4% 6.5% 4.2% 4.9% 2.7% Persistent overheating
0.7 7.6 30 34 0.0 High ambient temperature
2.7 185 5.8 6.7 27 Abnormal moisture
0.0 5.4 15 15 2.7 Abnormal voltage
0.0 11 0.6 0.7 0.0 Abnormal frequency
21.8 8.7 155 17.6 5.4 High vibration
5.4 6.5 4.2 45 2.7 Aggressive chemicals
313 54 15.2 16.9 8.1 Poor lubrication
0.0 7.6 39 22 2.7 Poor ventilation or cooling
20.4 185 26.4 24.0 51.4 Normal deterioration from age
16.3 14.2 19.7 17.6 21.6 Other
100.0% 100.0% 100.0% 100.0% 100.0% Total percentage of failures
147 92 330 267 37 Total number of failures
Failure underlying cause
17.8% 10.9% 20.1% 20.3% 22.2% Defective component
145 10.9 12.9 15.9 0.0 Poor installation/testing
27.6 19.6 214 22.8 111 I nadequate maintenance
2.0 6.5 3.6 33 2.8 Improper operation
0.7 0.0 0.6 0.8 0.0 Improper handling/shipping
7.9 7.6 6.1 6.5 2.8 Inadequate physical protection
26 15.2 58 53 111 Inadequate electrical protection
7.2 5.4 6.8 5.7 5.6 Personnel error
20 33 39 2.8 139 Outside agency—Not personnel
59 4.3 49 49 0.0 M otor-driven equipment mismatch
11.8 16.3 13.9 11.7 305 Other
100.0% 100.0% | 100.0% 100.0% 100.0% Total percentage of failures
152 92 309 246 36 Total number of failures
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18.5%, respectively, had “normal deterioration from age” and “abnormal moisture” asfailure
contributors; 19.6% “inadequate maintenance” and 15.2% had “inadequate electrical protec-
tion” as the underlying cause.

It is of interest to note that “inadequate maintenance” was the largest underlying cause of
both bearing and winding failures. A specia study of the 71 failures attributed to “Inadequate
maintenance” is shown in Table 3-20. It can be clearly seen that 59.1% of the motor compo-
nents that failed were bearings, that 52.1% of the failures were initiated by “mechanical
breakage,” and 43.7% of the failures had “poor |ubrication” as a failure contributor.

Table 3-20—Failures caused by “inadequate maintenance” vs.
“failed component,” “failure initiator,” and “failure contributor”
(All types of motors above 200 hp) (see O’'Donnell [B18])

(Number of failuresin percent)

% Failureinitiator
59.1% Bearing
254 Winding
14 Rotor
0.0 Shaft or coupling
8.5 Brushes or dlip rings
14 Externa device
4.2 Other
T Total percentage
100.0% (Number of failures=71)
% Failure initiator
0.0% Transient overvoltage
42 Overheating
14.1 Other insulation breakdown
52.1 Mechanical breakage
28 Electrical fault or malfunction
0.0 Stalled motor
26.8 Other
T T Total percentage
100.0% (Number of failures = 71)
% Failure contributor
0.0% Persistent overloading
4.2 High ambient temperature
7.0 Abnormal moisture
0.0 Abnormal voltage
0.0 Abnormal frequency
42 High vibration
9.9 Aggressive chemical
437 Poor lubrication
14 Poor ventilation/cooling
18.3 Normal deterioration from age
11.3 Other
T T Total percentage
100.0% (Number of failures=71)
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3.2.4.6 Other significant results

Several additional parameters were reported in (O’ Donnell [B18]) in terms of their effect on
the failure rate of motors above 200 hp. These included the effect of horsepower, speed,
enclosure, environment, duty cycle, service factor, average number of starts per day, ground-
ing practice, maintenance quality, maintenance cycle, type of maintenance performed, and
months since last maintenance prior to the failure. Some combinations of these parameters,
two at atime, have also been studied and reported (see O’ Donnell [B18]).

3.2.4.6.1 Open vs. enclosed motors
The following significant conclusions were reached:

a)  Open motors had a higher failure rate than weather-protected or enclosed motors.

b)  Indoor motors had a higher failure rate for open motors than for weather-protected or
enclosed motors.

¢) Outdoor motors had a lower failure rate than indoor motors because most outdoor
motors were westher protected or enclosed, and most indoor motors were open.

3.2.4.6.2 Service factor

The 1.15 Service Factor (S.F.) induction motors had a higher reported failure rate than
1.0 S.F. induction motors, but the opposite was true for synchronous motors.

3.2.4.6.3 Speed and horsepower

Thefailure rate for induction motors did not vary significantly among the three speed catego-
ries (i.e.,, 0—720 r/min, 721-1800 r/min, and 3600 r/min). The highest failure rate was in the
middle speed category, while the lowest failure rate was in the 3600 r/min category. The
201-500 hp induction motors had approximately the same failure rate as 501-5000 hp induc-
tion motorsin each of the three speed ranges studied.

Synchronous motors in the speed category 0-720 r/min had a higher failure rate than
synchronous motors in the 721-1800 r/min category. There were no respondents for the 3600
r/min category.

3.2.4.7 Data supports chemical industry motor standard

Reliability data for induction motors from both the 1983 IEEE survey and the 1973-74 |IEEE
survey (see Appendixes A and B) supported the need for several of the features incorporated
into IEEE Std 841-1994 [B2]. The |IEEE surveys show the need for improved reliability of
bearings and windings and, in some cases, the need for better physical protection against
aggressive chemicals and moisture. Some of the more significant recommendations for an
|EEE Std 841-1994 [B2] motor include

a) TEFC enclosure
b) Maximum 80 °C rise at 1.0 service factor
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c¢) Contamination protection for bearings and grease reservoirs

d) Three-year continuous L-10 bearing life

€)  Maximum bearing temperature of 45 °C rise (50 °C rise on two-pole motors)
f)  Castiron frame construction

g) Non-sparking fan

h)  Single connection point per phase in terminal box

i)  Maximum sound power level of 90 dBA

j)  Corrosion-resistant paint, internal joints and surfaces, and hardware

|EEE Std 841-1994 [B2] was tailored for the petroleum/chemical industry; however, it can be
beneficial for other industries with similar requirements.

3.2.4.8 Comparison of 1983 motor survey with other motor surveys

One of the primary purposes of comparing the results of 1983 motor survey with previous
surveys and other surveys (see Albrecht et a., [B4], [B5], and Dable Conference [B29]) isto
attempt to identify trends in the failure characteristics of motors (i.e., changing failure rates
with time, varying causes of motor failures, assessing the impact of maintenance
practices, etc.).

3.2.4.8.1 1983 EPRI and 1983-85 IEEE surveys

The size and scope of the IEEE Working Group and EPRI motor surveys is shown in Table
3-21. The motor failure rate of 0.035 failures per unit-year in the EPRI sponsored study of the
electric utility industry is about half the |EEE failure rate of 0.0708 failures per year.

The percentage of motor failures classified by component in the two surveys is shown in
Table 3-22. Similar results were obtained in these two studies on the failed component, with
bearing. winding, and rotor-related percentages that were each about the same.

Table 3-23 shows some differences between the two studies on the causes of failures. The
|EEE survey found “inadequate maintenance,” “poor installation/testing,” and “misapplica-
tion” to be a significant larger percentage of the causes of motor failures; while the EPRI
study attributed a larger percentage to the manufacturer. In addition, the EPRI study had a
much larger percentage of failures attributed to “other or not specified.” Additional results
from the EPRI sponsored study were given in alater paper (see Albrecht et al., [B5]).

3.2.4.8.2 1982 Doble data and 1983-85 IEEE surveys

A 1982 Doble Survey (see Doble Conference [B29]) in the electric utility industry (for
motors 1000 hp and up and not over 15 years of age) reported 68 insulation-related failuresin
2078 unit-years of service during the year 1981. This gives an insulation-related failure rate
of 0.033 failures per unit-year. This can be compared with a winding failure rate of
26% times 0.0708, which equals 0.018 failures per unit-year that can be calculated from the
1983-85 IEEE survey of motors above 200 hp and not older than 15 years in Tables 3-21
and 3-22.
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Table 3-21—Size and scope comparison of IEEE 1983—-85 motor survey
(O’'Donnell [B18]) and EPRI sponsored motor survey
in electric utility power plants (Albrecht et al., [B4])

Par ameter 'EEEXXSL“”Q EPRI Phase|
Horsepower >200 100 and up
Number of companies/utilities 33 56
Number of plants or units 75 132
Number of motors 1141 4797
Total population (unit-years) 5085 2491417
Total failures 360 87112
Failure rate (all motors) 0.0708 0.035°

aTofirst failure.

Table 3-22—Failure by component comparison of the IEEE 1983—-85 motor
survey ( O'Donnell [B18]) and EPRI sponsored survey
(Albrecht et al., [B4])

(Percentage of failures)

| EEE Working Group EPRI Phasel
44% Bearings 41% Bearing related
26% Windings 37% Stator related
8% Rotor/Shafts/Couplings 10% Rotor related

3.2.4.8.3 IEEE Surveys 1973-74 and 1983-85

Table 3-24 shows the results from the 1973-74 IEEE motor reliability survey of industrial
plants (see |[EEE Committee Report [B16]). This survey covered motors 50 hp and larger, and
had no limit on the age of the motor. Those results can be compared to Table 3-15 for the
1983-85 IEEE survey of motors above 200 hp and not older than 15 years. The 1983-85
failure rates of induction motors and synchronous motors were about double those from the
1973-74 survey for motors 601-15 000 V.
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Table 3-23—Cause of failure comparison—IEEE 1983-85 motor survey
(O’'Donnell [B18]) and EPRI sponsored motor survey
(Albrecht et al., [B4])

EPR| Phase| |EEE Working
Group

Failure cause Failure cause

Number | Percent | Number | Percent

Manufacturer 401 32.8% 62 17.2% | Defective component
design
workmanship
Misoperation 124 10.2 32 89 Improper operation/personnel
error
Misapplication 83 6.8 52 14.5 Misapplication
Motor-driven equipment
mismatch

Inadequate electrical protection
Inadequate physical protection

— 66 18.3% | |nadequate maintenance

— 40 111 Poor installation/testing

— 12 33 Outside agency other than

personnel

— 2 0.6 Improper handling/shipping
Other or not 613 50.2 94 26.1 Other or not specified
specified
Total 1221 100.0% 360 100.0%

3.2.4.8.4 AIEE 1962 and 1983-85 IEEE surveys

Table 3-25 shows the results from the 1962 AIEE motor reliability survey of industrial plants.
This survey covered motors 250 hp and larger and had no limit on the age of the motor. The
failure rates for both induction motors and synchronous motors from the 1962 AIEE survey
are within 30% of those shown in Table 3-15 for the 1983-85 |EEE survey of motors above
200 hp and not older than 15 years. The two surveys conducted 21 years apart show remark-
ably similar results.

3.2.5 1994 |[EEE-PES survey of overhead transmission lines

The |EEE Power Engineering Society conducted an extensive survey of the outages of over-
head transmission lines 230 kV and above in the U.S. and Canada (see Adler et al., [B3]).
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Table 3-24—1973-74 IEEE overall summary for motors 50 hp and larger

Number Sample Number Failure Average Median
of plants sjzg of Equipment rate hours hours
in (unit- | failures subtiass (fallures |~ down- | down-
sample cars) renorted per unit- timeper | timeper
size y & year) failure | failure
— 42 463 561 All 0.0132 111.6 —
Induction
17 19610 213 0-600V 0.0109 114.0 18.3
17 4229 172 5001-15 000 V 0.0404 76.0 153.0
Synchronous

2 13790 10 1001-5000 V 0.0007 353 353

11 4276 136 5001-15 000V 0.0318 175.0 153.0

6 558 31 Direct current 0.0556 375 16.2

Table 3-25—1962 AIEE overall summary for
motors 250 hp and larger, U.S. and Canada (Dickinson [B7])

Number Sample Number Failure Average Median

of plants <ize of Equipment rate hours hours
n (unit- | failures subdass (failures | down- | down-

sample per unit- timeper | timeper
size years) reported year) failure failure
46 1420 140 Induction 0.0986 78.0 70.0
53 600 31 Synchronous 0.0650 149.0 68.0

Thisisincluded as Appendix O and covers 230 kV, 345 kV, 500 kV, and 765 kV and includes
both permanent and momentary outages. Line-caused outages have been separated out from
terminal-caused outages. Data are given on the type of fault that caused the outage. Faults can
result in voltage sags at the entrance to industrial and commercial installations.

3.3 Part 2: Equipment reliability surveys conducted prior to 1976

3.3.1 Introduction

From 1973 to 1975, the Power Systems Reliability Subcommittee of the IEEE Industrial
Power Systems Department conducted and published surveys of electrical equipment reliabil-
ity in industrial plants (see |[EEE Committee Reports [B12], [B16]). Those reliability surveys
of electrical equipment and electric utility power supplies were extensive, and summaries of
the following pertinent reliability data are given in this subclause:
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a) Failure rate and outage duration time for electrical equipment and electric utility
power supplies

b) Failure characteristic or failure modes of electrical equipment; that is, the effect of
the failure on the system

¢) Causesand types of failures of electrical equipment

d) Failurerepair method and failure repair urgency

€) Method of service restoration after afailure

f)  Lossof motor load vs. time of power outage

In addition, reference is made to summaries of pertinent reliability data and information that
are contained in other chapters, including:

g) Maximum length of time of an interruption of electrical service that will not stop
plant production

h)  Plant restart time after service is restored, following a failure that caused a complete
plant shutdown

i)  Cost of power interruptions to industrial plants and commercial buildings

i) An example showing that the two power sources in a double-circuit utility supply
may not be completely independent

k)  Equipment failure rate multipliers vs. maintenance quality

)  Percentage of failures caused by inadequate maintenance vs. month since maintained

All of the reliability data summarized in the above twelve items was taken from the |IEEE
surveys of industrial plants (see Albrecht et al., [B5] and EEI Publication no. 75-50 [B22])
and commercial buildings (see O’'Donnell [B18]). The detailed reports are given in
Appendixes A, B, C, and D. A later survey (IEEE Committee Report [B6]) of the reliability
of switchgear busisincluded in Appendix E. More recent surveys on “transformers,” “large
motors,” and “cable, terminations, and splices’ are included in Appendixes G, H, and |,
respectively. Recent surveys on circuit breakers are shown in Appendixes J and K. A 1989
survey on diesel and gas turbine generating unitsisincluded in Appendix L.

3.3.2 Reliability of electrical equipment (1974 survey)

The term “electrical equipment” in this section includes all the electrical equipment listed in
Table 3-26.

Table 3-26—In-plant electrical equipment list

Electrical equipment
Circuit breakers (some) Open wire
Motor starters Cable
Disconnect switches—enclosed Cable joints (some)
Bus duct Cable terminations
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In compiling the data for the 1974 survey, a failure was defined as any trouble with a power
system component that causes any of the following effects:

—  Partia or complete plant shutdown, or below-standard plant operation
— Unacceptable performance of user’'s equipment

— Operation of the electrical protective relaying or emergency operation of the plant
electric system

— De-energization of any electric circuit or equipment
A failure on apublic utility supply system may cause the user to have either of the following:

— A power interruption or loss of service
— A deviation from normal voltage or frequency outside the normal utility profile

A failure on an in-plant component causes a forced outage on the component, that is, the
component is unable to perform its intended function until it is repaired or replaced. The
terms “failure” and “forced outage’ are often used synonymously.

All of the electrical equipment categories listed in this subclauses have eight or more failures.
This is considered an adequate sample size (see Patton [B21]) in order to have a reasonable
chance of determining afailure rate within afactor of 2. Failure rate and average downtime per
failure data for an additional six categories of equipment are contained in IEEE Committee
Report [B16] (see Appendix A).

The additional categories of equipment that have between four and seven failures and thus
might be considered by some as too small a sample size include

—  Circuit breakers used as motor starters

— Disconnect switches—open

— Cablejoints, 601-15 000 V, above ground and aerial
— Cablejoints, 601-15 000 V, thermosetting

— Fuses

— Protective relays

3.3.2.1 Failure modes of circuit breakers

The failure modes of “metalclad drawout” and “fixed-type” circuit breakers are shown in
Table 3-27. Of primary concern to industrial plants is the large percentage of circuit breaker
failures (i.e., 42%) that “opened when it should not.” This type of circuit breaker failure can
significantly affect plant processes and may result in a total plant shutdown. Also, a large
percentage (i.e., 32%) of the circuit breakers “failed while in service (not while opening or
closing). Appendixes J and K and (EEI Publication no. 76-81 [B27]) contain additional
detailed information on circuit breaker reliability.
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Table 3-27—Failure modes of circuit breakers® (1974 survey)
(Percentage of total failure in each failure mode)

Al Metalclad drawout Failed typeb
bfga(iggs 0-600V All 0-600V Failure characteristics
% All 601-15000V | sizes | Allsizes | All
% % % % %
5% 5% 2% 7% 8% 6% | Failed to close when it should
9 12 21 0 0 2 Failed while opening
42 58 49 71 5 4 Opened when it should not
7 6 4 9 5 4 Damaged while successfully
opening
2 1 0 0 0 4 Damaged while closing
32 16 24 10 77 73 Failed while in service (not
while opening or closing)
1 0 0 0 0 2 Failed during testing or mainte-
nance
1 2 0 3 0 0 Damage discovered during test-
ing or maintenance
1 0 0 0 5 5 Other
100% 100% 100% 100% 100% 100% | Total percentage
166 117 53 59 39 48 Number of failuresin total per-
centage
8 7 0 7 1 1 Number not reported
173 124 53 66 40 49 | Totd failures

8Appendix K contains some limited data from alater IEEE survey. Appendix J contains data for circuit
breakers above 63 kV from a CIGRE 13-06 worldwide survey with a very large population.
BIncludes molded case.

3.3.2.1.1 Trip units on low-voltage breakers

Most modern low-voltage power circuit breakers are purchased with a solid-state trip unit
rather than an electromechanical trip unit. Many older low-voltage breakers have been retro-
fitted with a solid-state trip that replaced an electromechanica trip unit. A comparison has
been made of the reliability of these two types of trip units. This included both the “trip unit
failed to operate” and the “trip unit out of specification.”

A 1996 IEEE Survey was made of low-voltage breaker operation as found during
maintenance (see O’ Donnell [B19]). Thisisincluded as Appendix P. A summary of the most
important results is given in Table 3-28. Electromechanical trip units had an unacceptable
operation about twice as often as solid state-units.
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Table 3-28—Survey of low-voltage power breaker operation as found during
maintenance tests—electromechanical (EM) vs. solid-state (SS) trip type unit;
new solid state units vs. used (older) solid state units

(Percentage of total failurein each failure mode)

Trip unit type
Electromechanical Solid-state
Number of Number of
tests % tests %
Unacceptable operation
a) Trip unit failed to operate 81 7.7% 28 3.0%
b) Trip unit out of specification 60 5.7 24 2.6
¢) Mechanical operations 26 25 19 20
(springs, arms/levers, hardened
lubricant)
d) Power contacts 25 24 19 20
(alignment, incorrect pressure,
pitted)
€) Arc chutes 6 0.6 6 0.7
(clean, replace/repair, chipped)
f) Auxiliary contacts 4 04
Total unacceptable 204 19.4% 100 10.7%
Acceptable operation 850 80.6% 835 89.3%
Total number of tests 1054 100.0% 935 100.0%

3.3.2.2 Failure characteristics of other electrical equipment

The failure characteristics of electrical equipment (excluding transformers and circuit break-
ers) are shown in Table 3-29. The dominant failure characteristic for this equipment is that it
“failed in service” A large percentage of the damage to motor starters (i.e., 36%), disconnect
switches (i.e., 18%) and cable terminations (i.e., 12%) was discovered during testing or main-
tenance; however, the remaining electrical equipment did not significantly exhibit this failure

characteristic.

3.3.2.3 Causes and types of failures of electrical equipment

The following dataiis presented in Tables 3-30 and 3-31:

a) Failures, damaged part
b) Failuretype

c)  Suspected failure responsibility

d) Failure-initiating cause

€) Failure-contributing cause

66
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Table 3-29—Failure characteristics of other electrical equipment

Disconnect Cable
M otor : Bus | Open Cable L . -
Starters svw(}/ch% duct | wire | Cable | joint termlogatlons Failure characteristics
% 0 % % % % 0
37% 72% 90% | 68% | 92%| 96% 80% Failed in service
3 5 2 2 4 2 Failed during testing or
maintenance
36 18 0 1 2 0 12 Damaged discovered
during testing or mainte-
nance
20 6 5 6 3 0 6 Partia failure
1 0 23 1 0 0 Other

Table 3-30—Failure, damaged part, and failure type (1974 survey)

Circuit | Motor | Disconnect | Bus | Open Cable Cable .
breakers | starters | switches | duct | wire | Cable| joints | terminations Failure, damaged part
% % % % % % % %
0% 5% 0% 15% 0% 5% 0% 0% (2) Insulation—winding
2 0 1 10 1 0 0 12 (2) Insulation—bushing
19 10 14 65 6 83 91 74 (3) Insulation—other
1 0 0 0 0 3 0 0 (4) Mechanical—bearings
11 16 9 0 0 0 0 0 (5) Mechanical—other
moving parts
6 2 30 0 4 1 0 4 (6) Mechanical—other
6 13 8 0 3 1 0 0 (7) Other electric—
auxiliary device
28 2 1 0 3 1 0 0 (8) Other electric—
protective device
1 0 0 0 0 0 0 0 (9) Tap changer—no load
type
0 0 0 0 0 0 0 0 (10) Tep changer—Ioad type
26 52 37 10 83 6 9 10 (99) Other
Failure type
33% 14% 15% 70% | 34%| 73%| 70% 55% (1) Flashover orarcing
involving ground
10 20 4 30 23 1 9 4 (2) All other flashover or
arcing
19 55 47 0 25 7 20 37 (3) Other electric defects
1 11 14 0 6 5 0 4 (4) Mechanical defect
27 0 20 0 12 14 0 0 (99) Other
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The data presented in Table 3-31 indicate that the respondents suspected “inadequate mainte-
nance” and “ manufacturer-defective-component” were responsible for a significant percent-
age of the failures for several categories of electrical equipment.

3.3.2.4 Failure repair method and failure repair urgency

The “failure repair method” and the “failure repair urgency” had a significant effect on the
“average downtime per failure” Table 3-32 shows the percentages of these two parameters
for eight classes of electrical equipment. A special study on this subject is reported in Tables
50, 51, 55, and 56 of (Patton [B21]) (see Appendix B) for circuit breakers and cables (see
footnote d of Table 3-2 of this chapter).

3.3.2.5 Reliability of electric utility power supplies to industrial plants

The“failurerate” and the “average downtime per failure” of electric utility suppliesto indus-
trial plants are given in Table 3-33. Additional details are givenin Appendix D of (EEI Publi-
cation no. 75-50 [B22]). A total of 87 plants participated in the IEEE survey covering the
period from 1 January 1968 through October 1974.

The survey results shown in Table 3-33 have distinguished between power failures that were
terminated by a switching operation vs. those requiring repair or replacement of egquipment.
The latter have a much longer outage duration time. Some of the conclusions that can be
drawn from the |EEE data are

a) The failure rate for single-circuit supplies is about 6 times that of multiple-circuit
suppliesthat operate with al circuit breakers closed; and the average duration of each
outage is about 2.5 times aslong.

b) Failure rates for multiple-circuit supplies that operate with either a manual or an
automatic throwover scheme are comparable to those for single-circuit supplies, but
throwover schemes have a smaller average failure duration than single-circuit sup-
plies.

¢) Failure rates are highest for utility supply circuits operated at distribution voltages
and lowest for circuits operated at transmission voltages (greater than 35 kV).

It is important to note that the data in Table 3-32 shows that the two power sources of a
double-circuit utility supply are not completely independent. Thisis analyzed in an example
in 7.1.16, where (for the one case analyzed) the actua failure rate of a double-circuit utility
supply is more than 200 times larger than the calculated value for two completely indepen-
dent utility power sources.

Utility supply failure rates vary widely in various locations. One of the significant factorsin
this difference is believed to be different exposures to lightning storms. Thus, average values
for the utility supply failure rate may not be appropriate for use at any one location. Local
values should be obtained, if possible, from the utility involved, and these values should be
used in reliability and availability studies.
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Table 3-31—Suspected failure responsibility, failure-initiating cause,
and failure-contributing cause (1974 survey)

Circuit | Motor | Disconnect | Bus | Open Cable ter I’T?i?]balteions Suspected
breakers | Starters | switches | duct | wire | Cable | joints % failure responsibility
% % % % % % %
23% 18% 29% 26% 0% | 16% 0% 0% (1) Manufacturer—
defective component
0 0 0 0 0 0 0 0 (2) Transportation to site—
defective handling
4 51 6 16 2 8 0 18 (3) Application engineerng—
improper application
3 0 4 5 9 14 50 38 (4) Inadequate installaion and
testing prior to startup
23 8 13 16 30 10 18 32 (5) Inadequate maintenance
6 3 39 0 2 3 0 0 (6) Inadequate operating
procedures
5 0 1 5 5 4 5 0 (7) Outside agency—
personnel
1 0 0 0 21 6 2 8 (8) Outside agency—other
35 20 8 32 31 39 25 14 (9) Other
Failure-initiating cause
4% 0% 8% 6% 0% 0% 0% 0% (1) Persistent overloading
1 0 3 0 0 0 2 0 (2) Above normal temperature
0 0 1 0 0 0 0 0 (3) Below normal temperature
2 0 0 0 28 14 13 10 (4) Exposureto aggressive
chemicals or solvents
3 0 4 17 1 8 22 12 (5) Exposure to abnormal
moisture or water
0 0 0 0 3 2 0 0 (6) Exposureto non-electrical
fire or burning
0 0 0 0 0 1 0 0 (8) Obstruction of ventilation
by objects or material
17 40 5 49 3 30 29 24 (9) Normal deterioration from
age
1 0 0 11 30 16 2 16 (10) Severewind, rain, snow,
sleet, or other weather
conditions
2 0 0 0 1 0 0 0 (11) Protective relay improp-
erly set
1 2 0 0 0 0 0 0 (12) Lossor deficiency of
|ubricant
0 0 0 0 0 0 0 0 (13) Lossof deficiency of il or
cooling medium
10 3 0 6 2 3 0 8 (14) Misoperation or testing
error
3 1 26 0 2 1 0 0 (15) Exposureto dust or other
contaminants
56 54 54 11 30 24 32 30 (99) Other
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Table 3-32—Failure repair method and failure repair urgency (1974 survey)

Circuit
breakers
%

Motor
Starters
%

Disconnect
switches
%

Bus
duct
%

Open
wire
%

Cable
%

Cable
joints
%

Cable
terminations
%

Failurerepair method

51%

49

33%

67

30%

70

66%

35

70%

21

47%

53

87%

13

0%

(1) Repair of failed
component in place
or sent out for repair

(2) Repair by
replacement of
failed component
with spare

(99) Other

Failure repair urgency

73%

22

66%

20%

80

80%

15

55%

26

19

66%

28

56%

22

22

53%

31

16

(1) Requiring round-
the-clock all-out
efforts

(2) Requiring repair
work only during
regular workday,
perhaps with
ovetime

(3) Requiring repair
work on anon-
priority basis

(99) Other

An earlier IEEE rdliability survey of electric power supplies to industrial plants was
published in 1973 and is reported in Table 3 of (Albrecht, et a., [B5]) (see Appendix A). The
earlier survey had a smaller data base and is not believed to be as accurate as the one summa-
rized in Table 3-32. The earlier survey of electric utility power supplies had lower failure

rates.

3.3.2.6 Method of electrical service restoration to plant

The 1973-75 |EEE data on “method of electrical service restoration to plant” is shown in
Table 3-34. A percentage breakdown of the method of restoration to plant is ranked as
follows:

a)
b)
0)
d)
e
f)
0)
h)
i)

70

Replacement of failed component with spare

Repair of failed component

Other

Utility service restored
Secondary sel ection—manual

Primary sel ection—manual

Primary sel ection—automatic
Secondary selection—automatic
Network protector operation—automatic

22%
22%
22%
12%
11%
%
2%
2%
0%
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Table 3-33—IEEE survey of reliability of electric utility supplies to industrial
plants (IEEE Committee Report [B12]) (1975 Survey)
(SeeTablesll, 11, IV, and V in Appendix D for additional details.)

Failures per unit-year?

Average duration
(minutes per failure)®

As AR A rs 'R r
Single-circuit utility supplies
Voltage level
V <15kV 0.905 2.715 3.621 35 165 125
15kV <V <35kV — 1.657 1.657 — 57 57
V >35kV 0.527 0.843 1.370 — 59 37
All 0.556 1.400 1.956 23 110 79
Multiple-circuit utility supplies
(al voltage levels)
Switching scheme
All breakers closed 0.255 0.057 0.312 85 130 31
Manual throwover 0732 | 0118° | 0850 8.1 84P 19
Automatic throwover 1.025 0.171 1.196 0.6 96 14
All 0.453 0.085 0.538 5.2 110 22
Multiple-circuit utility supplies
(all switching schemes)
Voltage level
V <15kV 0.640 0.148 0.788 47 149 32
15kV <V <35kV 0.500 0.064P 0.564 4.0 115° 17
V >35kV 0.357 0.067 0.424 6.1 184 34
Multiple-circuit utility supplies
(al circuit breakers closed)
Voltage level
V < 15kV 0175 | 0088 | 0263 0.7 335° 112
15kV <V <35kV 0.342 0.019° 0.361 7.0 120° 13
V >35kV 0.250 0.061 0.311 11.0 203 49

3 ailure rates Ag and Ag and average durations rg and rg are, respectively, rates and durations of
failures terminated by switching and by repair or replacement. Unsubscripted rates and durations are

overall values.

bSmall sample size; less than eight failures.

The most common methods of service restoration to plant are replacement of failed compo-
nent with a spare or the repair of the failed component. The primary selection or secondary
selection is used only 22% of the time. This would indicate that most power distribution
systemsin this |IEEE survey were radial.
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3.3.2.7 Equipment failure rate multiplier vs. maintenance quality

The relationship between maintenance practice and equipment failures is discussed in detail
in Chapter 5. Equipment failure rate multipliers vs. maintenance quality are given in Chapter
5 for transformers, circuit breakers, and motors. These multipliers were determined in a
special study (Part 6 of Patton [B21]) (see Appendix B). The failure rate of motors is very
sensitive to the quality of maintenance.

The percentage of failures due to “inadequate maintenance” vs. the “time since maintained”
is given in Chapter 5 for circuit breakers, motors, open wire, transformers, and all electrical
equipment classes combined. A high percentage of electrical equipment failures were blamed
on “inadequate maintenance” if there had been no maintenance for more than two years prior
to the failure.

3.3.2.8 Reliability improvement of electrical equipment in industrial plants
between 1962 and 1973

The failure rates for electrical equipment (except for motor starters) in industrial plants
appeared to have improved considerably during the 11-year interval between the 1962 AIEE
reliability survey (see Dickinson [B7]) and the 1973-74 |EEE reliability survey (see IEEE
Committee Report [B16]). Table 3-35 shows how much the failure rates had improved for
several equipment categories. These data are calculated from a 1974 report (Albrecht et al.,
[B4]). In 1962 circuit breakers had failure rates that were 2.5 to 6.0 times higher than those
reported in 1973. The largest improvements in equipment failure rates have occurred on
cables and circuit breakers. The authors discussed some of the reasons for the failure rate
improvements during the 11-year interval. It would appear that manufacturers, application
engineering, installation engineering, and maintenance personnel have all contributed to the
overal reliability improvement.

The authors also make a comparison between the surveys of the “actua downtime per
failure” for all the equipment categories shown in the table in (IEEE Committee Report
[B16]). However, in genera the “actual downtime per failure” was larger in 1973 than in
1962.

3.3.2.9 Loss of motor load vs. time of power outage

A special study was reported in Table 47 of (IEEE Committee Report [B16]) (see Appendix
B) on loss of motor load vs. duration of power outages. When the duration of power outages
is longer than 10 cycles, most plants lose motor load. However, when the duration of power
outages is between 1 and 10 cycles, only about one-third of the plants |ose their motor |oad.

Test results of the effect of fast bus transfers on load continuity are reported in (Averill [B6]).
Thisincludes 4 kV induction and synchronous motors with the following type of loads:

a) Forced draft fan

b) Circulating water pump
c) Boiler feed booster pump
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Table 3-35—Failure rate improvement factor of electrical equipment
in industrial plants during the 11-year interval between
the 1962 AIEE survey and the 1973 IEEE survey

Failurerateratio

Equipment category AIEE (1962)
|EEE (1973)

Cable

Nonleaded in underground conduit 9.7

Nonleaded, aerial 5.8

Lead covered in underground conduit 34

Nonleaded in above-ground conduit 16
Cable joints and terminations

Nonleaded 53

Leaded 2.0
Circuit breakers

Metalclad drawout, 0—600 V 6.0

Metalclad drawout, above 600 V 29

Fixed 2.4-15 kV 25
Disconnect switches

Open, above 600V 34

Enclosed, above 600 V 1.6
Open wire 34
Transformers

Below 15 kV, 0-500 kVA2 20

Below 15 kV, above 500 kVA 20

Above 15 kV 16
Motor starters, contactor type

0-600V 13

Above 600V 13
8300750 kVA for 1973.

d) Condensate pump
e) Gasrecirculation fan

A list of prior papers on the effect of fast bus transfer on motors is also contained in (see
Albrecht et a., [B5]).

3.3.2.10 Critical service loss duration time
What is the maximum length of time that an interruption of electrical service will not stop

plant production? The median value for all plantsis 10.0 s. See Table 2-3 in Chapter 2 for a
summary of the |EEE survey of industrial plants.
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What is the maximum length of time before an interruption to electrical serviceis considered
critical in commercial buildings? The median value of all commercial buildings is between 5
and 30 min. See Table 2-3 in Chapter 2 for a summary of the IEEE survey of commercial
buildings.

3.3.2.11 Plant restart time

What is the plant restart time after service is restored following a failure that has caused a
complete plant shutdown? The median value for all plantsis 4.0 h. See Table 2-4 in Chapter 2
for asummary of the |EEE survey of industrial plants.

3.3.2.12 Other sources of reliability data

Thereliability datafrom industrial plants that are summarized are based upon | EEE Commit-
tee Report [B16] which was published during 1973-1975. Dickinson’s report (see [B7]) isan
earlier reliability survey of industrial plants that was published in 1962. Portions of that data
aretabulated in 3.2.4.8.4.

Many sources of reliability data on similar types of electrical equipment exist in the electric
utility industry. The Edison Electric Institute (EEI) has collected and published reliability
data on power transformers, power circuit breakers, metal-clad switchgear, motors, excitation
systems, and generators (see EEI Publications [B22]-{B28]). Most EEI reliability activities
do not collect outage duration time data. The North American Electric Reliability Council
(NERC) collects and publishes reliability and availability data on generation prime mover
equipment.

Failure rate data and outage duration time data for power transformers, power circuit break-
ers, and buses are given in (Patton [B21]). These data have come from electric utility power
systems.

Very little other published datais available on failure modes of power circuit breakers and on
the probability of a circuit breaker not operating when called upon to do so. An extensive
worldwide reliability survey of the major failure modes of power circuit breakers above 63
kV on utility power systems has been made by the CIGRE 13-06 Working Group as shown in
Appendix J. Failure rate data and failure per operating cycle data have been determined for
each of the major failure modes. Outage duration time data has also been collected. In addi-
tion, data has been collected on the costs of scheduled preventive maintenance; this includes
the manhours per circuit breaker per year and the cost of spare parts consumed per circuit
breaker per year.

|EEE Std 500-1984 [B1] is a reliability data manual for use in the design of nuclear power
generating stations. The equipment failure rates therein cover such equipment as annunciator
modules, batteries and chargers, blowers, circuit breakers, switches, relays, motors and gen-
erators, heaters, transformers, valve operators and actuators, instruments, controls, sensors,
cables, raceways, cable joints, and terminations. No information is included on equipment
outage duration times.
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The Institute of Nuclear Power Operations (INPO) organization operates the Nuclear Plant
Reliability Data System (NPRDS), which collects failure data on el ectrical componentsin the
safety systems of nuclear power plants. Outage duration time data is collected on each fail-
ure. The NPRDS data base contains more details than |EEE Std 500-1984, but INPO has fol -
lowed a policy of not publishing its data.

Very extensive reliability data have been collected for electrical and mechanical equipment
used on “offshore platforms” in the North Sea and the Adriatic Sea (see OREDA-92 [B20]).
Thisincludes generators, transformers, inverters, rectifiers, circuit breakers, protection equip-
ment, batteries, battery chargers, valves, pumps, heat exchangers, compressors, gas turbines,
Sensors, cranes, etc. Data have been published on failure rates, number of demands, failures
per demand, repair time, and repair manhours. Ten oil companies have participated in this
data collection over a period of nine years.
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Chapter 4
Evaluating and improving the reliability of an existing
plant

4.1 Introduction

The 1974 survey of electrical equipment reliability in industrial plants (see IEEE Committee
Report [B4]Y) and subsequent investigations showed the utility supply as being the largest
single component affecting the reliability of an industrial plant. (See Table 3 in Appendix A
and Table 3-33.) Industrial users may or may not be in aposition to improve the utility supply
reliability and, as a result, must also focus their attention on critical areas within their own
plants. A logical approach to the analysis of options available in the industrial plant (in terms
of both utility supply and plant distribution) will lead to the greatest reliability improvement
for the least cost. In many instances, reliability improvements can be obtained without any
cost by making the proper inquiries.

Most industrial users simply “hook up” to the utility system and do not fully recognize that
their requirements can have an impact on how the utility suppliesthem. A utility is somewhat
bound by the system available at the plant site and the investment that can be made per reve-
nue dollar. However, most utilities are willing to discuss the various supply systems that are
available to their customers. Many times, an option is available (sometimes with financial
sharing between the user and the utility) that will meet the exact reliability needs of an
industrial plant.

A thorough and properly integrated investigation of the entire electric system (plant and
supply) will pinpoint the components or subsystems having unacceptable reliability. Some
important general inquiries are listed below. Many of these questions apply to both the utility
and the plant distribution systems.

a) How isthe system supposed to operate?

b) What isthe physical condition of the electric system?

¢)  What will happen if faults occur at different points?

d) What isthe probability of afailure and its duration?

e) What isthe critical duration of a power interruption that will cause significant finan-
cial loss? (That is, will a1 min interruption cost production dollars or merely be an
inconvenience?)

f)  Isthere any fire or health hazard that will be precipitated by an electrical fault or a
power |oss?

g) Isany equipment vulnerable to voltage dips or surges?

The answers to these and similar questions, if properly asked, can and will result in savingsto
theindustrial user (but only if they are acted upon).

1The numbers in brackets preceded by the letter B correspond to those of the bibliography in 4.8.
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A question at this point should be, “How do | get started?’ However, another question could
be, “Why bother?” The answer to the former question is covered in this chapter, and the
answer to the latter question is based on the following analogy. When preparing for a long
trip, amotorist will make sure that their car isin good working condition before leaving. The
motorist will check the brakes, engine, transmission, tires, exhaust system, etc., to see that
they are in good condition and make the required repairs. For the motorist knows that “on-
the-road” breakdowns and failures are expensive, time consuming, and can be hazardous. In
an industrial plant, an unplanned electrical failure will consume valuable production time as
well as dollars and may cause injury to personnel. Circuit breakers, relays, meters, transform-
ers, wireways, etc., need periodic checks and preventive maintenance (see Chapter 5) to
improve the likelihood of trouble-free performance. Some plants have been shut down com-
pletely by events such as a ballast failure. These “shutdowns’ are commonly caused by
improper settings in protective devices, circuit breaker contacts that were welded shut, or
relays that were not set (or did not react) properly. This chapter shows the plant engineer how
to minimize downtime by analyzing the system.

4.2 Utility supply availability

Loss of incoming power will cause an interruption to critical areas unless aternate power
sources are available. Therefore, the reliability of the incoming power is of paramount impor-
tance to the plant engineer. It can be stated that different plants and even circuits within a
plant vary in their response to loss of power. In some cases, production will not be signifi-
cantly affected by a 10 min power interruption. In other cases, a 10 msinterruption will cause
significant loss. The plant engineer should assess the plant’s vulnerability and convey his or
her requirements to the local utility (as well as to his or her own management). (See 2.2 of
Chapter 2 for information on economic loss vs. unavailability of incoming power.)

Thelocal utility should be able to supply alisting of the number, type, and duration of power
interruptions over the preceding three to five year period. The utility should also be able to
predict the future average performance based on its historical data and planned construction
projects. In addition, the utility may be able to supply the “feeder” performance of other
circuits near the facility under investigation. A second alternative would be to obtain a dia-
gram of the utility feed and evaluate its availability using Chapter 2 methods. As alast resort,
the average numbersin this recommended practice will provide a good base (see Table 3-33).

The utility’s history of interruptions can be compared with recorded plant dollar loss in
verifying process vulnerability. By assigning a dollar loss to each interruption, it will be
possible to determine a relationship between the duration of a power loss and a monetary 1oss
for aparticular industrial plant. When the actual outage cost is higher or lower than would be
predicted, the cause of the deviation should be determined (that is, a 15 min power loss at a
shift change will be less costly than one during peak production). With arefined cost formula
in hand, the cost of available options vs. projected losses can be evaluated.

Occasiondly a plant experiences problems at times other than during a recorded outage.

These problems may be caused by voltage dips (or, more rarely, voltage surges) that are diffi-
cult to trace. With problems such as these, it is necessary to begin recording the exact date
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and time of these occurrences and ask the utility to search for faults or other system distur-
bances at (or near) the specific times that they have been recorded. 1t would be wise to convey
the fault times to the utility reasonably soon after the fault (that is, call the following day). It
must be emphasized that unless these problems are significant in terms of dollars |ost, safety,
or frequency (that is, every other day), it is not reasonable to pursue the cause of voltage dips
since they are a natural phenomenon in the expansive system operated by a utility. Frequent
dips can be caused by large motor starts, welder inrush, or intermittent faults in the plant’s
distribution system (or even by a neighbor’s system).

It isalso reasonable to cover “what if” questionswith the utility and to weigh their answersin
any supply decision. A list of questionsinclude

a) How long will the plant be without power if

1) Themain transformer fails?

2) Thefeed to the main transformer fails?

3) The pole supporting the plant feed is struck by a vehicle and downed?
4) Theutility main line fuse or protector interrupts?

5) Theutility main feed breaker opensfor afault?

6) The utility substation transformer fails?

7) Theutility substation feeds are interrupted?

b)  What kind of response time can be expected from the utility for loss of power

1) During alightning storm?

2) During alow trouble period (that is, under “normal” conditions)?

3) During asnow or ice storm?

4) During aheat storm (that is, during long periods of high temperatures)?

¢)  What should be done when the plant experiences an interruption?

1) Who should be called? A name and number should be made available to all
responsible personnel. Alternates and their numbers should also be included.

2) What information should be given to those called?

3) How should plant people be trained to respond?

4) Can plant personnel restore power by switching utility lines, and who should be
contacted to obtain permission to switch?

d) Arethere any better performing feeds near the plant, and what is the cost of extend-
ing them to the plant? (That is, is a spare feed available and what is the cost to make
it available?)

1) Isthisadditional feed from the same station or from another station?

2) What isthe probability (frequency and duration) of both the main and the spare
feeds being interrupted simultaneously?

3) What is the reliability improvement obtained from the additional (or alternate)
feed?

e) Wil the utility’s protective equipment coordinate with the plant’s service circuit
breaker? If not, what can be done to coordinate these series protective devices?

f)  What is the available short-circuit current, and are there plans to change the system
so asto affect the short-circuit current?

The above questions may not apply to al plants, but should be matched with specific plant
requirements.
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Thereis an important fact to consider when a multiple-ended feed is being considered. While
service ismaintained for aloss of one of the feeds, a voltage depression will be seen until the
fault is cleared by proper relay action. Therefore, the plant will see avoltage dip for any faults
on all incoming feeds. If the plant is affected with equal severity by either a voltage dip or a
short-duration (several seconds) interruption, a multiple-ended supply (with secondary tie)
may actually worsen plant reliability. Thisis just one example of the need to carefully evalu-
ate the current supply situation in conjunction with the net improvement of various proposals.

4.3 Where to begin—the plant one-line diagram

The “blueprint” for electrical analysis is the one-line diagram. The existence of a one-line
diagram is essential for any plant electrical engineer, manager, or operator. It is the “road
map” to any part of the electric system. In fact, a one-line diagram should exist (or be pre-
pared) even if the ensuing analysisis not done.

The one-line diagram should begin at the incoming power supply. Standard |EEE symbols
should be used in representing electrical components (see IEEE Std 315-1975 [B3)). It is
usually impractical to show all circuitsin aplant on a single schematic; so the initial one-line
diagram should show only major components, circuits, and panels. More detailed analysis
may be required in critical areas (described later), and additional one-line diagrams should be
prepared for these areas as required.

Since an analysis is being made from the one-line diagram, the type, size, and rating of each
device as well as its unavailability should be shown on the diagram. The diagram should
include at least the following information:

— Incoming lines (voltage and size—capacity and rating)

—  Generators (in plant)

— Incoming main fuses, potheads, cutouts, switches and main and tie breakers

—  Power transformers (rating, winding connection, and grounding means)

—  Feeder breakers and fused switches

— Relays (function, use, and type)

— Potential transformers (size, type, and ratio)

—  Current transformers (size, type, and ratio)

— Control transformers

— All main cable and wire runs with their associated isolating switches and potheads
(size and length of run)

— All substations, including integral relays and main panels and the exact nature of the
load in each feeder and on each substation

The one-line diagram may show planned, as well as actual, feeder circuit breaker and sub-
station loads (actual measurements should be taken). In most industria plants, load is added
(or deleted) in small increments, and the net effect is not always seen until some part of the
system becomes overloaded (or underloaded). Many times, circuits are added without appro-
priate modification of the standard settings on the associated upstream circuit breakers. In
addition, original designs may not have included special attention to the critical areas of
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production. With these thoughts in mind, the following information should be added to the
one-line diagram:

— Theorigina system should be identified. The exact nature of the new loads and their
approximate locations should be noted.

—  Critical areas of the system should be highlighted.

—  The component reliability numbers from Chapter 3 should be inserted so that the reli-
ability performance of the plant can be analyzed on an “if new” basis. (It is preferable
to use numbers indigenous to a particular plant whenever thisinformation is available.)

The above information may be too voluminous for clear representation on asingle drawing. It
may, therefore, be advantageous to include the incoming supply and main feeder circuit
breakers (at least) and even major equipment (very large motors or groups requiring the entire
capacity of a main feeder position) on one diagram. The load end of the feeders can be
detailed on one or more subsequent drawings. After completion of the one-line diagrams, a
comprehensive analysis can begin. However, the general inspection covered in 4.4 can, and
should, be made concurrent with the preparation of a plant one-line diagram.

The one-line diagram is a picture of an ever-changing electric system. The efforts in prepar-
ing the diagram and analyzing the system should, therefore, be augmented by a meansto cap-
ture new pictures of the system (or of proposed systems) as changes are made (or proposed).
Therefore, a procedure should be formalized to ensure that all proposals undergo reliability
scrutiny (as well as one-line diagram update), and that their effect on the total system is ana-
lyzed before the proposal is approved. This process not only maintains the integrity, but it
also minimizes expense by more effective utilization of existing electrical facilities.

4.4 Plant reliability analysis

An inspection analysis of the physical condition of a plant’s distribution system can be uti-
lized (hopefully on a continual basis) to improve plant reliability (see Chapter 5). The follow-
ing inspection requireslittle, if any, capital investment while providing afavorableincreasein
reliability:

a)  Equipment should be periodically checked for proper condition, and programs should
be initiated for preventive maintenance procedures as required. (See Chapter 5 for
further information.)

1) Qil intransformers and circuit breakers should be periodically checked for min-
eral, carbon, and water content as well aslevel and temperature.

2) Molded case circuit breakers should be exercised periodically (that is, operated
“on” to “off” to “on”).

3) Terminals should be tightened. Each terminal should be inspected for discolora-
tion (overheating), which is generally caused by either a bad connection or
equipment overload. Cabinets, etc., should be checked for excessive warmth.
Remember that circuit breakers and fuses interrupt as aresult of heat in the over-
load mode.

4) Surge arresters should be checked for their readiness to operate.
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b)  Distribution centers should be checked to see that spare fuses are available. Spare cir-
cuit breakers may also be necessary for odd sizes or special applications.

¢) Switches, disconnect switches, bus work, and grounds should be checked for corro-
sion, and unintentional entry of water or corrosive foreign material. It may be wise to
operate suspected switches to see that their mechanisms are free, so that faults can be
properly isolated and switches safely re-fused.

d) Themechanica part of the electrical system should be checked.

1) The conduit, duct, cable tray, and busway systems should be well supported
mechanically, and the grounding system should be electrically continuous.
Employees can be shocked or injured if acircuit faults to ground without a solid
continuous return path to the source interrupter. Supports, such as wood poles,
should be checked for excessive rusting or rotting, which would significantly
reduce their mechanical strength.

2)  Open wire circuits should be checked for insulator and surge arrester failure and
contamination.

3) The system’s key locations (open area distribution centers and lines) should be
checked for foreign growth, such astrees, weeds, shrubs, etc., aswell asfor gen-
eral accessibility. The distribution centers should be free from storage of trash,
flammables, or even general plant inventory.

4) Permanent and portable wiring should be checked for fraying or other loss of
insulating value.

5) Ingenera, the system should be checked for any obvious situations where acci-
dents could precipitate an interruption.

e) Theélectrical supply room(s) should be thoroughly checked.

1) Therelay and control power fuses should be intact (not blown).

2) All indicating lights should be operable and clearly visible.

3) All targets should be reset so that none show atripping. Counters (if any) should
be checked and the count (humber) should be recorded.

4) The control power, batteries, emergency lighting, and emergency generation
should be tested and checked to see that they are operational. In many cases,
plants have been unable to transfer to their spare circuit or start their standby
generator because of dead batteries.

f)  Switches, conduits, busways, and duct systems should be checked for overheating.

This could be caused by overloaded equipment, severely unbalanced loads, or poor
connections.

4.5 Circuit analysis and action

The first subsequent investigation, following completion of the plant one-line diagram is the
analysis of the system to pinpoint design problems. Key critical or vulnerable areas, and over-
dutied or improperly protected equipment can be located by the following procedure;

a)

Assign faults to various points in the system and note their effect on the system. For
exampl e, assume that the cable supply to the air conditioning compressor failed. How
long could operations continue? Is any production cooling involved? Are any
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computer rooms cooled by this system? What would happen if a short circuit (or
ground fault) occurred on the secondary terminals of a unit substation? Consideration
should be given to relay action (including backup protection), service restoration pro-
cedures, etc., in this “what if” analysis. This review could be called a failure mode
and effects analysis (FMEA).

b) Calculate feeder loads to verify that all equipment is operating within its rating (do
not forget current transformers and other auxiliary equipment). Graphic or demand
ammeters (as required) should be used to gather up-to-date information. Fault duties
should also be considered (see Chapter 5in IEEE Std 141-1993 [B1]).

c) Perform arelay coordination analysis (see |EEE Std 242-1986 [B2] or Chapter 4 in
|EEE Std 141-1993 [B1]).

1) Aretherelaysand fuses properly set or rated for the current load levels?

2) Isthere any new load that has reduced critical circuit reliability (or increased
vulnerability)?

Obviously, overloaded equipment should be replaced or load transferred so that the equip-
ment can be operated well within its rating. The major projection points—outside the critical
areas—should be capable of keeping the system intact by clearing faults and allowing the
critical processto continue. The probability of jeopardizing the critical circuits by extraneous
electrical faults should be minimized, either by physically isolating the critical circuits or by
judicial use and proper maintenance of protective devices to electrically sever and isolate
faults from critical circuits.

With isolation criteria secure, the investigation should move to the critical circuits themselves
to see that proper backup equipment is available and that restoration procedures are adequate.
For example, a conveyer system with large rollers may have one motor for each roller, or
several hundred motors. The failure rate is 0.0109 per unit year for the motors, or 2 motor
failures can be expected annually for a plant with 200 motors. The typical downtime is 65 h
(but could be less for this specific example). In this case, there should be a means of separat-
ing the motor from the systems and allowing the conveyer system to continue operation (pos-
sibly alowing the roller to idle until the end of a shift), and several spare motors should be
available to minimize downtime.

Most plants have a population of motors large enough to expect several failures per year. The
large variety usualy precludes the maintenance of a spare motor stock (although their avail-
ability can be checked with local distributors). Highly critical nonstandard equipment may
require spares. However, each component of the electric system should be viewed in its rela-
tionship to the critical process and downtime. (Relay or fuse coordination again plays an
important role here.)

The worth of carrying spare parts should be carefully weighed when long process interrup-
tions could result from a single component failure.
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4.6 Other vulnerable areas

In many plants, the major process is controlled by a small component. This component may
be arectifier system, acomputer, or amagnetic or punched-tape system. The continuity of the
electric feed to this controller is just as important to the process as the main machine itself.
By proper application of power sources within the device (usually large banks of capacitors)
or external uninterruptible power sources, the control can cause the equipment to go into a
“safe-hold” position if the power source is interrupted. This continuity (availability) is
important to note when thousands of dollars worth of products are being machined in one
operation (such as in the aircraft industry). The accuracy and efficacy of a computer or a
computer-based process is directly related to the “quality” of its environment. This quality is
determined by more than just the continuity of the electric supply. Voltage dips, line noise,
ineffective grounding, extraneous electrical and magnetic fields, temperature changes, and
even excessively high humidity can adversely affect the accuracy of a computer (or to alesser
extent, a microprocessor). To minimize the probability of errors, the computer should be
properly shielded and grounded. It may even be beneficial to install a continuous uninterrupt-
ible power supply or transient suppressor equipment on computer circuits where the
controlled processis critical.

Testing facilities should have a backup power supply where interruptions could abort long-
term testing (that is, tests that span large periods of time). It is important to note that only
sufficient power need be supplied to operate the test itself.

Another area of importance is the lighting required for safe operation of the machines. A fail-
ure in a particular lighting circuit may reduce the area lighting to a level below what is
necessary to maintain a safe watch over production. Two means of overcoming this
vulnerability are

a) Emergency task lighting; and
b) Sufficient lighting such that a single circuit outage does not reduce lighting to an
unacceptable level.

Another important lighting consideration is the fact that some metal halide lights (HID)
require as long as 15 min to restart after being extinguished. Since even severe voltage dips
can extinguish this type of lighting (a dip that may go virtually unnoticed by production
equipment), supplementary lighting is necessary when the HID is a primary source of illumi-
nation. Other new high output lamps will restart in 1 to 6 min, but this too can cause
production problems.

Air, oil, and water systems are frequently important auxiliary inputs upon which production
depends. A compressor outage can, for example, cause significant production loss. Whilefail-
ures in these systems are usually mechanical in nature, electrical failures are not uncommon.
Pumps are often integral parts of the cooling system in large transformers or even in rectifier
circuits, and loss of coolant circulation could either shut down the equipment or significantly
reduce production output. Therefore, pumps should be well maintained (mechanically and
electrically) when they comprise a significant part of the system, and spare parts may be a
wise investment. Ventilation can also be critical to cooling, and ventilator fans are often
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neglected—until they fail. Hence, periodic maintenance and/or spare ventilator motors may
be a good investment.

Some plants rely on a single cable to supply their entire electrical requirements, and many
plants rely on single cables for major blocks of 1oad. In these cases, it may be prudent to take
several precautionary steps. One possible step would be the periodic testing of cables (see
Lee [B5]). Another measure would be the use of spare cables or the storage of a single
“portable” cable with permanently made ends (and provisions for installing the portable cable
at the various cable terminations in the plant distribution system). Lastly, advance (docu-
mented) arrangements could be made with a local contractor or the local utility for use of
their portable cables (and/or services) on an emergency basis.

Premature equipment failure can result from electrical potential that is either too high, too
low, excessively harmonic laden, or unbalanced (and also a combination of any or all of
these). Voltage tolerances are fairly well established by NEMA and ANSI. However, in
(Linders[B6]), ameansis provided to evaluate a situation where more than one area deviates
from rating. It must be noted that some situations are offsetting, such as a high voltage (less
than 10% high) and unbalanced voltage.

It isimportant to record and log voltage levels (of al three phases) at various strategic points
on a periodic basis (that is, annually) and to occasionally determine the harmonic content in
the plant’s distribution system. The widespread use of solid-state switching devices has
caused an increase in harmonic content in the plant power, but it has been unofficially
reported that such devices must approach 50% of the plant load before significantly detrimen-
tal effects occur. However, the engineer must look at harmonic content in conjunction with
other criteria to determine whether there is cause for a significant loss of life in his or her
equipment. Filter circuits are generally used to remove harmful harmonics, and their natureis
beyond the scope of this recommended practice. Fluorescent lighting also produces
harmonics, but these harmonics are “blocked” by the use of delta—wye transformers.

4.7 Conclusion

The plant engineer should analyze his or her system electrically and physically and inquire
about the utility’s system. In this analysis, the engineer should

a) Seethat faults are properly isolated and that critical loads are not vulnerable to inter-
ruption or delayed repair.

b) Analyze the critical areas and evaluate the need for special restoration equipment,
spare parts, or procedures.

c) Based on probability and economic analysis, make capital or preventive maintenance
investments as indicated by the analysis.

d) Make carefully documented contingency (catastrophe) plans.

€) Check the quality of the power supply from the utility and throughout the plant to
determine if the equipment is vulnerable to premature failure.

f)  Develop preventive maintenance, checking, and logging procedures to ensure contin-
uous optimum reliability performance of the plant.
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Chapter 5
Electrical preventive maintenance

5.1 Introduction

The objective of this chapter is to examine the “why” of electrical preventive maintenance
and theroleit playsin thereliability of distribution systemsfor industrial plants and commer-
cia buildings. Details of “when” and “how” can be obtained from other sources (see NFPA
70B-1994 [B6], Curdts [B7], Factory Mutual Systems Transformer Bulletin [B8], Hubert
[B10Q], IEEE Committee Report [B11], Maintenance Hints [B12], Miller [B13], Shaw [B14],
and Smeaton [B15]).1

Of the many factors involved in reliability, electrical preventive maintenance often receives
meager emphasis in the design phase and operation of electric distribution systems when it
can be a key factor in high reliability. Large expenditures for electric systems are made to
provide the desired reliability; however, failure to provide timely, high-quality preventive
maintenance leads to system or component malfunction or failure and prevents obtaining the
intended design goal.

5.2 Definitions

The following terms, defined in Chapter 1, should be used in conjunction with this chapter:
electrical equipment and electrical preventive maintenance.

5.3 Relationship of maintenance practice and equipment failure

The Reliability Subcommittee of the IEEE Industrial and Commercial Power Systems
Committee published the results of asurvey that included the effect of maintenance quality on
thereliability of electrical equipment inindustrial plants (see |EEE Committee Report [B11]).
Each participant in the survey was asked to give their opinion of the maintenance quality in his
or her plant. A major portion of the electrical equipment covered in the survey had a
maintenance quality that was classed as “excellent” or “fair.” Interestingly, maintenance qual-
ity had a significant effect on the percentage of all failures blamed on “inadequate mainte-
nance.”

As shown in Table 5-1, of the 1469 failures reported from all causes, “inadequate mainte-
nance” was blamed for 240, or 16.4% of al the failures.

The IEEE data also showed that “months since maintenance” is an important parameter when
analyzing failure data of electrical equipment. Table 5-2 shows data of failures caused by
inadequate maintenance for circuit breakers, motors, open wire, transformers, and all
equipment classes combined. The percent of failures blamed on “inadequate maintenance”

1The numbers in brackets preceded by the letter B correspond to those of the bibliography in 5.6.
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Table 5-1—Number of failures vs. maintenance quality

for all equipment classes combined

Number of failures .
Maintenance dus o inadequate
quality All Inadequate maintenance
causes maintenance
Excellent 311 36 11.6%
Fair 853 154 18.1%
Poor 67 22 32.8%
None 238 28 11.8%
Total 1469 240 16.4%

shows a close correlation with “failure, months since maintained.”

Table 5-2—Percentage of failure caused from inadequate

maintenance vs. month since maintained

All

Failure, e?qll(jfgrlnceardwt Circuit Motors Open Trans

(months maintained) classes breakers wire formers
combined

Less than 12 months ago 7.4% 12.5%2 8.8% 02 2.9%2
12-24 months ago 11.2% 19.2% 8.8% 22.2%2 2.6%2

More than 24 months ago 36.7% 77.8% 44.4% 38.2% 36.4%

Total 16.4% 20.8% 15.8% 30.6% 11.1%

8Small sample size; less than seven failures caused by inadequate maintenance.

From the |EEE data obtained, it was possible to calculate “failure rate multipliers’ for trans-
formers, circuit breakers, and motors based upon “maintenance quality.” These “failure rate
multipliers’ are shown in Table 5-3 and can be used to adjust the equipment failure rates
shown in Chapter 3. “Perfect” maintenance quality has zero failures caused by inadequate

maintenance.
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Table 5-3—Equipment failure rate multipliers vs. maintenance quality

Maintenance quality Transformers Circuit breakers Motors
Excellent 0.95 0.91 0.89
Fair 1.05 1.06 1.07
Poor 151 1.28 197
All 1.0 1.0 1.0
Perfect maintenance 0.89 0.79 0.84

5.4 Design for electrical preventive maintenance

Electrical preventive maintenance should be a prime consideration for any new electrical
equipment installation. Quality, installation, configuration, and application are fundamental
prerequisitesin attaining a satisfactory preventive maintenance program. A system that is not
adequately engineered, designed, and constructed will not provide reliable service, regardiess
of how good or how much preventive maintenance is accomplished.

One of the first requirements in establishing a satisfactory and effective preventive mainte-
nance program is to have good quality electrical equipment that is properly installed. Exam-
ples of thisare asfollows:

a) Largeexterior bolted covers on switchgear or large motor terminal compartments are
not conducive to routine electrical preventive maintenance inspections, cleaning, and
testing. Hinged and gasketed doors with a three-point locking system would be much
more satisfactory.

b)  Space heater installation in switchgear or an electric motor is avital necessity in high
humidity areas. This reduces condensation on critical insulation components. The
installation of ammetersin the heater circuit is an added tool for operating or mainte-
nance personnel to monitor their operation.

¢) Motor insulation temperatures can be monitored by use of resistance temperature
detectors, which provide an darm indication at a sel ected temperature (depending on
the insulation class). Such monitoring indicates that the motor is dirty and/or air pas-
sages are plugged.

The distribution system configuration and features should be such that maintenance work is
permitted without load interruption or with only minimal loss of availability. Often, equip-
ment preventive maintenance is not done or is deferred because load interruption is required
to acritical load or to a portion of the distribution system. This may require the installation of
alternate electrical equipment and circuits to permit routine or emergency maintenance on
one circuit while the other one supplies the critical load that cannot be shutdown.
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Electrical equipment that is improperly applied will not give reliable service regardless of
how good or how much preventive maintenance is accomplished. The most reasonably
accepted measure is to make a corrective modification.

5.5 Electrical equipment preventive maintenance

Electrical equipment deterioration is normal. However, if unchecked, the deterioration can
progress and cause malfunction or an electrical failure. Electrical equipment preventive main-
tenance procedures should be developed to accomplish four basic functions: to keep the
equipment clean, dry, and sealed tight, and to minimize the friction. Water, dust, high or low
ambient temperature, high humidity, vibration, component quality, and countless other condi-
tions can affect proper operation of electrical equipment. Without an effective electrical pre-
ventive maintenance program the risk of a serious electrical failure increases.

A common cause of electrical failure is dust and dirt accumulation and the presence of mois-
ture. This can be in the form of lint, chemical dust, day-to-day accumulation of oil mist and
dirt particles, etc. These deposits on the insulation, combined with oil and moisture, become
conductors and are responsible for tracking and flashovers. Deposits of dirt can cause exces-
sive heating and wear, and decrease apparatus life. Electrical apparatus should be operated in
a dry atmosphere for best results, but this is often impossible; therefore, precautions should
be established to minimize entrance of moisture. Moisture condensation in electrical appara-
tus can cause copper or auminum oxidation and connection failure.

Loose connections are another cause of electrical failures. Electrical connections should be
kept tight and dry. Creep or cold flow is a mgjor cause of joint failure. Mounting hardware
and other bolted parts should be checked during routine electrical equipment servicing.

Friction can affect the freedom of movement of electrical devices and can result in serious
failure or difficulty. Dirt on moving parts can cause sluggishness and improper electrical
equipment operations such as arcing and burning. Checking the mechanical operation of
devices and manually or electrically operating any device that seldom operates should be
standard practice.

Procedures and practices should be initiated to substantiate that electrical equipment is kept
clean, dry, sealed tight, and with minimal friction by visual inspection, exercising, and proof
testing. Electrical preventive maintenance should be accomplished on a regularly scheduled
basis as determined by inspection experience and analysis of any failures that occur.

An electrical preventive maintenance program certainly will not eliminate all failures, but it
will minimize their occurrence. Some of the key elements in establishing a program are as
follows:

a) Establish an “equipment service library” consisting of bulletins, manuals, schemat-
ics, parts lists, failure analysis reports, etc. The bulletins and manuals are normally
provided by the electrical equipment manufacturer. Often they are not taken very
serioudly after equipment installation and are lost, misplaced, or discarded. It is
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important to remember that this documentation is vital to develop electrical preven-
tive maintenance procedures and to aid in training.

b) In addition to the above documentation, each in-service failure should be thoroughly
investigated and the cause determined and documented. Generaly, it will be found
that timely and adequate electrical preventive maintenance could have prevented the
failure. If correctable by electrical preventive maintenance, the corrective action
should be included on the work list. If the failure was caused by a weak component,
then all identical equipment should be modified as soon as possible. “Failure analy-
sis’ playsamajor part in an electrical preventive maintenance program.

c¢) Provide the training necessary to accomplish the program that has been established.
The techniques utilized in performance of an electrical preventive maintenance pro-
gram are extremely important. The success or failure of it relies on the qualifications
and know-how of the personnel performing the work; therefore, training in electrical
preventive maintenance techniquesis amajor objective. Servicing of electrical equip-
ment requires better-than-average skills and special training. Properly trained and
adequately equipped maintenance personnel must have a very thorough knowledge of
the equipment operation. They must be able to make a thorough inspection and also
accomplish repairs. For example, special training in the use of the dc high-potential
dielectric tests or megger tests as well as the interpretation of the results may be
required.

d) A good record system should be developed that will show the repairs required by
equipment over a long period of time. On each regular inspection, variations from
normal conditions should be noted. The frequency and magnitude of the work should
then be increased or decreased according to an analysis of the data. Avoid performing
too much maintenance work as this can contribute to failures. The records should
reflect availability of spare parts, service attitude of equipment manufacturers, major
equipment failures to date, and time required for repairs, etc. These records are not
only useful in planning and scheduling electrical preventive maintenance work; they
are also useful in evaluating equipment performance for future purchases.
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Chapter 6
Emergency and standby power

6.1 Introduction

Utilization equipment can be divided into four categories by the reliability requirements of
the power supply:

a) Dataprocessing equipment that requires uninterrupted power

b) Safety equipment defined by codes that requires power restoration in seconds
¢) Ciritical equipment that can tolerate an interruption of minutes

d) Noncritical equipment that accepts utility interruption times

6.2 Interruption frequency and duration

In the industrial sector, an evaluation of each piece of utilization equipment must be made to
determine actual needs. The difference between interruption frequency and duration of sup-
ply power must be clearly understood. Interruption frequency is the “expected (average)
number of power interruptions to aload per unit time, usually expressed as interruptions per
year” Expected interruption duration is the “average duration of a single load interruption
event.” Interruption frequency and duration requirements for control power to a computer
control system would certainly be greater than those for aroom air conditioner.

Many power-consuming operations require a very low interruption frequency with much less
concern for interruption duration. A power failure during the vulcanizing cycle of a rubber
manufacturing process will cause loss of steam and errorsin the time/temperature control for
proper curing. This results in the product being scrapped. The difference in loss between a
power failure of 1 min duration and one of 30 min duration is minimal. Thus, a power system
that experiences 2 failures of 30 min each is more desirable that a system that experience
6 power failures of 1 min each.

6.3 Equipment selection

The components for providing power to utilization equipment to meet reliability require-
ments exceeding the utility supply include the following:

a) Inverter, batteries

b) Gasturbine or engine-generator sets

c) Transfer switches

d) Static or rotary uninterruptible power supplies

These components are usually employed in redundant configurations to ensure availability
when components are out for maintenance, and in case of failure.
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6.4 Descriptions and applications of available components

Thefollowing information contai ns data on some commonly used components for emergency
and standby power systems.

6.4.1 Engine-driven generators

These units are available in sizes from 1 kW to severa thousand kilowatts. Fuels commonly
used are diesel, oil, gasoline, and natural or liquefied petroleum (LP) gas. If kept warm, they
will come dependably on linein 8 to 15 s. Diesel units are generally heavier duty, have less
costly fuel, and have lower fire danger than gasoline units. Gasoline-driven units range up to
a 100 kW and have a lower initial cost than diesel sets. Natural and LP gas engines provide
quick starting after long shutdown periods because of the inherently fresh fuel. Engine-driven
generators are used

a  Where utility power isnot available.

b)  Where an emergency generator is required by code for elevators, emergency lighting,
and health care facilities.

¢) Inconjunction with uninterruptible power supplies.
6.4.2 Turbine-driven generators

Two types of turbines can be used for prime movers. either steam or gas. Since steam is
generaly not available when a power failure has occurred, only the gas prime mover will be
discussed.

Gas turbines can utilize various grades of oil aswell as natural and propane gas. Sizes gener-
ally range from 100 kW to several thousand kilowatts. Gas turbine generators can be placed
on linein 20 s for smaller units and in up to several minutes for larger units. They can more
easily be rooftop mounted since their physical size and weight per kilowatt are less than for
engine-driven units. Turbine-drive generator applications are interchangeable with engine-
drive generators.

6.4.3 Mechanical stored-energy systems

This type of system is comprised of a rotating flywheel that converts its rotating kinetic
energy into electric power, as shown in Figure 6-1. It is generally applied as an on-line sys-
tem. Depending on the frequency requirements of the load, a typica mechanical-stored
energy system can ride through a power failure for up to 2 s. Thus, its main useis as a buffer
to mechanically filter out transients.

A supply time of 15 s can be attained by using an eddy current clutch and driving the fly-
wheel at a higher speed than the generator it operates. This type of system may allow an
engine-driven prime mover to come up to speed, either to drive a separate generator or to
maintain the speed of the flywheel and its associated generator, asillustrated in Figure 6-2.
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Figure 6-1—Simple inertia-driven “ride through” system
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Figure 6-2—Constant frequency inertia system

6.4.4 Inverter/battery systems

A simple off-line inverter system is shown in Figure 6-3. The static transfer switch enables
the system to limit the power interruption to less than 8 ms.

The most widely used system for supplying uninterruptible power is shown in Figure 6-4.
The load is basically free of power interruptions, transient disturbances, and voltage and fre-
guency variations. A failure of the inverter will cause a loss of power until the inverter is
repaired or until prime power can be connected directly to the load. The system is usualy
equipped with a static bypass switch that protects the system against inverter failure.

A redundant uninterruptible power supply with static switches to clear a faulted inverter is
shown in Figure 6-5. The batteries for this system are required to supply power only until the
diesel generators can be placed on line. The “redundant uninterruptible power supply” is
more reliable than the “ nonredundant uninterruptible power supply” shown in Figure 6-4.

The redundant uninterruptible power supply systems illustrated in Figure 6-5 are often built
with up to four modules, where three modules can carry the load.
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Figure 6-5—Redundant uninterruptible power supply

6.4.5 Mechanical uninterruptible power supplies
Figure 6-6 shows a typical rotating uninterruptible power supply. The basic set consists of a

synchronous motor driving a synchronous generator. In case of a power failure, an inverter
supplied from a battery provides the power for the motor until utility power is restored.
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CHARGER INVERTER
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Figure 6-6—Rotating uninterruptible power supply
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6.5 Selection and application data

The figures and system descriptions presented here are only a few of the many types of sys-
tems and hybrid systems available. For comprehensive selection and application data, see
|EEE Std 446-1995 [B1].
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Chapter 7
Examples of reliability analysis and cost evaluation

7.1 Examples of reliability and availability analysis of common
low-voltage industrial power distribution systems

7.1.1 Quantitative reliability and availability predictions

In this chapter, a description is given of how to make quantitative reliability and availability
predictions for proposed new configurations of industrial power distribution systems. Seven
examples are worked out, including asimple radial system, a primary-selective system, and a
secondary-selective system. A brief tabulation is aso given of pertinent reliability data
needed in order to make the reliability and availability predictions. The simple radial system
analyzed had an average number of forced hours of downtime per year that was 19 times
larger than a secondary-sel ective system; the failure rate was six times larger. The importance
of two separate power supply sources from the electric utility has been identified and ana-
lyzed. This approach could be used to assist in cost/reliability trade-off decisions in the
design of the power distribution system.

7.1.2 Introduction

Anindustrial power distribution system may receive power at 13.8 kV from an electric utility
and then distribute the power throughout the plant for use at the various locations. One of the
guestions often raised during the design of the power distribution system is whether thereisa
way of making a quantitative comparison of the failure rate and the forced hours downtime
per year of a secondary-selective system with a primary-selective system and a simple radial
system. This comparison could be used in cost/reliability and cost/availability trade-off deci-
sions in the design of the power distribution system. The estimated cost of power outages at
the various plant locations could be factored into the decision as to which type of power dis-
tribution system to use. The decisions could be based upon “total owning cost over the useful
life of the equipment” rather than “first cost.”

Seven examples of common low-voltage industrial power distribution systems are analyzed
in this chapter:

— Example 1—Simple radial system

— Example 2—Primary-selective system to 13.8 kV utility supply

—  Example 3—Primary-selective system to load side of 13.8 kV circuit breaker
—  Example 4—Primary-selective system to primary of transformer

— Example 5—Secondary selective system

— Example 6—Simpleradial system with spares

— Example 7—Simple radial system with cogeneration

Only forced outages of the electrical equipment are considered in the seven examples. It is
assumed that scheduled maintenance will be performed at times when 480V power output is
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not needed. The frequency of scheduled outages and the average duration can be estimated,
and, if necessary, these can be added to the forced outages given in the seven examples.

When making areliability study, it is necessary to define what afailure of the 480V power is.
Some of the failure definitions for 480V power that are often used are as follows:

a) Completeloss of incoming power for more than 1 cycle
b) Completeloss of incoming power for more than 10 cycles
¢) Completeloss of incoming power for morethan5's

d) Completeloss of incoming power for more than 2 min

Definition c) will be used in the seven examples given. This definition of failure can have an
effect in determining the necessary speed of automatic throwover equipment that is used in
primary-selective or secondary-selective systems. In some cases, when making reliability
studies, it might be necessary to further define what is a“ complete loss of incoming power”;
for example, “voltage drops below 70%.”

One of the main benefits of a reliability and availability analysisis that a disciplined look is
taken at the alternative choices in the design of the power distribution system. By using pub-
lished reliability data collected by atechnical society from industrial plants, the best possible
attempt is made to use historical experienceto aid in the design of the new system.

7.1.3 Definition of terminology

The definition of termsis givenin Chapter 1 and 2.1.3. The unitsthat are being used for “fail-
ure rate” and “average downtime per failure” are

A isthefailurerate (failures per year); and

r is the average downtime per failure (hours per failure equals average time to repair or
replace a piece of equipment after afailure). In some cases, thisis the time to switch
to an alternate circuit when one is available.

7.1.4 Procedure for reliability and availability analysis

The “minimal cut-set” method for system reliability evaluation is described in 2.1.6, 2.1.8,
and 2.1.9. The quantitative reliability indexes that are used in the seven examples are the fail-
ure rate and the forced hours downtime per year. These are calculated at the 480 V point of
use in each example. The failure rate A is a measure of unreliability. The product Ar, (failure
rate x average downtime per failure) is equal to the forced hours downtime per year and can
be considered a measure of forced unavailability, since a scale factor of 8760 converts one
guantity into the other. The average downtime per failure r could be called “restorability.”

The necessary formulas for calculating the reliability indexes of the minimal cut-set approach
are given in Equations (2-1) and (2-2) in 2.1.9 and Equations (2-5) and (2-6) in 2.1.11.1. A
sample using these formulas is shown in Figure 7-1 for two components in series and two
components in parallel. In these samples the scheduled outages are assumed to be 0 and the
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— A7} A, 7o
Js = Mt A
JsTs = M7+ Agry

A7y + ATy

r =
® AL+ A

(a) Reparable components in series (both must work for success)

Ashy(rsg +74)

Jo = 8760

A373(AgTy)

JoTs = 760

737y
T3 + T4

(b) Reparable components in parallel (one or both must work for success)

Nomenclature:

f = Frequency of failures

A = Failures per year

r = Average hours of downtime per failure

s = Series

p = Padld

. Agls Agly

NOTE—There formulas are approximate and should only be used when both 5760 and 5760 ¥ less

than 0.01.

Figure 7-1—Formulas for reliability calculations
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units for A and r are, respectively, failures per year and hours downtime per failure. The
formulasin Figure 7-1 assume the following:

@)  Thecomponent failure rate is constant with age.

b) The outage time after afailure has an exponential distribution. (Probability of outage
time exceeding T is€").

c) Eachfailure event isindependent of any other failure event.

d) Thecomponent “up” times are much larger than “down” times:

A _om
8760 =

The reliability data to be used for the electrical equipment and the electric utility supply are
givenin 7.1.5.

7.1.5 Reliability data from 1973-75 IEEE surveys

In order to make a reliability and availability analysis of a power distribution system, it is
necessary to have data on the reliability of each component of electrical equipment used in
the system. Ideally, these reliability data should come from field use of the same type of
equipment under similar environmental conditions and similar stress levels. In addition, there
should be a sufficient number of field failuresin order to represent an adequate sample size. It
is believed that eight field failures are the minimum number necessary in order to have area-
sonable chance of determining a failure rate to within a factor of 2. The types of reliability
data needed on each component of electrical equipment are

— Failurerate (failures per year)
— Average downtime to repair or replace a piece of equipment after a failure (hours per
failure)

These reliability data on each component of electrical equipment can then be used to repre-
sent historical experience for use in cost/reliability and cost/availability trade-off studies in
the design of new power distribution systems.

From 1973-1975, the Power Systems Reliability Subcommittee of the Industrial and Com-
mercial Power Systems Committee conducted and published surveys of electrical equipment
reliability in industrial plants (see IEEE Committee Reports [B7], [B8]). See Appendixes A,
B, and D for the data. See Chapter 3 for asummary of these data and data from later surveys.
These reliability surveys of electrica equipment and electric utility power supplies were
extensive. The pertinent failure rate and average downtime per failure information for the
electrical equipment are given in Table 7-1. In compiling these data, a failure was defined as
any trouble with a power system component that causes any of the following effects:

—  Partia or complete plant shutdown, or below-standard plant operation

—  Unacceptable performance of user’s equipment

— Operation of the electrical protective relaying or emergency operation of the plant
electric system

— De-energization of any electric circuit or equipment
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Table 7-1—Reliability data from 1973—-74 IEEE reliability survey
of industrial plants (see IEEE Committee Report [B8])1

Ar,
r
! forced Datasource
Equipment categor fajl)t\jr% hggvrvi?f hoursof in | EEE
quip egory time per down- survey [B8]
per year 1°P time per Table
failure
year
Protective relays 0.0002 5.0 0.0010 19
Metalclad drawout circuit breakers
0-600V 0.0027 4.0 0.0108 5,50
Above 600V 0.0036 83.12 0.2992 5,51
Above 600V 0.0036 2.1b 0.0076 5,51
Power cables (1000 circuit ft)
0-600V, above ground 0.00141 105 0.0148 13
601-15 000 V, conduit below ground 0.00613 26.52 0.1624 13,56
601-15 000 V, conduit below ground 0.00613 19.0P 0.1165 13,56
Cable terminations
0-600 V, above ground 0.0001 38 0.0004 17
601-15 000 V, conduit below ground 0.0003 25.0 0.0075 17
Disconnect switches enclosed 0.0061 3.6 0.0220 9
Transformers
601-15 000V 0.0030 342,08 1.0260 4,48
601-15 000V 0.0030 130.0° 0.3900 4,48
Switchgear bus—bare
0-600V (connected to 7 breakers) 0.0024 24.0 0.0576 10
0-600V (connected to 5 breakers) 0.0017 24.0 0.0408 10
Switchgear bus—insulated
601-15 000V (connected to 1 breaker) 0.0034 26.8 0.0911 10
601-15 000 V (connected to 2 breakers) 0.0068 26.8 0.1822 10
601-15 000V (connected to 3 breakers) 0.0102 26.8 0.2733 10
Gas turbine generator 4.5000 7.2 32.4000 Appendix L,
Tablelll

3Repair failed unit.
bRepl ace with spare.

1The numbers in brackets preceded by the letter B correspond to those of the bibliography in 7.3.
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A failure on apublic utility supply system may cause the user to have either of the following:

— A power interruption or loss of service
— A deviation from normal voltage or frequency outside the normal utility profile

A failure of an in-plant component causes a forced outage of a component; that is, the com-
ponent is unable to perform its intended function until it is repaired or replaced. The terms
“failure” and “forced outage” are often used synonymously.

In addition to the reliability data for electrical equipment shown in Table 7-1, there are some
“failure modes’ of circuit breakers that require backup protective equipment to operate, for
example, “failed to trip” or “failed to interrupt.” Both of these failure modes would require
that acircuit breaker farther up the line be opened, and thiswould result in alarger part of the
power distribution system being disconnected. Reliability data on the “failure modes of cir-
cuit breakers’ are shown in Table 7-2. These data are used for the 480 V circuit breakersin all
seven examples discussed in this chapter. It will be assumed that the “flashed over while
open” failure mode for circuit breakers and disconnect switches has afailure rate of O.

Table 7-2—Failure modes of circuit breakers
Percentage of total failuresin each failure mode (See Table 3-27)

Per centage of total failures (all voltages) Failure characteristic

Backup protective equipment required

9 Failed while opening
Other circuit breaker failures
7 Damaged while successfully opening
32 Failed while in service (not while opening or
closing)
5 Failed to close when it should
2 Damaged while closing
42 Opened when it shouldn’t
1 Failed during testing or maintenance
1 Damage discovered during testing or
maintenance
1 Other
100 Total percentage

The failure rate and average downtime per failure data for the electric utility power supplies
are given in Table 7-3. This includes both single-circuit and double-circuit reliability data.
The two power sources in adouble-circuit utility supply are not completely independent, and
the reliability and availability analysis must take this into consideration. This subject is dis-
cussed further in 7.1.16.
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Table 7-3—IEEE survey of reliability of electric utility
power supplies to industrial plants

(See Table 3-31)
A r, AT,
Number of circuits (all voltages) failuresper dho(\)/\L/jrztsi r?re Lc;rggsvzgﬁ::
year per failure per year
Single circuit 1.956 1.32 2.582
Double circuit
Loss of both circuits? 0312 0.52 0.1622
Calculated value for loss of Source 1
(while Source 2 is OK) 1.644 0.15° 0.2466

3Data for double circuits had all circuit breakers closed.
bManual switchover time of 9 min to source 2.

7.1.6 Example 1—Reliability and availability analysis of a simple radial system
7.1.6.1 Description of simple radial system

A simpleradial system is shown in Figure 7-2. Power isreceived at 13.8 kV from the electric
utility. Then it goes through a 13.8 kV circuit breaker inside the industrial plant, 600 ft of
cable in underground conduit, an enclosed disconnect switch, to a transformer that reduces
the voltage to 480 V then through a 480 V main circuit breaker, a second 480 V circuit
breaker, 300 ft of cable in above ground conduit, to the point where the power is used in the
industrial plant.

7.1.6.2 Results—Simple radial system

Theresults from the reliability and availability calculations are given in Table 7-4. Thefailure
rate and the forced hours downtime per year are calculated at the 480V point of use.

The relative ranking of how each component contributes to the failure rate is of considerable
interest. Thisistabulated in Table 7-5.

The relative ranking of how each component contributes to the forced hours downtime per
year is aso of considerable interest. Thisis given in Table 7-6.

It might be expected that the power distribution system would be shut down once every two
years for scheduled maintenance for a period of 24 hours. These shutdowns would be in addi-
tion to the outage data given in Tables 7-4 and 7-5.
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Figure 7-2—Simple radial system—Example 1

7.1.6.3 Conclusions—Simple radial system
The electric utility supply is the largest contributor to both the failure rate and the forced

hours downtime per year at the 480V point of use. A significant improvement can be madein
both the failure rate and the forced hours downtime per year by having two sources of power
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Table 7-4—Simple radial system—Reliability and availability
of power at 480 V— (Example 1)

A force h
. orced hours
Component failures of downtime
per year
per year
13.8 kV power source from electric utility 1.956 2.582
Protective relays (3) 0.0006 0.0030
13.8 kV metalclad circuit breaker 0.0036 0.29922
Switchgear bus—insulated (connected to 1 breaker) 0.0034 0.0911
Cable (13.8 kV); 900 ft, conduit below ground 0.0055 0.14582
Cable terminations (6) at 13.8 kV 0.0018 0.0450
Disconnect switch (enclosed) 0.0061 0.0220
Transformer 0.0030 1.0260%
480V metalclad circuit breaker 0.0027 0.0108
Switchgear bus—bare (connected to 7 breakers) 0.0024 0.0576
480V metalclad circuit breaker 0.0027 0.0108
480V metalclad circuit breakers (5)

(failed while opening) 0.0012 0.0048
Cable (480 V); 300 ft conduit above ground 0.0004 0.0044
Cable terminations (2) at 480 V 0.0002 0.0008

Total at 480 V output 1.9896 4.3033

8Data for hours of downtime per failure are based upon repair failed unit.

Table 7-5—Simple radial system—Relative ranking of failure rates

A, failures per year

1. Electric utility

2. 13.8kV cable and terminations

3. Disconnect switch

4. 13.8 kV circuit breaker

5. Switchgear bus—insulated

6. Transformer

7.480V circuit breaker

8. 480V circuit breaker (main)

9. Switchgear bus—bare
10. 480V circuit breakers (5) (failed while opening)
11. 480V cable and terminations
12. Protective relays (3)

Total

1.956
0.0073
0.0061
0.0036
0.0034
0.0030
0.0027
0.0027
0.0024
0.0012
0.0006
0.0006

1.9896

at 13.8 kV from the electric utility. The improvements that can be obtained are shown in
Examples 2, 3, and 4 using “primary-selective system” and in Example 5 using “secondary-

selective system.”

The transformer is the second largest contributor to forced hours downtime per year. The
transformer has avery low failure rate, but the long outage time of 342 h after afailure results
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Table 7-6—Simple radial system—
Relative ranking of forced hours of downtime per year

AT,
forced hours of
downtime per year
1. Electric utility 2.582
2. Transformer 1.0260%
3. 13.8 kV circuit breaker 0.29922
4. 13.8 kV cable and terminations 0.19082
5. Switchgear bus—insulated 0.0911
6. Switchgear bus—bare 0.0576
7. Disconnect switch 0.0220
8. 480V circuit breaker 0.0108
9. 480V circuit breaker (main) 0.0108
10. 480V cable and terminations 0.0052
11. 480V circuit breakers (5) (failed while opening) 0.0048
12. Protective relays (3) 0.0030
Total 4.3033

8Data for hours of downtime per failure are based upon repair failed unit.

inalarge A r, forced hours downtime per year. The 13.8 kV circuit breaker is the third largest
contributor to forced hours downtime per year, and the fourth largest contributor is the
13.8 kV cables and terminations. Thisis a result of the average outage time after afailure of
83.1 hoursfor the 13.8 kV circuit breaker and 26.5 h for the 13.8 kV cable.

The long outage times after a failure for the transformer, 13.8 kV circuit breaker, and the
13.8 kV cable are all based upon “repair failed unit.” These outage times after afailure can be
reduced significantly if the “replace with spare” times shown in Table 7-1 are used instead of
“repair failed unit.” Thisis donein Example 6, using asimple radial system with spares.

7.1.7 Example 2—Reliability and availability analysis of primary-selective system
to 13.8 kV utility supply

7.1.7.1 Description—Primary-selective system to 13.8 kV utility supply

The primary-selective system to 13.8 kV utility supply is shown in Figure 7-3. It isasimple
radial system with the addition of a second 13.8 kV power source from the electric utility; the
second power source is normally disconnected. In the event that there is afailure in the first
13.8 kV utility power source, then the second 13.8 kV utility power source is switched on to
replace the failed power source. Assume that the two utility power sources are synchronized.

Example 2a—Assume a 9 min “manual switchover time” to utility power source no. 2 after a
failure of source no. 1.

Example 2b—Assume an “automatic switchover time” of less than 5 s after a failure is
assumed (loss of 480V power for lessthan 5 sis not counted as a failure).
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Figure 7-3—Primary-selective system to
13.8 kV utility supply—Example 2

7.1.7.2 Results—Primary-selective system to 13.8 kV utility supply

Example 2a—If the time to switch to a second utility power source takes 9 min after afailure
of the first source, then there would be a power supply failure of 9 min duration. Using the
data from Table 7-3, for double-circuit utility supplies, thiswould occur 1.644 times per year
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(1.956-0.312). This is in addition to losing both power sources simultaneously 0.312 times
per year for an average outage time of 0.52 h. If these utility supply data are added together
and substituted into Table 7-4 on the simple radia system, it would result in reducing the
forced hours downtime per year at the 480 V point of use from 4.3033 to 2.1291. The failure
rate would stay the same at 1.9896 failures per year. These results are given in Table 7-7.

Table 7-7—Simple radial system and primary selective system to
13.8 kV utility supply—Reliability and availability comparison
of power at 480V point of use (Example 2)

A AT,
Component failures forced hqurs
of downtime
per year per year
Example 1
Simpleradia system 1.9896 4.3033
Example 2a
Primary-selective system to 13.8 kV utility supply 1.9896 21291
(with 9 min switchover after a supply failure)
Example 2b
Primary-selective system to 13.8 kV utility supply 0.3456 1.8835
(with switchover in less than 5 s after a supply failure)®

3 _oss of 480V power for lessthan 5 sis not counted as afailure.

Example 2b—If the time to switch to a second utility power source takes less than 5 s after a
failure of the first source, then there would be no failure of the electric utility power supply.
The only time a failure of the utility power source would occur is when both sources fail
simultaneously. It will be assumed that the data shown in Table 7-3 are applicable for loss of
both power supply circuits smultaneoudly. This is 0.312 failures per year with an average
outage time of 0.52 h. If these values of utility supply data are substituted into Table 7-4, it
would result in reducing the forced hours downtime per year from 4.3033 to 1.8835 h per
year at the 480 V point of use; the failure rate would be reduced from 1.9896 to 0.3456 fail-
ures per year. These results are also given in Table 7-7.

7.1.7.3 Conclusion—Primary-selective system to the 13.8 kV utility supply

The use of the primary-selective system to the 13.8 kV utility supply with 9 min manual
switchover time reduces the forced hours downtime per year at the 480 V point of use by
about 50%; but the failure rate is the same as for asimple radial system.

The use of automatic throwover equipment that could sense a failure of one 13.8 kV utility
supply and switchover to the second supply in less than 5 s would give a 6 to 1 improvement
in the failure rate at the 480 V point of use (a loss of 480 V power for less than 5 s is not
counted as afailure).
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7.1.8 Example 3—Primary-selective system to load side of 13.8 kV circuit
breaker

7.1.8.1 Description of primary-selective system to load side of 13.8 kV circuit
breaker

Figure 7-4 shows a one-line diagram of the power distribution system for primary-selective to
load side of 13.8 kV circuit breaker. What are the failure rate and the forced hours downtime
per year at the 480V point of use?

Example 3a—Assume 9 min manual switchover time.

Example 3b—Assume automatic switchover can be accomplished in less than 5 s after a
failure (loss of 480V power for lessthan 5 sis not counted as afailure).

7.1.8.2 Results—Primary-selective system to load side of 13.8 kV circuit
breaker

The results from the reliability and availability calculations are given in Table 7-8.

7.1.8.3 Conclusions—Primary-selective system to load side of 13.8 kV circuit
breaker

The forced hours downtime per year at the 480 V point of use in Example 3 (primary-
selective system to the load side of 13.8 kV circuit breaker) is about 10% lower than in
Example 2 (primary-selective system to 13.8 kV utility supply). The failure rate is about the
same.

7.1.9 Example 4—Primary-selective system to primary of transformer
7.1.9.1 Description of Primary-selective system to primary of transformer

Figure 7-5 shows a one-line diagram of the power distribution system for the primary-
selective system to primary of transformer. What are the failure rate and the forced hours
downtime per year at the 480V point of use? Assume 1 h switchover time.

7.1.9.2 Results—Primary-selective system to primary of transformer
The results from the reliability and availability calculations are given in Table 7-9.
7.1.9.3 Conclusions—Primary-selective system to primary of transformer

The forced hours downtime per year at the 480 V point of use in Example 4 (primary-
selective system to primary of transformer) is about 32% lower than for the simple radial
system shown in Example 1. The failure rate is the same in Examples 1 and 4.
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Table 7-8—Primary-selective system to load side of 13.8 kV circuit breaker—
Reliability and availability comparison of power at 480V point of use

(Example 3)
e | Bamed
(9 min switchover time) than 5 5)2
Component AT, AT,
forced forced
A, hours of A, hours of
failures downtime failures downtime
per year per year per year per year
13.8 kV power source 1.644
(loss of only source 1)
Protective relays (3) 0.0006
13.8 kV metalclad circuit breaker 0.0036
Total through 13.8 kV circuit breaker with 1.6482 0.2472
9 min switchover after afailure of source 1
(and source 2 is OK)
Loss of both 13.8 kV power sources 0.312 0.1622 0.312 0.1622
simultaneously
Switchgear bus—insulated 0.0068 0.1822 0.0068 0.1822
(connected to 2 breakers)
Total to point E 1.9670 0.5916 0.3188 0.3444
Cable (13.8 kV); 0.0055 0.1458° 0.0055 0.1458°
900 ft, conduit below ground
Cable terminations (6) at 13.8 kV 0.0018 0.0450 0.0018 0.0450
Disconnect switch (enclosed) 0.0061 0.0220 0.0061 0.0220
Transformer 0.0030 1.0260° 0.0030 1.0260°
480V metalclad circuit breaker 0.0027 0.0108 0.0027 0.0108
Switchgear bus—bare 0.0024 0.0576 0.0024 0.0576
(connected to 7 breakers)
480V metalclad circuit breaker 0.0027 0.0108 0.0027 0.0108
480V metalclad circuit breakers (5) 0.0012 0.0048 0.0012 0.0048
(failed while opening)
Cable (480 V); 0.0004 0.0044 0.0004 0.0044
300 ft, conduit above ground
Cable terminations (2) at 480V 0.0002 0.0008 0.0002 0.0008
Total at 480V output 1.9930 1.9196 0.3448 1.6724

8 _oss of 480 V power for lessthan 5 sis not counted as afailure.

bData for hours of downtime per failure are based upon repair failed unit.
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Table 7-9—Primary-selective system to primary of transformer—
Reliability and availability comparison of power at 480V point of use

(Example 4)
Example 4
(switchover time 1 h)
AT,
Component for ced
A, hour s of
failures downtime
per year per year
13.8kV power source from electric utility (loss of source 1) 1.644
Protective relays (3) 0.0006
13.8 kV metalclad circuit breaker 0.0036
Switchgear bus—insulated (connected to 1 breaker) 0.0034
Cable (13.8 kV); 900 ft, conduit below ground 0.0055
Cable terminations (6) at 13.8 kV 0.0018
Disconnect switch (enclosed) 0.0061
Total through disconnect switch with 1 h switchover 1.6650 1.6650
after afailure of source 1 (and source 2 is OK)
Loss of both 13.8 kV power sources simultaneously 0.312 0.1622
Total to point F 1.9770 1.8272
Transformer 0.0030 1.0260%
480V metalclad circuit breaker 0.0027 0.0108
Switchgear bus—bare (connected to 7 breakers) 0.0024 0.0576
480V metalclad circuit breaker 0.0027 0.0108
480V metalclad circuit breakers (5) (failed while opening) 0.0012 0.0048
Cable (480 V); 300 ft conduit above ground 0.0004 0.0044
Cable terminations (2) at 480V 0.0002 0.0008
Total at 480V output 1.9896 2.9424

3Data for hours of downtime per failure are based upon repair failed unit.

7.1.10 Example 5—Secondary selective system
7.1.10.1 Description of secondary-selective system

Figure 7-6 shows a one-line diagram of the power distribution system for a secondary-selec-
tive system. What are the failure rate and forced hours of downtime per year at the 480 V
point of use?

Example 5a—Assume a 9 min manual switchover time.
Example 5Sb—Assume automatic switchover can be accomplished in less than 5 s after a

failure (loss of 480V power for lessthan 5 sis not counted as afailure).
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7.1.10.2 Results—Secondary-selective system

Theresults from the reliability and availability calculations are given in Table 7-10.
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Table 7-10—Secondary-selective system—Reliability and availability
comparison of power at 480V point of use (Example 5)

Example 3a

(9 min switchover time)

(switchover inlessthan

Example 5b

55
Component AT, AT,
forced forced
A, hours of A, hours of
failures downtime | failures downtime
per year per year per year per year
13.8 kV power source 1.644
(loss of only source 1)
Protective relays (3) 0.0006
13.8 kV metalclad circuit breaker 0.0036
Switchgear bus—insulated 0.0034
(connected to 1 breaker)
Cable (13.8 kV); 0.0055
900 ft, conduit below ground
Cable terminations (6) at 13.8 kV 0.0018
Disconnect Switch (enclosed) 0.0061
Transformer 0.0030
480V metalclad circuit breaker 0.0027
Total through 13.8 kV circuit breaker with 1.6707 0.2506
9 min switchover after afailure of source 1
(and source 2 is OK)
Total through 480V main circuit breaker 0.0 0.0
with switchover in less than 5 s after afail-
ure of source 1 (and source 2 OK)
Loss of both 13.8 kV power sources 0.312 0.1622 0.312 0.1622
simultaneously
Total to point G 1.9827 0.4128 0.312 0.1622
Switchgear bus—insulated 0.0017 0.0408 0.0017 0.0408
(connected to 5 breakers)
480V metalclad circuit breaker 0.0027 0.0108 0.0027 0.0108
480V metalclad circuit breakers (2) 0.0005 0.0020 0.0005 0.0020
(failed while opening)
Cable (480V); 0.0004 0.0044 0.0004 0.0044
300 ft, conduit above ground
Cable terminations (2) at 480V 0.0002 0.0008 0.0002 0.0008
Total at 480V output 1.9882 0.4716 0.3175 0.2210
8 _oss of 480 V power for lessthan 5 sis not counted as afailure.
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7.1.10.3 Conclusions—Secondary-selective system

The simple radial system in Example 1 had an average forced hours downtime per year that
was 19 times larger than the secondary-selective system in Example 5b with automatic
throwover in less than 5 s. The failure rate of the simple radial system was six times larger
than the secondary-selective system in Example 5b with automatic switchover in less than
5s

7.1.11 Example 6—Simple radial system with spares
7.1.11.1 Description of simple radial system with spares

Figure 7-2 shows a one-line diagram of the power distribution system for asimpleradial sys-
tem. What are the failure rate and forced hours of downtime per year of the 480V point of use
if al of the following spare parts are available and can be installed as a replacement in these
average times?

a) 13.8kV circuit breaker (inside plant only)—2.1 h
b) 900 ft of cable (13.8 kV)—19h
¢) 1000 kVA transformer—130 h

The above three “replace with spare” times were obtained from Table 7-1 and are the actual
values obtained from the IEEE Committee Report on the Reliability Survey of Industrial
Plants [B8]. The times are much lower than the “repair failed unit” times that were used in
Examples 1 through 5.

7.1.11.2 Results—Simple radial system with spares

The results of the reliability and availability calculations are given in Table 7-11. They are
compared with those of the simple radial system in Example 1 using average outage times
based upon “repair failed unit.”

7.1.11.3 Conclusions—Simple radial system with spares

The simpleradial system with sparesin Example 6 had aforced hours downtime per year that
was 22% lower than the simple radia system in Example 1.

7.1.12 Example 7—Simple radial system with cogeneration
7.1.12.1 Description of simple radial system with cogeneration

Figure 7-7 shows a single-line diagram of the power distribution system for a simple radial
system with cogeneration. What are the failure rate and forced hours of downtime per year at
the 480V point of use, assuming the utility and cogeneration sources are operated in parallel ?
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Table 7-11—Simple radial system with spares—Reliability and availability
comparison of power at 480V point of use (Example 6)

Example 1 Example 6
Simpleradial Simpleradial with spares
r, AT, r, At
Component forced | forced forced ;
A, hoursof | hours of A, hours of forced
failures down- down- failures down- hourslof
PEYEAr | timeper | timeper | P& Y® | timeper down-time
failure year failure | P Y
13.8 kV power source 1.956 2.582 1.956 2.582
from electric utility
Protective relays (3) 0.0006 0.0030 0.0006 0.0030
13.8 kV metalclad circuit 0.0036 83.12 0.22922 | 0.0036 2.1b 0.0076°
breaker
Switchgear bus—insulated | 0.0034 0.0911 0.0034 0.0911
(connected to 1 breaker)
Cable (13.8kV); 900 ft, 0.0055 2658 | 0.1458% | 0.0055 19.0° 0.1045°
conduit below ground
Cable terminations 0.0018 0.0450 0.0018 0.0450
(6) at 13.8kV
Disconnect switch 0.0061 0.0020 0.0061 0.0220
(enclosed)
Transformer 0.0030 | 342.0% | 102607 | 00030 | 130.0° | 0.3900°
480V metalclad circuit 0.0027 0.0108 0.0027 0.0108
breaker
Switchgear bus—bare 0.0024 0.0576 0.0024 0.0576
(connected to 7 breakers)
480V metalclad circuit 0.0027 0.0108 0.0027 0.0108
breaker
480V metalclad circuit 0.0012 0.0048 0.0012 0.0048
breakers (5) (failed while
opening)
Cable (480 V); 300 ft, 0.0004 0.0044 0.0004 0.0044
conduit above ground
Cable terminations 0.0002 0.0008 0.0002 0.0008
(2) at 480V
Total at 480V output 1.9896 4.3033 | 1.9896 3.3344
8Data for hours of downtime per failure are based upon repair failed unit.
bData for hours of downtime per failure are based upon replace with spare.
7.1.12.2 Results—Simple radial system with cogeneration
Theresults from the reliability and availability calculations are given in Table 7-12.
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Table 7-12—Simple radial system with cogeneration reliability
and availability of power at 480V point of use (Example 7)

AT,
forced
Component A, hours of
failures down-time
per year per year
Utility supply
13.8 kV power source from electric utility 1.9560 2.5820
Protective relays (3) 0.0006 0.0030
13.8 kV metalclad circuit breaker 0.0036 0.29922
Utility source subtotal 1.9602 2.5850
Local cogeneration
Generator (gas turbine) 4.5000 32.4000
Protective relays (3) 0.0006 0.0030
13.8 kV metalclad circuit breaker 0.0036 0.29922
Cogeneration source subtotal 45042 32.4030
Combined utility and cogeneration sources 0.0353 0.0096
Switchgear bus-insulated (connected to 3 breaker) 0.0102 0.2733
Total to point E 0.0455 0.2829
13.8 kV metalclad circuit breaker 0.0036 0.29922
Protective relays (3) 0.0006 0.0030
Cable (13.8 kV); 900 ft conduit below ground 0.0055 0.1458
Cable terminations (6) at 13.8 kV 0.0018 0.0450
Disconnect switch (enclosed) 0.0061 0.0220
Transformer 0.0030 1.0260%
480V metalclad circuit breaker 0.0027 0.0108
Switchgear bus-bare (connected to 7 breakers) 0.0024 0.0576
480V metalclad circuit breaker 0.0027 0.0108
480V metalclad circuit breakers (5) (failed while opening) 0.0012 0.0048
Cable (480 V); 300 ft conduit above ground 0.0004 0.0044
Cable terminations (2) at 480V 0.0002 0.0008
Total at 480V output 0.0757 1.9131

8Data for hours of downtime per failure are based upon repair failed unit.

7.1.12.3 Conclusions—Simple radial system with cogeneration

The simple radial system in Example 1 yielded an average forced hours downtime per year
that was about twice aslarge asthe radial system with cogeneration in Example 7. The failure
rate of the simpleradial system wasfive times larger than theradial system with cogeneration
in Example 7.
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7.1.13 Overall results from seven examples

The results for the seven examples are compared in Table 7-13 which shows the failure rates
and the forced hours downtime per year at the 480V point of use.

Table 7-13—Summary—Reliability and availability comparison at 480V point of
use for several power distribution systems

Switchover inless | Switchover time
than 52 9min
AT,
forced
T AT, AT, A,
Distribution Example for ced forced | failures hours of
system A, hour s of A, hoursof | per year down-

failures | "OU'SO | failures time per

or vear down- or vear down- year

pery time per pery time per

year year

Simple radial 1 1.9896 | 4.3033°
Simple radial with 6 1.9896 | 3.33442
spares
Simple radial with 7 0.0757 | 1.9131°
cogeneration
Primary-selective 2 0.3456 | 1.8835° | 1.9896 | 2.1291°
to 13.8 kV utility
supply
Primary-selective to 3 0.3448 | 1.6724° | 1.9930 | 1.9196°
load side of 13.8 kV
circuit breaker
Primary-selective to 4 1.9896 | 2.9424P
primary of
transformer
(1 h switchover)
Secondary-selective 5 0.3175 | 0.2210° | 1.9882 | 0.4716P

8Data for hours downtime per failure are based upon replace with spare for 13.8 kV circuit breaker,
13.8 kV cable, and transformer.

bData for hours downtime per failure are based upon repair failed unit for 13.8 kV circuit breaker,
13.8 kV cable, and transformer.

CLoss of 480 V power for lessthan 5 sis not counted as afailure.

These data do not include outages for scheduled maintenance of the electrical equipment. Itis
assumed that scheduled maintenance will be performed at times when 480V power output is
not needed. If thisis not possible, then outages for scheduled maintenance would have to be

124 Copyright © 1998 IEEE. Al rights reserved.



IEEE
EXAMPLES OF RELIABILITY ANALYSIS AND COST EVALUATION Std 493-1997

added to the numbers shown in Table 7-13. This would affect a simple radial system much
more than a secondary-sel ective system because of redundancy of electrical equipment in the
latter.

7.1.14 Discussion—Cost of power outages

The forced hours of downtime per year is a measure of forced unavailability and is equal to
the product of (failures per year x average hours) downtime per failure. The average down-
time per failure could be called restorability and is a very important parameter when the
forced hours of downtime per year are determined. The cost of power outagesin an industrial
plant is usually dependent upon both the failure rate and the restorability of the power system.
In addition, the cost of power outages is also dependent on the “plant restart time” after
power has been restored (see Gannon [B3]). The “plant restart time” would have to be added
to the “average downtime per failure” r, in Table 7-13 when cost vs. reliability and availabil-
ity studies are made in the design of the power distribution system.

The |IEEE Committee Report on the Reliability Survey of Industrial Plants [B8] found that
the average “plant restart time” after a failure that caused complete plant shutdown was
17.4 h. The median value was 4.0 h.

7.1.15 Discussion—Definition of power failure

A failure of 480V power was defined in the seven examples as a complete loss of incoming
power for morethan 5 s. This is consistent with the results obtained from the IEEE Commit-
tee Report on the Reliability Survey of Industrial Plants [B8], which found a median value of
10 sfor the “ maximum length of power failure that will not stop plant production.”

7.1.16 Discussion—Electric utility power supply

Previous reliability studies (see Dickenson et al., [B1], Heising [B5], and Dunkijacobs [B6])
have drawn conclusions similar to those made in this chapter. All of these previous studies
have identified the importance of two separate power supply sources from the electric utility.
The Power System Reliability Subcommittee made a specia effort to collect reliability data
on double-circuit utility power supplies in an |EEE survey (see IEEE Committee Report
[B7]). These data are summarized in Table 7-3 and were used in Examples 2 through 5. The
two power sources in a double-circuit utility supply are not completely independent, and the
reliability and availability analysis must take this into consideration. The importance of this
point is shown in Table 7-14, where areliability and availability comparison is made between
the actual double-circuit utility power supply and the calculated value from two completely
independent utility power sources.

The actual double-circuit utility power supply has a failure rate more than 200 times larger
than two compl etely independent utility power sources. The actual double-circuit utility power
supply data came from an | EEE survey (see |[EEE Committee Report [B7]) and are based upon
77 outages in 246 unit-years of service at 45 plants with “all circuit breskers closed.” Thisisa
broad composite from many industrial plantsin different parts of the country.
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Table 7-14—Comparison of actual and calculated reliability
and availability of double-circuit utility power supply
(failure defined as loss of both power sources)

A, AT,
failures forced hours of
per year downtime per year

Actual single-circuit utility power supply

from |EEE survey (IEEE Committee Report [B7]) 1.956% 2.5828
Actua double-circuit utility power supply

from |EEE survey (IEEE Committee Report [B7]) 0.3122 0.16222
Calculated-two utility power sources at 13.8 kV

that are completely independent 0.0012° 0.0008°

&Taken from Table 7-3.
bCalculated using single-circuit utility power supply data and the formula for parallel reliability
shown in Figure 7-1.

Itisbelieved that utility supply failure rates vary widely in various locations. One significant
factor in this difference is believed to be different exposures to lightning storms. Thus,
average values for the utility supply failure rate may not be valid for any one location. Local
values should be obtained, if possible, from the utility involved, and these values should be
used in reliability and availability studies.

Example 7 is included to show the reliability and availability improvement that could be
obtained by using local generation rather than purchased power from an electric utility. It is
of interest to note the very high reliability of local generation equipment found in the IEEE
Committee Report on the Reliability Survey of Industrial Plants (see Appendix A).

7.1.17 Other discussion

The reliability and availability analysis in the seven examples was done for 480 V low-volt-
age power distribution systems. It is believed that 600V systems would have similar reliabil-
ity and availability.

One of the assumptions made in the reliability and availability analysisis that the failure rate
of the electrical equipment remains constant with age. It is believed that this assumption does
not introduce significant errors in the conclusions. However, it is suspected that the failure
rate of cables may change somewhat with age. In addition, data collected by the Edison Elec-
tric Institute on failures of power transformers above 2500 kVA show that the failure rate is
higher during the first few years of service. See Table 3-7 in Chapter 3 for the results of an
| EEE transformer reliability survey of industrial plants. The reliability data collected in other
| EEE surveys (see |[EEE Committee Report [B8]) did not attempt to determine how the fail-
ure rate varied with age for any electrical equipment studied.
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A logical question to ask is, “How accurate are reliability and availability predictions?’ It is
believed that the predicted failure rates and forced outage hours per year are at best only
accurate to within a factor of 2 to what might be achieved in the field. However, the relative
reliability and availability comparison of the alternative power distribution systems studied
should be more accurate than 2 to 1.

The Rome Air Development Center of the U.S. Air Force has had considerable experience
comparing the predicted reliability of Electronic Systems with the actual reliability results
achieved in the field. These results (see Feduccia and Klion [B2]) show that there is approx-
imately a 12% chance that the field failure rate will be more than 2 to 1 worse than the reli-
ability prediction made using a reliability handbook for electronic equipment (see
Reliability Stress and Failure Rate Data for Electronic Equipment [B11]). It might be
expected that the prediction of reliability of industrial power systems would have an accu-
racy similar to that obtained by the U.S. Air Force with electronic systems.

Some of the errors introduced when making reliability and availability predictions using
published industry failure rates for the electrical equipment are

a) All detailsthat could contribute to unreliability are not included in the study.

b)  Some of the contributions from human error may not be properly included.

¢) Equipment failure rates can be influenced by the adequacy of the preventive mainte-
nance program used (see |EEE Committee Report [B8] and Wells [B12]). Contami-
nation from the environment can also have an influence on equipment failure rates.

d) Correct conclusions can be made from statistical analysis on the average. But some
plants will never experience these “average’ problems. For example, several plants
will never have atransformer failure.

In spite of these limitations, it is believed that reliability and availability analyses can be
very useful in cost/reliability and cost/availability tradeoff studies during the design phase of
the power distribution system.

7.1.18 Spot network

A spot network would have a calculated reliability and availability approximately the same
as the automatic throwover secondary-selective system (see Heising [B5] and Heising and
Dunkijacobs [B6]). In addition, it would have the benefit of no momentary outage in the
event of afailure of any of the 13.8 kV cables or equipment since bus voltage is not lost on a
spot network.

7.1.19 Protective devices other than drawout circuit breakers

The seven examples in this chapter used drawout circuit breakers as protective devices.
Other types of protective devices are also available for use on power systems. The examples
in this chapter attempted to show how to make reliability and availability calculations. No
attempt was made to study the effect on reliability and availability of different types of
protective devices nor to draw conclusions that any particular type of protective device was
more cost effective than another.
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7.2 Cost data applied to examples of reliability and availability
analysis of common low-voltage industrial power distribution
systems

7.2.1 Cost evaluation of reliability and availability predictions

In this subclause, cost evaluations are made of the reliability and availability predictions of
five power distribution system examples from 7.1. The RR method described in 2.2.3.1 is
utilized in order to determine the most cost-effective system.

7.2.2 Description of cost evaluation problem

Management insists that the engineer utilize an economic evaluation in any capital improve-
ment program. The elements to be included and a method of mathematically equating the
cost impact to be expected from electrical interruptions and downtimes against the cost of a
new system were presented in 2.2. It was pointed out that there are several acceptable ways of
accomplishing the detailed economic analysis for evaluation of systems with varying degrees
of reliability. One of those considered acceptable, the RR method was presented in detail, and
this method will be used in the analysis of four examples.

The five example systems included are

Example 1—Simple radial system—Single 13.8 kV utility supply

Example 2b—Primary-selective system to 13.8 kV utility supply (dual)—Switchover time
lessthan5s

Example 4—Primary-selective system to primary of transformer—13.8 kV utility supply
(dual)—Manual switchover in1h

Exampl e 5b—Secondary-sel ective system with switchover time lessthan 5 s
Example 7—Simple radia system with cogeneration

Table 7-13 lists the expected failures per year and the average downtime per year for each of
the examples. These data will be used to show which of the examples has the minimum
revenue requirement making allowances for

a) Plant startup time

b) Revenueslost

c) Variable expenses saved

d) Variable expensesincurred
€e) Investment

f)  Fixed investment charges

One of the benefits of such arigidly structured analysis is that the presentation is made in a
sequential manner utilizing cost/failure data prepared with the assistance of management.
With this arrangement, the results of the evaluation are less likely to be questioned than if a
less sophisticated method was used.
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7.2.3 Procedures for cost analyses

Utilizing the single-line diagrams for the four examples, a component quantity take-off of
each system was made, and a present-day installed unit costs assigned for each component. In
the case of the dual 13.8 kV utility company’s supply, the basic cost of the second supply was
estimated on the basis of a hypothetical case, assuming that a one-time only cost would be
incurred. The extension of the costs results in the overall installed cost for each of the four
examples. A summary of the installed costs is presented in Table 7-15. The total installed
costs for each example are listed again after item (12) in Table 7-16.

Table 7-15—Installed costs?
Part 1: Primary and secondary selective systems

Example 2b Example 4 Example 5b

Primary-selective

Primary-selective system to primary Secondary-
Item tos}ll?s,tgnlzv of transfor mer sel;c(talr\ée
Unit ' utility supply ¥
cost
. Total . Total . Total
Quantity cost Quantity cost Quantity cost
Utility service Lum Lump Lum
standby charge Sumé’ $200000| L\ 5 | $200 000 Sumé’ $200 000
Bas_ic equipment_ _
High-voltage circuit | $40 000 1 40 000 2 80 000 2 80 000
br_eaker, each o
High-voltage circuit 30| 600 18000| 1200 36000| 1200 36 000
cable, linear feet
1000 kVA trans- 48 000 1 48000 — — 2 96 000

former with 2-posi-
tion switch, each
1000 kVA trans- 62 000 — — 1 62 000 — —
former with 3-posi-
tion switch, each

1600 A low-voltage | 12000 1 12 000 1 12 000 3 36 000
circuit breaker, each
600 A MCCB, each 5000 1 5000 1 5000 1 5000
Low-voltage cable, 50| 300 15000| 300 15000| 300 15 000
linear feet
Subtotal—Basic equipment cost $138 000 $210 000 $268 000
Total cost $338 000 $410 000 $468 000

8A|l cost estimates were made in 1996.
b Estimates based on the assumption that the utility company’ s alternate primary service will require
4 mi of 13.8 kV pole line and a 4000 kV A reserve capacity in the utility company’ s substation.
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Table 7-15—Installed costs?
Part 2: Simple radial systems
Example 1 Example 7
Simple radial system Simpleradial system
Item single 13.8kV utility with cogeneration
Unit supply
cost
. Total . Total
Quantity cost Quantity cost
Utility service standby charge — — — —
Lumpsum | $250 000
cogeneration
Basic equipment plant
1000 kW
High-voltage circuit $40 000 1 40 000 3 120 000
breaker, each
High-voltage circuit cable, 30 18 000 600 18 000
linear feet
1000 kVA transformer with 48 000 — 48 000 1 48 000
2-position switch, each
1000 kVA transformer with 62 000 1 — — —
3-position switch, each
1600 A low-voltage circuit 12 000 1 12 000 1 12 000
breaker, each
600 A MCCB, each 5000 1 5000 1 5000
Low-voltage cable, linear feet 50 300 15 000 300 15 000
Subtotal—Basic equipment cost $138 000 $268 000
Total cost $138 000 $468 000

A1 cost estimates were made in 1996.
b Estimates based on the assumption that the utility company’s alternate primary service will require
4 mi of 13.8 kV pole line and a 4000 kV A reserve capacity in the utility company’ s substation.

The RR method is used to calculate the total cost in dollars per year of both the “installed
cost” and the “cost of unreliability” for the four examples. The methods for making these cal-
culations are tabulated in Table 7-16. The reliability data and the assumed cost values used
are described in the next two subclauses.

7.2.4 Reliability data for examples

Table 7-13 can be used to determine the failures per year, A, and the “ average hours downtime
per failure” r, for each of the examples. The value of r is determined from dividing Ar by A.
Thevalues of r and A, for the four examples are shown after (1) and (10) respectively in Table
7-16.
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7.2.5 Assumed cost values

The following common cost factors were assumed in 1976 and updated in 1996 for usein al
four of the examples:

10 h/failure—Plant startup time after afailure, s,

$22 000/h—Revenues lost per hour of plant downtime, gp,

$16 000/h—Variable expenses saved per hour of plant downtime, X,

$55 000/failure—Variable expenses incurred per failure, x;,

0.4 per year—Fixed investment charge factor, F.

These values are shown in Table 7-16 after (2), (4), (5), (8), and (13), respectively.

7.2.6 Results and conclusions

The minimum revenue requirements for each of the five examples are shown in item (15) at
the bottom of Table 7-16. Some of the conclusions that can be made are tabulated below:

Example 1— Simple radial system

This system requires the least initial investment ($138 000); however, its MRR of $309 840
per year isthe second highest of the five examples analyzed.

Example 2b—Primary-selective system to 13.8 kV utility supply (dual) with switchover time
lessthan5s

This system requires an initia investment of $338 000 or 2.4 times that of the simple radial
system; however, the MRR is $186 895 per year, which isthe least of the five examples.

Based on the data presented, Example 2b would be selected since it has the lowest MRR.

Example 4—Primary-selective system to primary of transformer, 13.8 k V utility supply
(dual)—Manual switchover timeof 1 h

This system shows next to highest initial cost of $410 000 and the highest MRR of $410 521
per year. A mgjor contributor to the high MRR is the fact that while a dual system has been
provided, the utility supplies’ 1 h manual switchover requirement increases the failure rate
and downtime to account for its high MRR. If an automatic switchover were utilized, the
example would be competitive with Example 2b.

Exampl e 5b—Secondary-sel ective system with switchover time lessthan 5 s

This system requires the highest initial investment ($468 000) and produces the third |owest
MRR of $225 325 per year.

Example 7—Simpleradia system with cogeneration
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This system matches Example 5b (secondary-sel ective system with switchover time less than
5 s) with the highest initial investment of $468 000 and produces the second lowest MRR of
$208 530 per year.
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Chapter 8
Basic concepts of reliability analysis by probability
methods

8.1 Introduction

This chapter provides the theoretical background for the reliability analysis used in other
chapters, Chapter 2 in particular. Some basic concepts of probability theory are discussed as
these are essential to the understanding and development of quantitative reliability analysis
methods. Definitions of terms commonly used in system reliability analysis are also included.
The three methods discussed are the cut-set, the state-space, and the network reduction
methods.

8.2 Definitions

The following terms, defined in Chapter 1, are commonly used in system reliability analysis:
component, failure, failure rate, mean time between failures (MTBF), mean time to repair
(MTTR), and system. Additional definitions more specifically related to power distribution
systems are givenin 1.4.

8.3 Basic probability theory

This subclause discusses some of the basic concepts of probability theory. An appreciation of
these ideas is essential to the understanding and development of reliability analysis methods.

8.3.1 Sample space
Sample space is the set of al possible outcomes of a phenomenon. For example, consider a
system of three distribution links. Assuming that each link exists either in the operating or

“up” state or in the failed or “down” state, the sample spaceis

S=(1U, 2U, 3U), (1D, 2U, 3U), (1U, 2D, 3U), (1U, 2U, 3D), (1D, 2D, 3U),
(1D, 2U, 3D), (1U, 2D, 3D), (1D, 2D, 3D)

Here iU, iD denote that the component i is up or down, respectively. The possible outcomes
of a system are also called “system states,” and the set of all possible system states is called
“ system-state space.”

8.3.2 Event

In the example of three distribution links, the descriptions (1D, 2D, 3U), (1D, 2U, 3D), (1U,

2D, 3D), and (1D, 2D, 3D) define an event in which two or three lines are in the failed state.
Assuming that a minimum of two lines is needed for successful system operation, this set of

Copyright © 1998 IEEE. All rights reserved. 135



IEEE
Std 493-1997 CHAPTER 8

states also defines the system failure. The event A is, therefore, a set of system states, and the
event A is said to have occurred if the system isin a state that is a member of set A.

8.3.3 Probability

A simple and useful way of looking at the probability of an occurrence of the event is by
using alarge number of observations.

Consider, for example, that a system is energized at timet = 0, and the state of the system is
noted at timet. Thisis said to be one observation. Now, if this processis repeated N times and
the system is observed in the failed state N¢ times, the probability of the system being in a
falled state at timetis

Pf (t) = Nf/ N (8-1)
N — 00
8.3.4 Combinatorial properties of event probabilities

Certain combinatorial properties of event probabilities that are useful in reliability analysis
are discussed in this subclause.

8.3.4.1 Addition rule of probabilities

Two events, A; and A,, are mutually exclusive if they cannot occur together. For events A
and A, that are not mutually exclusive (that is, events which can happen together)

P(A1 O Ay =P(A) + P(A)) —P(A1 n Ay) (8-2)
where

P(A{O Ay)  isthe probability of A; or Ay, or both happening; and
P(A;1n Ay)  isthe probability of A; and A, happening together.

When A; and A, are mutually exclusive, they cannot happen together; that is, P(A; n Ay) =0,
therefore Equation (8-2) reduces to

P(A; O Ay) = P(A)) + P(A) (8-3)
8.3.4.2 Multiplication rule of probabilities

If the probability of occurrence of event A is affected by the occurrence of A,, then A; and A,
are not independent events.
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The conditional probability of event A, given that event A, has already occurred, is denoted
by P(A; | Ap) and

P(ALn Ay =P(A1| Ay P(Ay) (8-4)
Thisformulais also used to calculate the conditional probability
P(A1 ] Ag) = P(A1 n Ao) I P(AY) (8-5)

When, however, events A; and A, are independent, that is the occurrence of A, does not affect
the occurrence of A

P(A1 n Ag) = P(Aq) P(Ay) (8-6)
8.3.4.3 Complementation
A; isused to denote the complement of event A;. The component A; isthe set of states that

are not members of A;. For example, if A; denotes states indicating system failure, then the
states not representing system failure make A; .

P(A1) =1-P(Ay) (87)
8.3.5 Random variable
A random variable can be defined as “a quantity that assumes valuesin accordance with prob-
abilistic laws.” A discrete random variable assumes discrete values, whereas a random vari-
able that assumes values from a continuous interval is termed a “continuous random
variable” For example, the state of a system is a discrete random variable, and the time
between two successive failures is a continuous random variable.

8.3.6 Probability distribution function

Probability distribution function describes the variability of arandom variable. For a discrete
random variable X, assuming values x;, the probability density function is defined by

Px(X) =P (X=X) (8-8)

The probability density function for a discrete random variable is also called the “ probability
mass function” and has the following properties:

a)  Px(X) =0unlessxisone of thevalues Xg, X1, Xo, ...
b) O0<sPy(x)<1
0 YPx(x) =1

i

Another useful function is the cumulative distribution function. It is defined by

Fx(®) =P (X<x) =3 Px(%), X <X (8-9)
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The probability density function fx(x) [or simply f(x)] for a continuous random variable is
defined so that

b
PlasX<b)= [f(y) dy (8-10)

If, for example, X denotes the time to failure, Equation (8-10) gives the probability that the
failurewill occur in theinterval (a,b). The corresponding probability distribution function for
a continuous random variable is

X

FX) =P (o< X<X) = I f (y) dy (8-11)

The function f(X) has certain specific properties (see Singh and Billinton [B3] 1 including the
following:

[

[fO9dx =1 (8-12)

8.3.7 Expectation

The probabilistic behavior of arandom variable is completely defined by the probability den-
sity function. It is often, however, desirable to have a single value characterizing the random
variable. One such value is the expectation. It is defined by

E(X) = xiPx(x;) for adiscrete random variable.
i

[

= J’ xf (x)dx for a continuous random variable.

—co

The expectation of X isalso called the “mean value of X" and has a specia relationship to the
average value of X in that, if the random variable X is observed many times and the arithmetic
average of X is calculated, it will approach the mean value as the number of observations
increases.

1The numbers in brackets preceded by the letter B correspond to those of the bibliography in 8.6.
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8.3.8 Exponential distribution

There are several special probability distribution functions (see Singh and Billinton [B3]); but
the one of particular interest in reliability analysisis the exponential distribution, having the
probability density function of

f(x) = A& X (8-13)

where A is a positive constant. The mean value of the random variable X, with exponential
distributionis

d= Ier‘“dx = /A (8-14)
0

Also the prabability distribution is

X

F(x) = J')\e‘”dy = 1™ (8-15)
0

If the time between failures obeys the exponential distribution, the mean time between
failuresisd =1/ A, where A denotes the failure rate of the component. It should be noted that
the failure rate for exponential distribution and only the exponential distribution is constant.

8.4 Reliability measures

Theterm “reliability” is generally used to indicate the ability of a system to continue to per-
form its intended function. Several measures of reliability are described in the literature, and
some of the meaningful indexes for repairable systems, especialy power distribution sys-
tems, are described in this subclause.

a) Unavailability. Unavailability is the “steady-state probability that a component or
system is out of service due to failures or scheduled outages.” If only the failed state
isconsidered, thisterm is called “forced unavailability.”

b)  Availability. Availability is the “ steady-state probability that a component or system
isin service” Numerically, availability is the complement of unavailability, that is

Availahility = 1 — unavailability
C) Freguency of system failure. Thisindex can be defined as the “mean number of sys-

tem failures per unit time.”

d)  Expected failure duration. This index can be defined as the “expected or long-term
average duration of asingle failure event.”
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8.5 Reliability evaluation methods

Numerical values for reliability measures can be obtained either by analytical methods or
through digital simulation. Only the analytical techniques are discussed here (a discussion of
the simulation approach can be found in (Singh and Billinton [B3]). The three methods
described in this chapter are the state-space, network reduction, and cut-set methods. The
state-space method is very general but becomes cumbersome for relatively large systems. The
network reduction method is applicable when the system consists of series and parallel sub-
systems. The cut-set method is becoming increasingly popular in the reliability analysis of
transmission and distribution networks and has been primarily used in this book. The state-
space and network reduction methods are discussed in this chapter for reference and for the
potential benefit to the users of this book.

8.5.1 Minimal cut-set method

The cut-set method can be applied to systems with simple as well as complex configurations
and is a very suitable technique for the reliability analysis of power distribution systems. A
cut-set isa“set of components whose failure alone will cause system failure,” and aminimal
cut-set has no proper subset of components whose failure alone will cause system failure. The
components of aminimal cut-set are in parallel since all of them must fail in order to cause
system failure and various minimal cut-sets are in series as any one minimal cut-set can cause
system failure.

A simple approach for the identification of minimal cut-sets is described in Chapter 2, but
more formal algorithms are also available in the literature (see Singh and Billinton [B3]).
Once the minimal cut-sets have been obtained, the reliability measures can be obtained by the
application of suitable formulas (see Shooman [B1] and Singh [B2]). Assuming component
independence and denoting the probability of failure of componentsin cut-set C, by P(C;),
the probability (unavailability) and the frequency of system failure for m minimal cut-setsare
given by

P, =P(C,0C4H T 0. Cp

P(Cy) + P(Cy) + ... + P(Cpy) %%Eterms—[P(Cl) n (C)] + ...

+

[P(Cy n C))i ¢j%‘215terms

(1) *P(C1n Cyn ...Cr) %terms (8-16)
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where C; n C,, for example, denotes the failure of components of both the minimal cut-sets
1 and 2 and, therefore, P(Cy n C,) means the probability of failure of all the components
contained in C; and C,, that is

P(C1n Cy) = MNPy and i O(C10Cy)
where

Pig isthe probability of component i being in the failed state
=T / (dl + ri).
=N TN+ ).

d; isthe MTBF of component i.

Aj isthefailurerate of component i.
=1/ di'

ri isthe MTTR of componenti.

M istherepair rate of component i
=1/ ri.

M istheproduct.

The frequency of failureis given by
fr=P(C1) Wy + P(C2)Ws +..P(Cp)Wip = [P(C1 0 C2)Wj 2+ P(C1 n C3)Wy 3

+.+P(Ci n C))Wl,i # ]

)™ P(Cy nCon...Cr)Wyp...,m (8-17)

where

W = M
v kmgmcj

kOC OC;
The mean failure duration is given by
di = Pr/ fg

When the mean time between the failure of components is much larger than the mean time to
repair (or in other words, the component availabilities approach unity). Equation (8-16) and
(8-17) can be approximated (see Singh [B2]) by simpler equations:
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m _ m
P; = Z P(C) = Z Pcs, (8-18)
i=1 i=1
and
m _ m
fi = Z P(CH)W,; = z fcs, (8-19)
i=1 i=1

where Pcs; and fcs; are the probability and frequency of cut-set event i, respectively.

Also,
m m m m
d; = P; /f; = z Pcs; /Z fcs, = Z fcsres, /Z fcs, (8-20)
i=1 i=1 i=1 i=1
where:

di  isthe system mean failure duration; and
rcs isthe mean duration of cut-set event i.

The application of Equations (8-19) and (8-20) to power distribution systems is discussed in
Chapter 2. The components in a minimal cut-set behave like a parallel system, and fcs
(assuming n componentsin C;) can be computed as follows:

n n
fcs = |‘| Pig z M (8-21)
=1 j=1
and
n
res, = 1/ z H; (8-22)

i=1

For example, for a cut-set having three components 1, 2, and 3:

fos = AAoAg(Hy + Hp + L)
A+ M)A+ ) (Ag+ 1)

=N A Ag(ry rp+rar3+13rq), assuming A; <<

and
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rifofs

rcs =
CS‘ (rarp+rorg+rsry)

8.5.2 State-space method

The state-space method is a very general approach and can be used when the components are
independent as well as for systems involving dependent failure and repair modes. The differ-
ent steps of this approach areillustrated using a simple example of acomponent in series with
two parallel components, as shown in Figure 8-1.

a)

b)

0)

SOURCE O— | O LOAD

Figure 8-1—One component in series with two components in parallel

Enumerate the possible system states. Assuming each component can exist either in
the up or operating state (U) or in the down or failed state (D) and that the compo-
nents are independent, there are eight possible system states. These states are num-
bered 1 through 8 in Figure 8-2, and the description of the component states is
indicated in each system state.

Determine interstate transition rates. The transition rate from s, (that is, state i) to 5
is the mean rate of the system passing from s; to 5. For example, in Figure 8-2 the
system can transit from s, to s, by the failure of component 1 and the repair of com-
ponent 1, will put the system back into s,. Therefore, the transition rate from s; to s,
isAq, and the transition rate from s, to S; iS .

Determine state probabilities. When the components can be assumed to be indepen-
dent, state probabilities can be found by the product rule as indicated in Equation
(8-6).When, however, statistical dependence isinvolved, a set of simultaneous equa-
tions needs to be solved to obtain state probabilities (see Singh and Billinton [B3]).
Only the independent case is discussed here and for this, say the probability of being
in state 2 can be determined by

P2 =P1q Poy P3y (8-23)
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Figure 8-2—State transition diagram for the system shown in Figure 8-1

where

and

d)

144

Py isthe probability of component i beingin “up” (operating) state
=di/ (dj +r7)
=Hi /(N W)

Pig isthe probability of component i being in “down” (failed) state
=1/ (di+r7)
= AT+ ).

Determine Reliability Measures. The states contributing the failure, or success, or any
other event of interest are identified. For the system shown in Figure 8-1, if the links
2 and 3 are fully redundant, system failure can occur if either component 1 fails, or
components 2 and 3 fail, or if al components fail. The state space Sis shown in Fig-

ure8-2is

S={1,2,3,4,5,6,7,8}
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The subset A (representing failure) can be identified as:
A={2,56,7,8}

and the subset representing the success statesis
S-A={1,3,4}

Unavailability or the probability of the system being in the down state is now given
by

P, = _;\Pi (8-24)

wherei OA indicates that summation is over al states contained in subset A.
Applied to our example

Pr=Py+Ps+Pg+P7+Pg
where P; can be found by the product rule (see Equation (8-23).

The frequency of system failure, that is, the frequency of encountering subset A, can
be computed by the following relationship:

fe = ié P; ng)\ij (8-25)
where A;; equals the transition rate from state i to state .

ft=PiAy + P3(Apt Ag) + Py(At Ap)
The mean failure duration can be obtained from P and f; using

di = Px/ f (8-26)

In the preceding analysis, it was assumed that the failure of a component does not alter the
probability of failure of the remaining components. If, however, it is assumed that after the
system failure, no further component failure will take place, the state transition diagram in
Figure 8-2 will be modified as shown in Figure 8-3. Once component 1 fails or components 2
and 3 fail, no further failure is possible. The probabilities in this case cannot be calculated by
simple multiplication; they can be computed by solving a set of linear equations (see Singh
and Billinton [B3]). Once the state probabilities have been calculated, the remaining proce-
dure isthe same.
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Figure 8-3—State transition diagram for the system shown in Figure 8-1
when components are not independent

8.5.3 Network reduction method

The network reduction method is useful for systems consisting of series and parallel sub-
systems. This method consists of successively reducing the series and parallel structures by
equivalent components. Knowledge of the series and parallel reduction formulas is essential
for the application of this technique.

8.5.4 Series system

The components are said to be in series when the failure of any one component causes system
failure. It should be noted that the components do not have to be physically connected in
series; it isthe effect of failure that is important. Two types of series systems are discussed in
8.5.4.1and 8.5.4.2.

8.5.4.1 Independent components

For the series system of independent components, the failure and repair rate the equivalent
component are given by

Ag = -Zl)\i (8-27)
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and
gon O
us=As/ %n (@A /) -1 (8-28)
=1

where Ag and g are the equivalent failure and repair rates of the series system and

n

|‘| denotes the product of values 1 through n (n being the number of components).
i=1
Assuming the A; is much smaller than ; (which, in other words, means that the MTBF is
much larger than the MTTR), the quantities involving the products of A; can be neglected.
Equation (8-27) reduces to

n
r=1/ps= 3 rik [ A (8-29)
i=1

8.5.4.2 Components involving dependence

When it is assumed that after the system failure no more components will fail, the equivalent
failure and repair parameters are

n n
Ao = S A adrg= ¥ [ (8-30)

i=1 i=1

It can be seen from Equations (8-28) and (8-29) that, for component MTBF to be much larger
than MTTR, the r¢ for the dependent and independent cases should be practically equal.

8.5.5 Parallel system

Two components are considered in paralel when either can ensure system success. The
equivalent failure and repair rates of aparallel system of two components are given by

AAp(ry+75)

T THhyr, A0, (8-31)
and
Mp =1+ Ha (8-32)
If Ay ryand A, o are much smaller than 1, then Equation (8-30) can be written as
Ap=A1Az(rp+r) (8-33)
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Chapter 9
Voltage sag analysis

9.1 Introduction

Voltage sags, also referred to as dips, are important to industrial reliability. Modern process
controls are sometimes very sensitive to voltage sags. The combination of voltage sags and
sensitive equipment may cause significant production outages. Less sensitive equipment may
be available, but the designer must know sag characteristics of the electric system to make the
best choices between equipment immunity and equipment cost. Chapter 9 devel ops predictive
techniques for sags from faults on power systems and offers a method for estimating the num-
ber of sag-related disruptions.

Voltage sags are very different from service interruptions covered by other chapters of this
recommended practice. An interruption is caused by a complete separation of aload from the
source of electric energy. A voltage sag is a sudden voltage drop while the load remains con-
nected to the supply. Sags are usually caused by insulation failures or faults on power sys-
tems. Sags may also be caused by sudden load changes, such as starting large motors.

Utilization equipment can be very sensitive to voltage sags. There are reports that voltage
sags to 85-90% of nominal lasting time as short as 16 ms have triggered immediate outages
of critical industrial processes. Equipment in this sensitivity range is likely to be upset by
voltage sags an order of magnitude much more often than from interruptions. Production
employees often notice the lights blink or dim, just when the critical process fails. Many
incorrectly conclude the plant experienced an interruption instead of a voltage sag.

It is possible to design equipment that will survive even severe voltage sags, but the equipment
may be more expensive. Accurate estimates of sag magnitude and duration probabilities help
system designers to specify appropriate equipment for critical processes. This chapter shows
how to combine accepted analysistoolsto predict the important voltage sag characteristics. The
basic toolsinclude a computer program to cal culate unbalanced fault currents and voltages, reli-
ability data, and fault-clearing device characteristics (see Voltage Sag Working Group [B17]).1

Calculations can be performed by any of several good computer short-circuit analysis pro-
grams. These programs allow users to accurately model the electrical network, apply short
circuits around the network, and look at the resulting voltage on any bus of interest. Some
software producers have used drafts of this chapter to automate most of the steps for sag pre-
dictions. These techniques alow engineers to anticipate and possibly minimize voltage sag
problems.

The ability to predict voltage sag characteristics offers a unique opportunity to evaluate alter-

nate configurations and prevent problems with optimum supply and ride-through specifica-
tions. Problems may be avoided by reducing voltage sag magnitude, duration, or the number

1The numbers in brackets preceded by the letter B correspond to those of the bibliography in 9.9.
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of sag events. Modest changes in equipment specifications also can significantly reduce the
number of nuisance outages from voltage sags.

9.2 Voltage sag characteristics and reporting

Magnitude and duration are two very important sag characteristics. Sag magnitude, in this
chapter, is the net rms voltage in percent or per-unit of system nominal voltage. Sag magni-
tude is the remaining voltage. (Voltage dip definitions often refer to a percent reduction or
what was lost.) This sag magnitude definition more closely matches the output of computer
programs used to calculate sags. Sag duration is the time the voltage is low, usually less than
1s.

According to |EEE Std 1159-1995 [B2], sag magnitudes range from 10% to 90% of nominal
voltage and sag durations from one half-cycle to 1 min. The voltage sag coordination method
described in this chapter works independently of these ranges. Actually, from an equipment
or production process point of view, it does not matter whether atrip is due to avoltage sag, a
swell, amomentary interruption, or a sustained interruption.

A variety of definitions and reporting philosophies were under consideration as this chapter
was being prepared. Work to standardize is in progress and may be complete before the next
revision of this recommended practice. Users of this technique may wish to review other stan-
dards developments for preferred methods to report results. The following discussion offers
various methods that may apply to individual situations. It demonstrates the need for clarity
in reporting results. It is highly recommended that reports of voltage sag predictions or
results from power quality monitoring clearly identify which methods are used, e.g., for
number of phases and for reclosing.

9.2.1 Number of phases

Voltage sags normally affect each phase of a three-phase system differently. One, two, or all
three phases may see voltages low enough to be called a sag for any one fault event. Even if
all three phases experience a sag, the magnitudes will often be different. For a sag in three
phases it is thus not immediately evident which magnitude should be taken as the sag
magnitude.

One approach is to present only the lowest of the three phase voltages for each event. This
implies a three-phase load that is sensitive to the lowest of the three phases, or single phase
devices spread over the three phases where tripping of one of them interrupts the production
process. This method reports only one sag per fault. However, three-phase equipment may be
able to survive a severe sag on one phase if the other phases remain reasonable good. Like-
wise, the same equipment may not survive a less severe sag reported in thisway if the other
phases are equally low.

A second approach isto report each of the three phases as separate events. Thisimpliessingle

phase loads or at least single phase controllers. For monitoring results, the numbers of sagsin
each of the three phases have to be averaged to obtain an estimation of the number of sags a
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single-phase load can expect. (Note that line-to-line connected load might experience a
different number of sags than aload connected line-to-neutral.) For prediction methods nor-
mally only the voltages for asingle-line-to-ground fault in one phase are calculated. In reality
al three phases have an equal probability of afault. This implies that a sag due to a single-
line-to-ground fault or due to a line-to-line fault counts as 1/3 sag with the magnitude of the
voltage in phase A, 1/3 sag with the magnitude of the voltage in phase B, and 1/3 sag with the
magnitude of the voltage in phase C. A sag due to a three-phase fault simply counts as one

sag.

A third approach assumes three phase loads sensitive to the average voltage of the three
phases. This method reports only one sag per event. The reported sag magnitude is therefore
the average of the three phases. This magnitude normally does not match any of the three
individual phase sag voltages.

9.2.2 Accounting for reclosing—how many sags?

Automatic reclosing is common for medium- and high-voltage supply systems exposed to
weather elements. This presents another problem for reporting and calculating sag frequency.
There are two general methods for reporting the number of sagsin the presence of reclosing.

One method counts multiple sags as one sag if they occur within a short period of time, i.e.,
within 5 min. For example, two sags caused by a high-speed reclose and trip operation count
as one sag. The basis for this approach is that utilization equipment will fail on the first sag.
Additional sags before the sensitive equipment returns to service are of little interest because
they do not affect production. The difficulty is selecting a time period where repeating sags
count as one. This may vary with particular production processes. Sometimes during adverse
weather, the next sag may also occur before the sensitive equipment returns to normal opera-
tion. A problem reported but not documented is that a device could be able to withstand the
first sag but will trip on the second or third one.

A second method counts all events even if they occur within afew seconds. For example, two
sags caused by a high-speed reclose and trip operation count as two sags. This is a more
accurate accounting of sag events but may overestimate the number of nuisance shutdowns.

For power quality monitoring, either method can be implemented in the monitoring equip-
ment. But prediction techniques depend on reported failure data. The failure data may count
each event or it may count several events as one if they al happened in the same automatic
reclosing sequence. Sag predictions must accurately consider al of these variations to
produce accurate results.

9.2.3 Reporting sag duration

Reporting sag duration presents problems for nonrectangular sags. Most of the techniquesin
this chapter assume rectangular sags where the duration is clear. However, there are some
cases where sags are not rectangular. Faults sometimes change impedance and phase involve-
ment as the fault progresses. The sag may have two or more magnitudes during one event.
Large motor loads also modify the shape of sags (see Bolen [B3]). The duration may be the
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total time the voltage level meets the sag definition or it could be something else defined by
the user. Again, accurate predictions of the number of spurious trips for process equipment
will need an accurate understanding of the reported results.

9.3 Line faults—A major cause for voltage sags

Some studies found that nearly all disruptive voltage sags were caused by current flowing to
short circuits either within the plant or on utility lines in the electrical neighborhood (see
Conrad et a., [B5] and Key [B14]). Motor starting and welders can also cause voltage sags
with predictable characteristics. This chapter concentrates on sags associated with short cir-
cuits (i.e., faults) on the electrical supply system. The principal voltage drop occurs only
while short-circuit current flows. Voltage increases as soon as a fault clearing device inter-
rupts the flow of current. These faults may be many kilometers from the interrupted process,
but close enough to cause problems. A clear understanding of voltage drop during faults and
the fault-clearing process is necessary before attempting to make accurate voltage sag predic-
tions.

Consider the simple distribution system in Figure 9-1 to understand how faults create voltage
sags. It shows a 20 MVA substation with three distribution feeders. Each feeder has a circuit
breaker with protective relays to detect and clear faults. Feeder F1 shows more detail with
fuses and reclosers. Point “C” isan industrial or commercial site supplied 480Y/277V from a
distribution transformer.

Thelower half of Figure 9-1 shows what happens to the rms voltage when atemporary three-
phase fault occurs at “A” on feeder F2. The dashed line shows the rms voltage at point “B,”
and the solid line shows rms voltage on feeders F1 and F3 during the same fault. The load at
“C” will also see the voltage represented by the solid line. A time line shows the sequence of
events. Note that F2 uses reclosing relays. Reclosing can cause several sags for one perma-
nent fault. Also, the voltage decay on the first interruption represents motor voltage decay.
The motors trip off before the reclose.

All loads on F2 including “B” suffer acomplete interruption when breaker F2 clears the fault.
All loads on F1 and F3 see two voltage sags. The first sag begins at the initiation of the fault.
The second sag begins when bresker F2 recloses. Sags occur whenever fault current flows
through impedance to a fault. Voltage returns to normal on feeders F1 and F3 once the
breaker on F2 interrupts the flow of current. Unfortunately, sensitive loads on F1 and F3
experience a production outage if the sag magnitude and duration are more severe than the
withstand capability of the sensitive load. Sags also occur for single- and two-phase faults.
The magnitude is often different on each of the three phases. (See 9.4.1.)

Faults on industrial and commercia power systems produce the same voltage sag phenom-
ena. A fault on one feeder drops the voltage on al other feedersin the plant. The voltage sag
may even show up in the utility system.
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Figure 9-1—Voltage sags from faults and fault clearing

The voltage sag magnitude at a specific location depends on system impedance, fault imped-
ance, transformer connections, and the pre-sag voltage level. The impact of the sag depends
upon equipment sensitivity.

9.4 Voltage sag predictions

Voltage sags associated with fault clearing have many predictable characteristics. It is possi-
ble to predict the sag magnitude for individual faults by calculating the voltage drop at the
critical load. Predicting how long the voltage sag will last requires an estimate of the total
clearing time for the overcurrent protective device. The waveform of voltage sags is some-
what predictable from analysis of recorded voltage sag data available and with the aid of tran-
sient network analysis. However, it is very important to estimate how often voltage sags will
upset sensitive electrical equipment.

Predicting characteristics for one sag caused by a specific fault at a specific location is
straightforward. Prepare an accurate electrical model of the system, apply the fault, and cal-
culate the voltage sag magnitude at the critical load. Use the protective device characteristics
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to estimate sag duration. Compare the sag characteristics with the sensitive equipment capa-
bility to determine if the process will have an outage.

Predicting sag characteristics a sensitive load will see during several years of operation
requires a probabilistic approach. It is impossible to predict exactly where each fault will
occur, but it is reasonable to assume that many faults will occur. The most accurate
predictions require sag calculations for every possible fault on the electrical system and esti-
mating each fault’s frequency of occurrence. The overall sag frequency isthe sum of theindi-
vidual frequencies. A practical approach is to locate boundaries on the electrical system
where specific sag magnitudes are possible; then estimate the fault frequency in the boundary.

9.4.1 Magnitude of individual sags

The ability to calculate sag magnitudes for any specific fault is essential to the prediction pro-
cess. It requires knowledge of network impedances, fault impedance, and fault location rela-
tive to the sensitive load. It is also necessary to know the transformer connections and pre-sag
voltages. See 9.4.5 and 9.4.6 for more details.

Figure 9-2 shows the basic impedance divider needed to calculate sag magnitude. The equa-
tionis

_ Ltz
Vsag = Z,+Z,+Z, @1

YSAG Z, FAULT LOCA®
SOURCE POINT OF
INTEREST FOR Z,
SENSITIVE LOAD

Figure 9-2—Basic impedance divider for sag magnitude

Figure 9-3 and Equations (9-2) through (9-4) illustrate sag cal culations for a three-phase zero
impedance fault (Z; = 0). Figure 9-3 shows the positive sequence reactances of the supply for
F2 of Figure 9-1 with a three-phase zero impedance fault at “A.” Use of the reactance only
simplifies the cal culations to demonstrate the concept. In practice, it will be necessary to also
consider resistance, sequence components, etc.

Equations (9-2) through (9-4) show impedance divider calculations to predict voltage sag
magnitudes. While fault current is flowing from the infinite busto “A,” the voltage at “B” is
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Figure 9-3—Impedance diagram and voltage sags for Figure 9-1

Ve = j1.05
B~ jo.20+j0.67 +j0.70 + j1.05

= 0.40 p.u. (9-2)

The voltage at the 12 kV bus and all loads on F1 and F3 including “C” in Figure 9-1 is

_ j0.70+j1.05 _ _
Vizw = 520+ jo67+jo70+ 105 | O P (-3
The voltage at the 69 kV busis
_ __j067+j(0.70) +j105  _ _
Vearv = 7020+ j067 + 070+ 105 | D02 P (0-4)

These simple calculations show how one feeder fault can disrupt an entire electrical neigh-
borhood. The calculations only used reactance to demonstrate the impedance divider princi-
ple. Accurate studies may require al impedance information including resistance and
reactance of positive, negative, and zero sequence components and the impedance of the
fault. However, the concept isidentical to the simple three-phase reactance calculations.

The impedance divider concept also applies to the transmission network; however, the calcu-
lations are more difficult. This normally regquires a computer program for network fault anal-
ysis. Network computer models allow the user to predict voltage sag magnitude at the
sensitive load for any type of fault anywhere in the network. Figure 9-4 shows a simplified
one-line diagram with sag magnitudes on part of atransmission network supplying sensitive
loads.

Table 9-1 shows results of computer analysis of a network containing over a thousand buses.
It shows the per-unit voltage at remote buses in a large network for faults at one EHV bus.
The magnitudes represent output voltages from distribution substations supplied from the
transmission system through one delta-wye transformer. Only the lowest phase voltage is
listed for the phase-to-phase and phase-to-ground faults. For example, one bus 56 km from
the faulted bus will see 0.67 per-unit voltage during a three-phase fault. The lowest phase
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Figure 9-4—Transmission network voltage sag profile

voltage on a bus 86 km away will be 0.84 per unit for a phase-to-ground fault on the same
EHV bus. (This assumes al prefault voltages are 1.0 per unit.)

Table 9-1—Network voltage vs. distance from EHV fault

Number of L owest phase voltage for each type of fault
kilometers
from thefault 30 oto @ ¢to ground
0to8 0to 0.6 0to 0.7 0t00.75
42 0.71 0.82 0.87
56 0.67 0.76 0.81
64 0.71 0.78 0.84
86 0.84 0.88 0.91
153 0.94 0.97 0.95
156 0.88 0.91 0.92
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Clearly, one high-voltage fault can produce disruptive voltage sags in many cities and over
several hundred sguare kilometers. Also, physical distance does not trandate directly to elec-
trical “distance.” A bus 42 km from the fault saw a less severe voltage sag than a bus 56 km

away.
9.4.2 Duration of sags

Each voltage sag lasts as long as the protection equipment allows fault current to flow. There
are many types of fault-clearing equipment. Each has an absolute minimum time that it takes
to clear faults. In addition, intentional time delay is commonly introduced to provide coordi-
nation between devices in series. Furthermore, many line faults are temporary. Automatic
reclosing may be used to reenergize the line and restore service within a few seconds, asin
the example of Figure 9-1. The clearing times for some commonly used devices are listed in
Table 9-2 along with a possible number of retries for automatic reclosing. (See |EEE Power
System Relaying Committee Reports [B11], [B12].)

Table 9-2—Typical clearing times

Type of Clearingtimein cycles
fault-clearing device Typical minimum Typical time delay Number of retries
Expulsion fuse 0.5 0.5to0 60 None
Current-limiting fuse 0.25or less 0.25t0 6 None
Electronic recloser 3 1to 30 Oto4
Qil circuit breaker 5 1to 60 Oto4
SFg or vacuum bresker 35 1to 60 Oto4

Figure 9-5 summarizes the sag duration probability distribution for voltage sag data reported
in various papers (see Conrad et al., [B5], Dorr [B6], Goldstein and Speranza [B7], and
Gulachenski [B9]). Notice that 60-80% of the reported voltage sags lasted less than 2/10 of
one second. Also notice the steep rise in the curve just less than 1/10 of one second, which
corresponds to minimum clearing time for oil circuit breakers.

9.4.3 Frequency—How often sags occur

Predicting the voltage sag frequency, or how often voltage sags may occur, requires an accu-
rate network impedance model and reliability data for all equipment in the electrical “neigh-
borhood.” Reliability data for transformers, lines, and other equipment is available in the
appendixes of this standard. Appendix N provides data on high-voltage transmission lines.
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Figure 9-5—\Voltage sag duration probability distribution

Utility power lines that are many kilometers long and exposed to adverse weather are often a
major cause for voltage sags.

The problem isto determine which componentsin the el ectrical network cause a*“ significant”
voltage sag when faulted, and then determine the probability that each fault will occur. Lines,
feeders, and branch circuits present special problems because the voltage sag magnitude
depends upon the fault location. Sags farther away are generally less severe. A complete
picture requires calculations for every possible fault and every possible fault impedance. It is
often convenient to identify what portions of each line can cause “significant” sags when
those portions experience afault.

For example, refer again to the radial system of Figure 9-1. The sag magnitude for load “C”
becomes less severe as fault “A” occurs farther and farther from the 12 kV bus. Assume the
source reactance to the 12 kV bus Z; = 0.87 p.u. and calculate sag voltages for three-phase
faults using only reactance values. From Equation (9-1), the voltage will sag to 50% when
reactance Z, = 0.87 p.u. and fault impedance Z; = 0. If Z, is a line whose reactance is
0.21 p.u./km then Z, represents 4.14 km of line. Any zero impedance fault lessthan 4.14 km
from the bus will cause the voltage to drop to 50% of nominal or lower. Likewise, faults any-
where from zero to 16.67 km from the substation can cause sags to 80% or [ower.

Now assume the feeder has a uniform fault rate of 0.12 three-phase faults per kilometer per
year to calculate the frequency of occurrence. There are 4.14 km of line on F2 that can cause
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sagsto 50% or lower. Therefore, Equation (9-5) shows F2 islikely to cause 0.5 sags per year
less than or equal to 50% of pre-sag voltage for the load at “C.”

faults

= =05 305 '
Sagsy, = 0.12 km—year x4.14 km=05 s (9-5)

Likewise, Equation (9-6) shows F2 is expected to cause 2.0 sags per year with magnitude
from 0% to 80% for load “C."

_ faults — 5 Sa0s -
Sag ggo, = 0.12 o —vear 16.67 km= 2.0 Jear (9-6)

Notice that F3 will also cause voltage sags for the critical 1oad. Repeat the calculations for
each component on F3 that can cause significant voltage sags. Add the expected numbers for
each component for the total frequency prediction. If F3isidentical to F2, “C” can expect 1.0
sag per year from 0% to 50% of nominal and 4.0 sags per year from 0% to 80% of nominal
from F2 and F3. Repeating these calculations for all components where faultswill cause “sig-
nificant” voltage sags gives users a clear idea of what might be called the area of vulnerabil-
ity. These areas may be highlighted on schematics or maps like Figure 9-4 to clearly identify
the area

One good way to display voltage sag frequency isto plot the number of eventsvs. sag voltage
in percent of nominal as shown in Figure 9-6. The graph shows how many nuisance shut-
downs are expected as a function of voltage sensitivity. Select several different voltage sag
magnitudes, perform network analysis, and accumulate the number of sags that will be worse
than or equal to each voltage threshold. Plot points for number of events vs. voltage and draw
the curve.

The most severe sags occur infrequently because a relatively small amount of line exposure
can produce severe sags (see Figure 9-4). However, several hundred kilometers of line and
many components might cause voltage sags to 90% of nominal. Therefore minor (shallow)
sags, such as sags to 90%, occur much more frequently. It is common for minor sagsto occur
five to ten times more often than severe (deep) sags.

Experience shows that sag frequency vs. magnitude curves have the same general shape. Fig-
ure 9-6 summarizes predictions and measured data from various sites. The actual number of
events is different at each site, so Figure 9-6 is normalized for 1.0 event per year at 80% of
nominal voltage. This curve is very useful to estimate the impact of equipment undervoltage
trip settings. The dashed lines compare 70% and 90% trip settings to the normalized 80% trip
setting. Sag-related outages for 70% trip settings are about 0.46 times less likely, while 90%
trip settings are 3.1 times more likely to cause sag outages. Therefore, atrip setting at 90% of
nominal would be 3.1 divided by 0.46, or 6.7 times more likely to cause nuisance tripouts
than the 70% trip setting.
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Figure 9-6—Sag magnitude relative number of events

9.4.4 Waveform

Most sags due to fault clearing have very similar characteristics. Faults usually begin when
the half-cycle voltage is something greater than zero because arcing begins prior to physical
contact. This creates a fast transition to the lower voltage and some asymmetry. The voltage
sag ends when the fault-clearing device interrupts fault current. This usually occurs near a
forced current zero. Therefore, the voltage sag ends with a quick transition from the reduced
magnitude to the normal magnitude sine wave. Figure 9-7 shows atypical sag with 86% mag-
nitude and 0.09 s duration. Although not shown, the sag magnitude was different on each of
the other two phases.

9.4.5 Effect of transformer connections

Three-phase transformer stations connected delta-wye or wye-delta will alter unbalanced
voltage sags. Roughly, a phase-to-ground voltage sag turns into a phase-to-phase sag, less the
zero sequence component, as it passes through any delta-wye transformer. Passing that sag
through another delta-wye transformer returns something like the original phase-to-ground
voltage sag less the zero sequence component.

Table 9-3 shows one example of the effect transformer connections have on a sag caused by a
phase-to-ground fault. The fault is on the solidly grounded wye-wye system that supplies the
first delta-wye transformer. The first delta-wye transformer then supplies the second delta-
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Figure 9-7—Typical sag waveform

wye transformer. Notice the A phase-to-ground sag magnitude on the wye-wye system is
more severe because zero sequence voltages are present only on the wye-wye side.

Table 9-3—Impact of transformer connections

T ¢ Phase-to-ground voltagein per Phase-to-phase voltagein per unit
Ypeo unit of phase-to-ground of phase-to-phase
transformer
connection A B c A-B B-C C-A
Grounded wye-wye 0.644 0.986 0.988 0.796 1.000 0.835
First deltarwye 0.835 0.796 1.000 0.745 0.926 0.959
Second deltawye 0.959 0.745 0.926 0.835 0.796 1.000

This shows the importance of including the effects of transformersin the calculations. It also
offers one small opportunity for controlling the effect of voltage sags. If a particular piece of
equipment is known to be sensitive only to phase-to-phase voltage sags, and the sags are
known to primarily be caused by one type of fault, a particular transformer connection may
help to reduce the problems. A more detailed discussion of the effect of transformer connec-
tionsisprovided in (Melhorn et al., [B16]).
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9.4.6 Effect of pre-fault voltage

All of the voltage sag magnitude calculations in this chapter assume the pre-fault or pre-sag
voltage is 100% of nominal. The calculations give sag voltages that are actually in percent of
the pre-sag voltage. Therefore, compensation is required if the actual pre-sag voltage is
higher or lower than nominal. This is important for sensitive equipment. Pre-sag voltages
different from the assumed 100% can cause significant errors in predicting the number of
nuisance trips.

For example, consider sag outage predictions for equipment sensitive to 80% sags. A calcu-
lated 82% sag with 95% pre-sag voltage actually produces 78% voltage. The equipment may
trip even though predictions assuming 100% pre-sag voltage say it would not. A calculated
77% sag might not trip the equipment if the pre-sag voltage is 105%.

Operating below nominal voltage increases apparent sensitivity and increases the number  of
nuisance sag outages. Operating above nomina before the sag decreases the apparent sensi-
tivity and reduces the number of sag outage problems. The slope of Figure 9-6 for an 80%
trip setting is such that a 1% change in pre-sag voltage changes the predicted number of sag
tripouts by 10-15%.

9.4.7 Effect of fault impedance

Fault impedance is very important to sag magnitude calculations, especially on lower voltage
systems. Recalling Equation (9-1), the sag magnitude is

_ Lyt Z
V point of interest = 7+ 2,77, (9-7)

where

Z; is the fault impedance.

The additional fault impedance generally makes sags less severe than zero impedance faults.
For example, consider the system in Figure 9-8. It consists of two feeders where faults can
cause sags for the sensitive load on the third feeder. The impedance of each feeder section
and number of faults per year are shown next to each section.

Table 9-4 summarizes calculations using three different fault impedances for the system in
Figure 9-8. It shows sag events per year for phase-to-phase faults selecting the lowest
magnitude of the three-phase voltages. The calculations used macros in a computer fault
analysis package that divided each line into ten equal segments. Table 9-4 shows the number
of sags for zero impedance, 1 Q resistance, and 5 Q resistance faults. Notice that the 5 Q
resistance causes no voltage sags deeper than 80% of nominal anywhere on the system. The
fault impedance values are only used for this example and are not considered typical.
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Figure 9-8—Diagram of radial system for effect of fault impedance

Table 9-4—Effect of fault impedance on sag voltage for phase to phase faults

Lowest phase sag Fault impedance

voltage 00 10 50
60% 1.68 1.05 zero
70% 252 231 zero
75% 3.36 3.15 zero
80% 4.83 4.20 zero
85% 8.61 8.19 0.21
90% 12.6 12.6 10.9

9.5 Examples for rectangular sag calculations

The following examples show sample calculations to predict voltage sag performance. The
first example is simplified to use only three-phase short circuits with zero fault impedance on
aradia system. The second example demonstrates a more complete symmetrical component
fault analysis on a larger network assuming zero impedance faults. Users are cautioned that
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the best predictions require accurate models including fault type, fault impedance, trans-
former connections, network impedance models, and knowledge of pre-sag voltages.

9.5.1 Radial distribution example

Consider the simple two-feeder systemin Figure 9-9. A load on F1 is sensitive to voltage sags
and needs to know how many sags to expect from F2. The customer with sensitive loads will
consider purchasing ride-through capability, but sag magnitude information is needed. For
this example, consider all faultsto be bolted three-phase only. Also assume pre-fault voltages
are 1.0 per unit.

Source Z to Distribution Bus

+j0.50 per unit
F2 F1

083km _|_ V=04
1.25km _L_ V=05
1.88km _| V=06 —
200km _|_veo7 | v SENSITVE
500km _| V=08
Feeder F2
J, 12 km long
- Z=+j0.4 pu/km
0.15 faults/km/year
11.25km _| V=09

Figure 9-9—Radial distribution example one-line diagram

The source reactance to the feeder bus is +j0.50 p.u. F2 is 12 km long with a reactance of
0 +j0.4 p.u. per kilometer. The frequency for three-phase faults is 0.15/km/year.

The first step is to calculate the points where faults can cause voltage sags of various magni-
tudes. Figure 9-9 shows locations on F2 where three-phase faults will reduce the feeder bus
voltage to drop 0.4 to 0.9 per unit of pre-sag voltage in 0.1 per-unit increments. The voltage
and distance from the distribution bus are noted on F2 in Figure 9-9.

Any fault closer to the feeder bus can cause voltage sags worse than those at the point of
interest. For example, three-phase faults between the bus and 5 km out will cause a sag at
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least to 0.8 per unit. Faults farther than 5 km away cannot possibly drop the voltage lower
than 0.8 per unit.

Table 9-5 summarizes the distances and humber of events for the voltage sag magnitudes of
interest. The right-hand column is the number of voltage sags that will be worse than or equal
to the voltage listed in column 1.

Table 9-5—Radial distribution example sag calculations

Lonedpamen | Klopeed | Benspekionee gt or i o
sag voltage
0.40 0.83 0.15 0.12
0.50 1.25 0.15 0.19
0.60 1.88 0.15 0.28
0.70 2.90 0.15 0.44
0.80 5.00 0.15 0.75
0.90 11.25 0.15 1.69

Figure 9-10 shows a graph of the sag frequency vs. magnitude from Table 9-5. Notice how
the number of events increases dramatically with increased sensitivity. Thisisthe same curve
shape as data presented in Figure 9-6. Addition of another feeder identical to F2 doubles the
probability of voltage sags. The complete picture must aso include the number of voltage
sags from the plant distribution system and the transmission network.

20— NUMBER OF SAGS PER YEAR
™ _| DUE TO THREE-PHASE FAULTS
—~ AUTORECLOSING COUNTS AS
1.0_| ONE EVENT
o T T T T l T T T T |
0 0.5 1.0

PER-UNIT VOLTAGE

Figure 9-10—Number of sags from radial distribution example
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9.5.2 Transmission network example

Tables 9-6 through 9-9 summarize the results of a detailed prediction of sag magnitudes from
alarge transmission network. A network fault analysis program calcul ated voltage at the sen-
sitive load for three-phase, single-line to ground, line-to-line, and double-line-to-ground
faults. All faults were assumed to have zero impedance. The voltage ranges at the sensitive
load site are 0.0 to 0.60, 0.60 to 0.75, 0.75 to 0.85 and 0.85-0.90 per unit of the pre-sag
voltage. The fault analysis applied faults at all buses and many points along each lineto iden-
tify what parts of the system can cause sags in the ranges of interest.

Table 9-6—Sag events from the 345 kV system

Voltage sag eventsin each voltagerange
(lowest sag magnitude of three phases)
Events
Typeof fault perkm | 4 560 0.60-0.75 0.75-0.85 0.85-0.90
per year
km | Events | km | Events | km | Events | km | Events
Phase-to-ground 0.0209 0 0.00 0 0.00 16 0.33 53 111
Two-phase-to-ground | 0.0016 | 0 0.00 0 0.00 66 | 0.11 192 | 031
Phase-to-phase 0.0002 | O 0.00 0 0.00 64 | 001 | 187 | 0.04
Three-phase 0.0002 0 0.00 23 0.00 151 0.03 153 0.03
Tota 0.0229 0 0.00 23 0.00 298 0.48 584 1.49

Table 9-7—Sag events from the 230 kV system

Voltage sag eventsin each voltagerange
(lowest sag magnitude of three phases)
Events
Type of fault per km
per year 0-0.60 0.60-0.75 0.75-0.85 0.85-0.90
km | Events | km | Events | km | Events | km | Events
Phase-to-ground 00132 | O 0.00 0 0.00 0 0.00 0 0.00
Two-phase-to-ground | 0.0026 | O 0.00 0 0.00 0 0.00 0 0.00
Phase-to-phase 00002 | O 0.00 0 0.00 0 0.00 0 0.00
Three-phase 0.0002 | O 0.00 0 0.00 0 0.00 55 0.01
Total 0.0167 | O 0.00 0 0.00 0 0.00 55 0.01

The limits of vulnerability for each component and line were highlighted on a map similar to
Fig. 9-4. Line exposure distances were estimated for each of the four sag categories for each
of the four types of fault for each of the four system voltages. Table 9-6 summarizes thiswork
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Table 9-8—Sag events from the 138 kV system

Voltage sag eventsin each voltagerange
(lowest sag magnitude of three phases)
Events
Type of fault per km
per year 0-0.60 0.60-0.75 0.75-0.85 0.85-0.90
km | Events | km | Events | km | Events | km | Events
Phase-to-ground 0.0217 0 0.00 60 1.30 71 154 77 1.67
Two-phase-to-ground | 0.0051 | 10 005 | 109 | 056 | 105 | 053 77 | 0.39
Phase-to-phase 0.0018 | 10 0.02 87 | 017 98 | 0.18 69 | 012
Three-phase 0.0012 | 71 0.09 82| 010 | 101 | 012 98 | 012
Total 0.0298 | 91 016 | 348 | 213 | 375 | 238 | 321 | 230

Table 9-9—Sag events from the 69 kV system

Voltage sag eventsin each voltagerange
(lowest sag magnitude of three phases)
Events
Typeoffault | perkm |4 54, 060075 | 075085 | 0.85-0.90
per year
km | Events | km | Events | km | Events| km | Events
Phase-to-ground 0.0400 6 0.24 18 | 072 32| 128 68 | 2.72
Two-phase-to-ground | 0.0135 | 24 0.32 47 | 0.63 132 | 178 | 220 | 297
Phase-to-phase 0.0043 | 24 0.10 39 0.17 130 0.56 203 0.87
Three-phase 0.0037 | 37 0.14 69 | 026 | 169 | 063 | 191 | 071
Total 0.0615 | 91 080 | 173 | 178 | 463 | 425 | 692 | 7.27

for the 345 kV lines. Table 9-7 isthe same summary for 230 kV, etc. Each table multiplies the
kilometers of exposure by the failure rate for each fault type. Totals for sag eventsin each sag
voltage range are highlighted in boldface on the bottom row of each table.

Table 9-10 summarizes the voltage sag contributions from each voltage system for each of
the four sag magnitude ranges. These are the same contributions from Tables 9-6 through
Table 9-9. Row totalsin Table 9-10 give the total number of sag events per year for each sag
magnitude range.

Table 9-11 and Figure 9-11 are the fina products of the magnitude prediction effort. They
compare the number of nuisance sag outages for various equipment sensitivity levels. The
predictions assume the pre-sag voltage is exactly the equipment nominal voltage and must be
modified if the pre-sag voltage is different.
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Table 9-10—Summary of contributions from each system

L owest Contribution by line voltage (number of events per year)
phase per
unitvoltage | 551y 230 kV 138 kV 69KV o
range
0-0.60 0.00 0.00 0.16 0.80 0.97
0.60-0.75 0.00 0.00 213 1.78 3.89
0.75-0.85 0.48 0.00 2.38 4.25 7.12
0.85-0.90 1.49 0.01 2.30 7.27 11.09
Table 9-11—Example number of sag problems
depending on equipment sensitivity
Under- Voltage sags causing tripoutsin each range Nuisance
voltage )
threshold tripouts per
; 0-0.60 0.60-0.75 0.75-0.85 0.85-0.90 year
per unit
0.60 0.97 No trip No trip No trip 0.97
0.75 0.97 3.89 No trip No trip 04.86
0.85 0.97 3.89 7.12 No trip 11.98
0.90 0.97 3.89 7.12 11.09 23.07

This particular study was recalculated for a different configuration to compare sag perfor-
mance of alternative supplies. This allowed designers to compare the cost of the alternative
supply configuration to the value of fewer sag problems. It also allowed plant designers to
reasonably estimate the value of improving equipment immunity to sags.

9.6 Nonrectangular sags

Previous parts of this chapter assume the rms sag magnitude vs. time is rectangular. Thisis
not true when alarge part of the load consists of rotating machines such as induction motors,
synchronous motors, and generators. Examples are chemical plants and residential areas with
mainly air conditioner load. The induction motors will somewhat moderate the voltage sag as
they contribute current to the short circuit.

168 Copyright © 1998 IEEE. All rights reserved.



IEEE
VOLTAGE SAG ANALYSIS Std 493-1997

NUMBER OF SAGS PER YEAR

—_ LOWEST SAG OF THREE PHASES

AUTORECLOSING COUNTS AS
- ONE EVENT

0 0.5 1.0
PER-UNIT VOLTAGE

Figure 9-11—Number of sags from transmission network example

9.6.1 Induction motor influence on sag shape

Motors will slow down during a sag and reaccelerate when the system fault clears. The re-
acceleration may cause an extended post-fault sag if the motor load is large with respect to
the system impedance. The post-fault sag can last up to severa seconds and the voltage will
be between 60% and 90%. Severe post-fault voltage sags can cause tripping of equipment
that survived during the fault portion of the sag. This subclause concentrates on induction
motors, as they form the bulk of the motor load. Synchronous motors show behavior which
can be incorporated in a voltage sag study in a similar way. Power electronics controlled
motor drives may show avery different behavior.

Figures 9-12 and 9-13 show the voltage during and after a short circuit close to the point of
common coupling. Figure 9-12 gives the time-domain voltages calculated by using Electro
Magnetic Transients Program (EM TR, which employsthe full Park’s equationsfor theinduction
machine). Figure 9-13 gives the amplitude of the voltage phasor, as calculated by a transient
stability program (which employs a simplified induction motor model). What basically happens
isthat the induction motors slow down during the fault (the contribution of them to the fault cur-
rent leads to the nonzero during-fault voltage) and reaccelerate after the fault has been cleared.
The latter demands a high current, which causes the post-fault sag (see Bollen [B3]).

Figure 9-14 shows a measured voltage sag with a considerable post-fault component (see

Melhorn et a., [B16]). The resemblance to Figures 9-12 and 9-13 suggests that there was a
large induction motor load somewhere near the fault position.
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Figure 9-12—EMTP Model of induction motor influence on a sag waveform
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Figure 9-13—Rms plot of EMTP model of induction motor
influence on a sag waveform

9.6.2 Stochastic assessment

In case the induction motor load significantly influences the shape of the voltage sag, more
complicated calculations are needed than provided in 9.4. The type of induction motor model
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Figure 9-14—Typical waveform and rms plot showing motor influence

has to be used depends on the accuracy required and the availability of software. In the
forthcoming example, atransient stability program is used to calcul ate the shape of individual

voltage sags.

Asin 9.4.3, one has to select the fault positions that are expected to cause a significant volt-
age sag. Apart from the selection criteria mentioned before, the following can be used:

— The post-fault voltage sag is more severe if the fault is near a concentration of induc-
tion motor load.

— The post-fault voltage sag is more severe if part of the supply to the sensitive load is
removed by the protection without removing any induction motor load.

—  The post-fault voltage sag is more severe for induction motor load with small dlip and
with very low or very large inertia constants.

— The post-fault voltage sag is more severe for longer fault-clearing time.

Itis, intheory, till possible to calculate a“duration” and a“depth” for a nonrectangular sag,
e.g., by taking the time below 90% voltage and the average depth. An aternative presented
here is to assume the equipment sensitivity to be rectangular and to determine the expected
number of sags per year that cause the equipment to trip, for various equipment sensitivities.
The result is shown in Table 9-12.

The voltage sag shape has been calculated for about 40 fault positionsin the distribution sys-
tem to alarge chemical complex. The load consists mainly of induction motors. A transient
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Table 9-12—Expected number of sags including effect of motors

Duration
Magnitude
250 ms 500 ms 750 ms 1000 ms 1250 ms
90% 0.506 0.444 0.168 0.044 0.024
85% 0.461 0.438 0.046 0.024 0.024
80% 0.446 0.168 0.026 0.024 0.004
75% 0.174 0.024 0.024 0.004 0.004
70% 0.032 0.004 0.004 0.004 —

stability program has been used to calcul ate the shape of the voltage sags, like in Figure 9-13.
Table 9-12 shows that 0.168 times per year (i.e., once every six years), a situation occurs
where the plant voltage is below 80% for more than 500 ms. So if the equipment in the plant
can withstand an 80% voltage for up to 500 ms, an interruption of plant operation is expected
to occur once every six years.

9.6.3 Other types of load

The discussion above concentrated on induction motor load. Other loads can be incorporated
in the study in asimilar way. The model that has to be used depends on the type of load.

All motor load (induction, synchronous, or fed through a power electronics drive) will suffer
from loss of kinetic energy during a voltage sag (i.e., the motor will slow down). After the
fault thislost energy will have to be recovered, which in almost all circumstances will lead to
a post-fault voltage sag. Modern power-electronics drives with unity power factor will miti-
gate the effect, as will load shedding (either intentional or because of the erroneous tripping
of equipment dueto the sag). If alarge fraction of motorsis equipped with contactors that trip
during the fault and come back all at the same time, the post-fault sag is simply postponed. If
the contactors come back with different delay times, the post-fault sag will be considerably
more shallow.

Nonmotor equipment might also cause a post-fault sag. Virtually all equipment shows capac-
itive behavior on a short time-scale. Often there is even a physical capacitor present. As more
and more equipment has large capacitors to ride through the sag, the post-fault sag will
become more severe.

A problem with taking the post-fault sag into account is that the load composition is often not
known. This holds especially for public supply systems. In that case some assessment has to
be made, or a number of studies with different load compositions have to be done. From the
different results some kind of “average result” has to be obtained.
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9.7 Development of voltage sag coordination charts

Sag coordination charts show electric supply sag characteristics and utilization equipment
response to voltage sags on a single graphical display. The foundation for the display is an
XY grid of sag magnitude on the vertical axis and sag duration on the horizontal axis. In the
method proposed here, afamily of contour lines shows the electric supply sag characteristics.
Each contour line represents a number of sags per year.

An equipment line on the same chart shows the equipment voltage tolerance. Proper use of
the sag coordination chart enables the estimation of the number of utilization equipment
disruptions per unit of time due to voltage sags.

Two data sets are critical for the coordination effort. First, the electric supply sag characteris-
tics must either be known from monitoring data, or predicted. Second, utilization equipment
response to sags must be known either from manufacturer specifications or from performance
test data. Both supply characteristics and equipment response data sets are required to per-
form this coordination effort.

9.7.1 Electric supply sag characteristics display

The display of supply characteristics requires either historical or predicted sag magnitudes
and durations. This data fills magnitude and duration bins in a computer spreadsheet for
graphical presentation as contour lines. A very simple example will show fundamental
concepts. Later, measured data from the EPRI DPQ project will be used for a typica
performance chart (see Wagner et a., [B18]).

Table 9-13 shows a grid of nine sag magnitude rangesin rows, and five sag duration rangesin
columns. The combination of nine rows and five columns produce a total of 45 magnitude/
duration bins. Every measured or predicted sag will have a magnitude and duration that fits
into only one of the 45 bins. The number of bins may vary depending on coordination needs
for aparticular case. However, this selection of 45 binsis reasonably convenient.

For a simple example, assume each of the 45 bins has one sag per year. Table 9-13 shows the
one sag per per year in each of the 45 bins. This means there are 45 sags per year and the
characteristics of each sag fits in a unique bin. The 15 bins in the lower right corner are
shaded to promote understanding as this exampl e continues.

Table 9-14 shows the cumulative number of sag events that are worse than or equal to each
bin from Table 9-13. “Worse than” means the magnitude is lower and the duration is longer.
The row and column headings only show single values instead of ranges. For example, there
are 15 sags in the 50% magnitude, 0.4 s entry of Table 9-14. The shaded number 15 in Table
9-14 is the sum of all 15 individua shaded entries in Table 9-13. This means 15 sags will
have a magnitude of less than or equal to 50% and a duration longer than 0.4 s.

The next step converts Table 9-14 to a set of contour lines similar to elevation contour lines
on a geographic map. Figure 9-15 is the contour plot of Table 9-14 generated by a computer
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Table 9-13—Count of events in each bin
Magnitude Time bin (in seconds)
bin 0.0<0.2 0.2<04 04<0.6 06<0.8 208
<80-90% 1 1 1 1 1
<70-80% 1 1 1 1 1
<60-70% 1 1 1 1 1
<50-60% 1 1 1 1 1
<40-50% 1 1 1 1 1
<30-40% 1 1 1 1 1
<20-30% 1 1 1 1 1
<10-20% 1 1 1 1 1
0-10% 1 1 1 1 1
Table 9-14—Sum of events worse than or equal to each
magnitude and duration
Time (in seconds)
Magnitude
0.0 0.2 04 0.6 0.8
90% 45 36 27 18 9
80% 40 32 24 16 8
70% 35 28 21 14 7
60% 30 24 18 12 6
50% 25 20 15 10 5
40% 20 16 12 8 4
30% 15 12 9 6 3
20% 10 8 6 4 2
10% 5 4 3 2 1

spreadsheet and graphics program. The linesfrom lower left to upper right represent the num-

ber of sag events per year. Each contour line has a label for the number of events.
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Figure 9-15—Supply sag performance contours
and partial mapping of individual points

Continuing the simple example, the 15-event contour line intersects the 0.4 s axis at the 50%
magnitude axis. This means 15 sags will have a 0.4 s or longer duration and have a 50% or
lower magnitude. The dots on the lower right corner of Figure 9-15 show each of the 15
individual sags. Each dot represents the one sag event in each bin of Table 9-13 for this exam-
ple. There are 15 dots in the rectangular area below and right of the contour line. Similarly,
the 20 sag contour shows 20 sags worse than or equal to 0.2 s and 50% magnitude. Normally,
the dots will not appear on sag coordination charts. Also, the actual sags will be somewhere
in the stated range and not directly on the axis.

Linear interpolation between contour lines and axis works reasonably well, especially in this
case, where the sags are distributed uniformly. For example, about 32 sags will be worse than
or equal to 0.2 s and 80% magnitude on Figure 9-15. Also, 25 sags will be worse than about
0.28 s and 70% magnitude on Figure 9-15.

9.7.2 Adding rectangular equipment sensitivity

The equipment sensitivity curve (or voltage tolerance curve) describes the equipment sensi-
tivity to voltage sags. This curve gives the minimum magnitude that the equipment can with-
stand for a given sag duration. This curve can be obtained from the egquipment manufacturer,
from equipment testing, from equipment simulation, or, in future, possibly from standards
with typical equipment voltage tolerance. Several publications show measured voltage toler-
ance curves. It appears that arectangular curveis very common. The sag contour line method
works very easily with these rectangular sensitivity curves. Figure 9-16 overlays the utiliza-
tion equipment sensitivity on the sag contour lines. The sensitivity curve is typically rectan-
gular or may be approximated with several rectangles. The shaded region shows the
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maghitudes and durations of sags that will cause disruption. The intersection of the rectangu-
lar sensitivity knee and the contour line gives the number of disruption events from sags.
Continuing the simple example in Figure 9-16, the knee of the sensitivity intersects the 15 sag
contour line. This means there will be 15 process disruptions per year.

DIAGONAL LINES REPRESENT NUMBER OF SAGS PER YEAR
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Figure 9-16—Supply sag performance contours and equipment sensitivity

9.7.3 Non-rectangular equipment sensitivity

The previous analysi s assumes the equipment sensitivity has a rectangular shape. Nonrectan-
gular sensitivity curves require a little more effort. They have to be approximated through a
number of rectangular steps. Consider Figure 9-17 as an example. The equipment sensitivity
is characterized or approximated by a shape with two knees. The disruption region is the
combination of all three shaded rectangular areas A, B, and C. Knee #1 is positioned on the
20 sags contour line. Knee #2 of the sensitivity curve is at about the 24-sag contour line using
linear interpolation. A third “knee” for areaC is at the 15-sag contour.

The curve with only knee #1 is rectangular consisting of area B and area C. Equipment with
such a curve would trip for 20 sags. Likewise, area A and area C (knee #2) represent equip-
ment that would trip 24 sags. Notice that area C is shared by both knees. Simply adding the
sags for knee #1 and knee #2 would overestimate the total sags by double counting area C.
The mathematics to avoid double counting are shown bel ow.

Total number of sags = areaA + areaB + area C. (9-8)
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Figure 9-17—Approximation of nonrectangular sensitivity curves

For knee #1, there are 20 sags. Therefore

B+C=20 (9-9)

For knee #2, interpolation is required. Interpolation gives about 24 sags. Therefore

A+C=24 (9-10)

Area C represents 15 sags. Thus C = 15. With Equations (9-9) and (9-10) it is now easy to
findthat A=11andB =5.

Substituting the valuesA = 11, B =5 and C = 15 in (8) gives the total number of sags:

A+B+C=5+9+15=29disrupting sags (9-11)

Thus, the sag coordination chart predicts 29 disruptions per year for this nonrectangular
equipment sensitivity. A simple counting effort on Figure 9-17 (as with the dots in Figure
9-15 confirms the 29 disruptions. (It is also possible to overlay the equipment sensitivity over
Table 9-13 and total the sags for asimilar result.)
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9.7.4 Example of system performance using typical measured data

The following example develops the supply system sag performance based on data supplied
by the Electric Power Research Institute’s Distribution Power Quality Project (Wagner et al.,
[B18]). The data represents 222 distribution feeders in the USA from 1 June 1993 to 1 June
1994. This example develops exactly in the same manner as the simple example shown ear-
lier.

Table 9-15 shows the number of sags per year per site as a function of magnitude and dura-
tion. For example, there were 6.8 sags per site per year with magnitudes between 60% and
70% and durations of less than 200 ms.

Table 9-15—Sample data from EPRI DPQ Project—
Number of events per year

Magnitude Time bin (in seconds)

bin 0.0<0.2 02<04 04<0.6 0.6<0.8 2038
>80-90% 53.1 4.8 19 0.7 29
>70-80% 141 17 0.2 0.2 0.4
>60-70% 6.8 0.9 0.1 0.1 0.2
>50-60% 35 0.9 0.2 0.0 0.2
>40-50% 14 0.4 0.2 0.0 0.3
>30-40% 15 0.1 0.1 0.0 0.3
>20-30% 12 0.3 0.2 0.2 0.4
>10-20% 10 0.1 0.0 0.0 0.5

0-10% 19 0.7 0.7 0.2 6.4

Table 9-16 presents the total sags worse than or equal to the magnitude and duration head-
ings. For example, there were 16.3 sags to 80% or lower lasting 0.2 s or longer per site per
year.

Figure 9-18 shows the supply system sag performance contours over the one year of
measurements.

For the equipment tolerance curve in Figure 9-16 one can now expect about nine spurious
trips per year for the supply characterized in Figure 9-18. (From Table 9-16 avalue of 9.4 is
found.) For the equipment tolerance curve in Figure 9-17, the expected number of spurious
tripsisabout 12 + 13 -9 = 16. (From Table 9-16 avalue of 10.9 + 11.2—9.4=12.7 isfound.)
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Table 9-16—Sum of events worse than or equal to the
magnitude and duration for EPRI DPQ example

Time (in seconds)
Magnitude
0.0 0.2 0.4 0.6 0.8
90% 111.2 26.7 16.8 13.2 11.7
80% 47.8 16.3 11.2 9.6 8.8
70% 31.0 13.7 10.4 8.9 8.4
60% 22.9 12.4 9.9 8.6 8.2
50% 17.9 10.9 9.4 8.3 79
40% 15.7 10.0 8.9 8.0 7.6
30% 13.6 9.5 8.5 7.7 7.3
20% 11.4 8.5 7.7 7.1 6.9
10% 9.8 79 7.2 6.6 6.4
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Figure 9-18—Sags per year for 222 EPRI DPQ Project sites

from 1 June 1993-1 June 1994
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It might appear here that Table 9-16 gives more accurate results than the sag coordination
chart in Figure 9-18. One should remember that this kind of accuracy in monitoring resultsis
rare, that the difference is not significant from a stochastic point of view, and that a more
dense set of contours in Figure 9-18 would give more “accurate” results from there as well.

9.8 Conclusions and future work

The method for voltage sag coordination described in this chapter is an important improve-
ment in the power quality field. The procedure enables customers, utilities, and equipment
manufacturers to quantify the performance of their process, supply, or device. This will no
doubt lead to a better understanding of spurious trips and an improvement in performance.

But the method as presented here still has its limitations. The main assumption is that a volt-
age sag can be characterized through one duration and one magnitude and that this magnitude
and duration uniquely determine the equipment behavior. Unfortunately thisis not always the
case. Clause 9.2 already mentioned some of the confusion in characterizing the sag. Aspects
that could influence equipment behavior are the point-on-wave of fault initiation; the phase-
angle jump in the voltage associated with a sag; the imbalance between the three phases for
three-phase equipment; the long post-fault sag due to inrush in heavily loaded systems; the
post-fault overvoltage when faults are cleared by current-limiting circuit breakers or fuses,
and the variation in equipment tolerance over the production or loading cycle.

Each factor will have to be evaluated to determine its influence on equipment. If the influence
islikely to be significant, assessment methods will have to be developed and the coordination
method described in this paper will have to be extended.

The method has this far only been concerned with voltage sags. Other voltage disturbances
can be included easily as long as they are characterized by a magnitude and a duration. For
swells and momentary interruptions, this will be straightforward. Fast voltage transients will
be much harder to characterize. For sustained interruptions the method presented here has
limited value. The other chapters of this recommended practice discuss the methods for sus-
tained interruptions. It is assumed that a disturbance either leads to an equipment trip or not.
Either this method can be extended, or one of the many existing methods can be used for sus-
tained interruptions.
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Chapter 10
Reliability compliance testing for emergency and
standby power systems

10.1 Introduction

The design and operation of power equipment and systems may or may not be in compliance
with specifications dictated by both the manufacturers and their customers. One of the diffi-
cultiesin practice isto define a“testing plan” to demonstrate whether the performance of new
or existing power equipment and systems comply with these dual specifications or not. This
chapter presents the development of a detailed generalized statistical model of an equipment
reliability testing plan and compares it with IEC 60605 (1982) [83].1 Detailed references,
discussions, definition of terms, illustrations, and a case study will be presented to provide an
understanding of the complex area of demonstrating the reliability of new or existing power
equipment and systems. The ability of equipment and systems to operate as reliably and
economically as possibleis an important need of society (see |EEE Std 446-1995 [B1]).

From a manufacturer’s viewpoint, power equipment and systems must be tested to determine
whether they meet or exceed desirable performance specifications. In testing a system for
adequacy, the manufacturer can interpret a negative test result in several ways. For example, a
single negative test result implies the system being tested does not conform to the manufac-
turer’s specifications and is therefore unreliable. However, it isimportant to note that asingle
negative test result may or may not statistically demonstrate that a system’s performance is
unreliable. A testing plan involving more than one test and a statistical criteriafor adequacy is
usualy required to resolve the dilemma of demonstrating system adequacy. A negative test
result may occur by chance when the actual system’s reliability is equal to or greater than its
specifications. In these situations, the manufacturer runs a risk of rejecting a system that is
acceptable according to specifications, which is a costly venture.

From a customer’s viewpoint, the acquisition of power equipment or a system has been justi-
fied, for example, from a reliability cost/reliability worth analysis (see IEEE Std 493-1990
[B2]) in which the cost of interruptions exceeds the cost of not having this equipment or
system. In many cases, equipment and systems are a mandatory requirement dictated by vari-
ous regulators (see IEEE Std 446-1995[B1]. However, the acceptance of equipment or a sys-
tem that does not conform to a customer’'s specifications (e.g., an unacceptable system
reliability level) can quickly erase the economic benefits of having this system.

From both perspectives, power equipment or systems that meet or exceed the specifications
of both parties are desirable. To achieve this objective, atesting plan must be developed that
clearly defines the number of tests required to demonstrate whether a system conforms or
does not conform to various manufacturer and customer specifications. The testing plan must
define the number of tests to be performed and the number of allowable failures for compli-
ance and noncompliance to the equipment’s specifications. The defined limits of acceptance

1The numbers in brackets preceded by the letter B correspond to those of the hibliography in 10.12.
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or rejection of a system’s performance must minimize the risks to the manufacturers and their
customers (e.g., rejecting equipment that complies with the manufacturer’s specifications and
accepting equipment that does not comply with the customer’s specifications). An emergency
and standby system, for example, may be considered to be inadequate if it fails to respond
immediately after the detection of a power supply interruption or if it fails to maintain conti-
nuity of service to the load for some specified period.

The frequency of system failuresis dependent upon many factors, including the following:

— Theuseof new or old technology in the design of the system

— If the system is a combination of old and new components

— Thestress placed on the system during operation (e.g., beyond the design limits)
— Thefrequency of maintenance

— Frequency of “utilizing” a system and the manner in which the utilization is
performed

— Equipment characteristics and environmental factors, etc.

The overall performance of power equipment and systems can often be characterized by a
single variable, its failure rate. The failure rate of electrical equipment can exhibit various
characteristics (see IEEE Std 493-1990 [B2] and Jensen and Peterson [B4]). It is often
assumed that the equipment’s failure rate, tends to follow the “ bathtub curve” (see Jensen and
Peterson [B4]) in which the equipment’s early life is characterized by a high failure rate
which decreases with time until it stabilizes at an approximate constant value for a long
period of time. Asthe electrical equipment reaches the end of its designed life, its failure rate
begins to significantly increase with time. In the testing model developed in this chapter, it
will be assumed that the failure rate of electrical equipment is a constant value (i.e., an aver-
age value) or is represented by the percentage of the time the system fails to comply with its
specifications under test and/or operation.

10.2 Definition of success ratio

One of the key variables defined by IEC in its sampling plans is called a “success ratio.” A
successratio (R) isdefined in IEC 60605 [B3] as the probability that a system will perform a
required function (e.g., an emergency and standby system starting and operating for a fixed
period of time) or atest will be successful under stated conditions (i.e., conforming to speci-
fications). An observed success ratio is the ratio of the number of successful tests at the com-
pletion of testing to the total number of tests performed on the equipment or system.

In this chapter the terms equipment and systems will be used interchangeably. The proposed
testing plan can be applied to individual power equipment (e.g., components) or systems
composed of power equipment provided their operational performance is characterized by
two success ratios specified by the manufacturers and their customers.
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10.3 Acceptance sampling plan

The probability of obtaining different combinations of successful and failed test results after
n tests will beinitially characterized by the binomial distribution given by

P(nr) =nCr(R™ (Q)r (10-1)
where

is the cumulative number of failed tests after n tests;

is the number of tests performed,;

is the equipment or system success ratio;

is the equipment or system failure ratio equal to (1 — R); and
Cr isthebinomial coefficient.

O /="~

>

A common viewpoint on demonstrating reliability performance of equipment isto subject the
equipment or system to a series of tests. If the equipment passes all the tests, it is then con-
cluded that the equipment is acceptable and complies with the specifications. If the equip-
ment fails any of thetests, it is unacceptable. This belief may be problematic, depending upon
the number of tests performed and the success ratios defined by the manufacturers and their
customers.

System operating characteristic curves show the probability of accepting the performance of
equipment under test as adequate (i.e., compliance to specifications) as a function of success
ratios. Each curve represents a fixed number of tests. The acceptance criterion is defined by a
fixed number of observable failures. If after n tests, the number of observable test failuresis
less than or equal to the fixed number, then the performance of the system or equipment is
assumed to be acceptable and complies with its specifications. A typical operating character-
istic curve for an acceptance criteria of observing no failures after n trials is shown in
Figure 10-1.

The probability of accepting equipment performance as adequate after observing “no” fail-
ures after n testsis given by

P(n,0)=R"=Pa (10-2)

For afixed successratio (R), the probability of accepting the performance exhibited by a sys-
tem as adequate decreases significantly as the number of tests increases. If the number of
tests conducted is low, there is a high probability of accepting the test results concluding the
system is adequate even if its successratio islow.

10.4 Minimizing manufacturer and customer risks

The determination of the adequacy of an emergency and standby power system based on a
fixed number of tests and an acceptance criteria may or may not minimize the risks to both
the manufacturer and their customers. For a given number of tests, an acceptance criteria
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Figure 10-1—System operating characteristic curves for no test failures

specifies the number of successful test results that must be observed to demonstrate that a
given system’s performance complies with certain specifications. In this subclause, the risks
are not included in the acceptance criteria as defined above.

A system operating curve for 25 tests and an acceptance criteria of alowing no failures to be
observed during the testing plan is shown in Figure 10-2. The manufacturer usually specifies
asuccessratio (Ro) for the system that is often incorporated in the system specifications. The
objective of the testing plan is to demonstrate that a system’s successratio is at |east the value
Ro. During the testing plan, the manufacturer runs arisk of the test revealing that the system
is inadequate when in reality the system’s true success ratio is at least equal to the manufac-
turer’s acceptable level of Ro (e.g., Ro = 0.99 in Figure 10-2). The probability of this event
happening is defined as a (e.g., 0.22).

The mgjor risk to the customer from the results of atesting plan is the acceptance of a system
as adequate when the true system success ratio is equal to the customer’s unacceptable value
of R1 (e.g., Rl = 0.97, Figure 10-2). The probability of this event occurring (Pal), i.e, the
risk to the customer is 3 (e.g., B = 0.47, Figure 10-2). If the customer’srisk is too high for a
given success ratio R1, then the number of tests must be increased to reduce the value of 3 as
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indicating manufacturer and customer’s risks

can be seen from Figure 10-1. The fundamental question that must be answered is, “How
many tests are requed to minimize the unique risk levels defined by the manufacturers and
their customers?’

10.5 Sequential testing plan

A sequential testing plan is analogous to a continuous game of testing a system and observing
whether the test results are positive or negative (i.e., the system passes or fails). If the test
results are positive, O points are scored. If the test results are negative, 1 point is scored. The
testing of the system continues and the scores are summed after each test.
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If the cumulative score is below a certain defined value after x tests, then the testing proce-
dure is stopped and it is concluded that the system meets our required specifications. If the
cumulative score at any time during the test exceeds a certain defined value r after n tests,
then the testing procedure is stopped and it is concluded that the system does not meet
required specifications.

The difficulty with the testing plan is that the limits of the game (i.e., r, the number of failed
tests; x and n, the number of tests to be performed) have to be defined. In addition to these
unknowns, the game can be further restricted by minimizing the risk to the manufacturer (i.e.,
a) of rejecting systems that comply with the manufacturer’s specifications and minimizing
therisk to the customers (i.e., ) of accepting systems that do not comply with the customer’s
specifications. These specifications define what is considered “adequate” for the manufac-
turer and “not adequate” for the customer.

10.6 Development of a sequential testing plan

Abraham Wald's “ Sequential Probability Ratio Plan” [B5] provides a testing procedure for
determining the boundaries in an compliance test for accepting and rejecting a system'’s per-
formance as a function of the number of tests n and the number of failed tests r permitted
given the following test parameters:

— An acceptable value of success ratio Ro specified by the manufacturer;
— Anunacceptable value of successratio R1 specified by the customer;

— The manufacturer’s risk a (i.e., the probability of the compliance test rejecting a
system whose true success ratio is equal to the desired level Ro);

— The customer’s risk B (i.e., the probability of the compliance test accepting a sys-
tem’s performance whose success ratio is equal to the undesirable level R1).

The probability of obtaining a sample equal to the observed set of test results {xy, Xo, X3, .-
Xnt Where x; is the result of theith test, i.e., either a“0” for a successful trial or a“1” for an
unsuccessful tria is given by

K R™ (Qo) (10-3)

where

=}

isthe number of tests performed,

isthe number of unsuccessful testsin n tests;

isthe successratio of the observed set of test results [R= (n—)/r];
(Q=1-R);and

number of possible ways of achieving a success ratio of R at the end of n tests.

A0 o™

NOTE—K is not the binomial coefficient.
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If the actual system success ratio R = Ro, the manufacturer’s desired level, then the probabil -
ity of obtaining a sample meeting this constraint is given by

K Ro™ (Qo)’ (10-4)

Conversely, if the true system success ratio R = R1, the customer’s undesired level, then the
probability of obtaining a sample with a success ratio equal to R1 is given by

K R1™ (Q1)' (10-5)

Once the test parameters Ro, R1, a, and 3 have been defined, the number of unknown vari-
ables (n is the number of tests and r is the number of failures) can be determined from the
sequential probability ratio (SPR) (Wald [B5]) of Equations (10-3) and (10-4) as follows:

SPR = [[K Ro™ (Q0)'] / [K RL™ (Q1)'] (10-6)

10.7 Compliance sequential test acceptance limits

The numerator of SPR shown in Equation (10-6) can be interpreted to be the probability of a
set of test results (whose success ratio equals Ro) being accepted and should be greater than
or equal to (1 —a) to comply with the manufacturer’s risk specification. The denominator of
SPR can be interpreted to be the probability of aset of test results (whose success ratio equals
R1) being accepted and should be greater than or equal to 3 to comply with the customer’'s
risk specification.

Equation (10-6) can be rewritten to include the acceptance risks to both the customer and
manufacturer as follows:

[(1-a)/] = [[K RO™ (Q0)]/ [K R1™ (Q1)] (10-7)

Every set of values (n,r) that satisfies the above equation represents an acceptance coordinate
in an nvs. r Cartesian coordinate system. The solution of the variables n and r proceeds as
follows:

Taking logarithms of both sides of Equation (10-7) yields
log[(1—a)/B] = (n—)log(Ro/R1) + r log(Qo/Q1) (10-8)
which can be reduced to

log[(1 —a)/B] = (n)log(Ro/R1) + (r)log(Qo RY/Q1Ro) (10-9)
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The number of defectsr for the compliance test as afunction of the number of testsnisgiven
by

log[(1—a)/B] —(n)log(Ro/RY)
"=~ 1o5g(Qo RU/OL Ro) (10-10

The above equation can be rearranged to conform to the IEC 605-5 [B3] as follows:

_ (mlog(Ro/R1) —log[(1—a)/B]

' log(Q1 Ro/Qo R1) (10-11)
r<sn-ho (10-12)
where
- log(Ro/R1) !
" log(Q1 Ro/ Qo R1) (10-13)
log[(1-a) /B] (16-14)

© = {69(Q1 Ro/ Qo R1)

With reference to Equation (10-11), if r is equal to or less than the calculated value, the val-
ues of r will satisfy the constraints on the testing plan imposed by Equation (10-7). The value
of r in n tests is acceptable indicating that the system complies with the specifications
imposed on it.

Equation (10-12) is a linear equation whose abscissa is n (the number of tests to be per-
formed) and r (the number of acceptable test failures for acceptance) as the ordinate. Thisis
graphically illustrated in Figure 10-3.

An examination of Figure 10-3 revedls, for example, that a minimum number of 107 testsin
which no failures occurred is required to state that the system complies with specifications
dictated by the customer and manufacturer (i.e., for afixed a, 3, Ro, and R1).

10.8 Compliance sequential test rejection limits

The numerator of SPR shown in Equation (10-6) can be interpreted to be the probability of a
set of test results (whose success ratio equals Ro) being rejected. The probability should be
less than or equal to a to comply with the manufacturer’s risk specification. The denominator
of SPR can be interpreted to be the probability of a set of test results (whose success ratio
equals R1) being rejected. The probability should be less than or equal to (1 — 3) to comply
with the customer’s risk specifications.
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Figure 10-3—Number of tests vs. number of failures required
to demonstrate compliance to system specifications

Equation (10-6) can be rewritten to include the rejection risks to both the customer and man-
ufacturer asfollows:
[a/(1-B)] = [[K RO™ (Q0)]/ [K R1™™ (Q1)']] (10-15)

Every set of values (n,r) that satisfies the above equation represents a rejection coordinate in
an nvs. r Cartesian coordinate system. The solution of n and r proceeds as follows:

Taking logarithms of both sides of Equation (10-15) yields

log[a/(1 — B)] = (n—r)log(Ro/R1) + rlog(Qo/Q1) (10-16)
which can be reduced to

logla/(1 —B)] = (N)log(RO/R1) + (r)log(Qo RI/Q1R0) (10-17)

The number of unacceptable defectsr for compliance test as a function of the number of tests
nisgiven by

_ log([a /(1 -B)] —(n)log(Ro /R1))
= log(Qo R1/Q1 Ro) (10-18)
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The above equation can be rearranged to conform to the IEC 605-5 [B3] asfollows:

= (n)log(Ro /R1) —log[(1—B)/a]

log(Q1 Ro/Qo R1) (10-19)
r=sn+hl (10-20)
where
- log(Ro /R1) _
" log(Q1 Ro/Qo RI) (10-21)
log[(1—P) /a] 022

" log(Q1 Ro/Qo R1)

With reference to Equation (10-19), if r is equal to or less than the calculated value, the val-
ues of r will satisfy the constraints on the testing plan imposed by Equation (10-7) resulting
in the conclusion that the system is unacceptable and does not comply with its specifications.

Equation (10-20) isalinear equation in terms of nand r wherer isthe number of test failures
required to demonstrate that the system under test is unacceptable. The region of rejection
lies above the line described by Equation (10-20) and isillustrated in Figure 10-4.

An examination of Figure 10-4 reveals, for example, that if after approximately 75 tests more
than three failures are observed, then the system does not comply with its specifications. If
the three failures occur before the 75th test, then the testing plan is halted and the system is
assumed to be unacceptable and does not comply with its specifications.

The acceptance and rejection lines shown in Figures 10-3 and 10-4, respectively, can be
merged into a single graph, as shown in Figure 10-5. The area between the acceptance and
rejection lines is a statistical transition area where it is necessary to continue testing until a
clear decision can be reached.

10.9 Case study

A manufacturer of emergency and standby systems and one of his key customers have agreed
to share their field data for this case study. Both parties insisted on remaining anonymous.
The manufacturer stated to the customer that his emergency and standby power system was
designed for an average success ratio Ro = 0.99 based on field records. Based on the cus-
tomer’s reliability cost/reliability worth studies, it was concluded that the emergency and
standby power system would be uneconomical and unacceptable if the system’s success ratio
was lessthan 0.97 (i.e., R1).

Further economica studies and discussion between the manufacturer and the customer

resulted in an agreement to share the risks of the compliance test. The “risk level” was set at
10% (i.e., a = B = 0.10). An examination of Figure 10-5 reveals atotal of 108 testsin which
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no system failures occurred. this rate is required to demonstrate that the emergency and
standby power system complies with the sequential test specifications.

The customer specified that the manufacturer had to demonstrate the success ratio of his
emergency and standby system for three years (i.e., based on the sequential test specifications
agreed to by the manufacturer and the customer) after the installation of the system. The
nature of the installation required it to be tested weekly and detailed records of successful
tests and failures were maintained as shown in Table 10-1.

An examination of Table 10-1 reveals a total of three system failures were observed by the
47th test. When the (47,3) coordinate is plotted on Figure 10-5, the point lies in the rejection
zone, i.e., the system does not meet specifications.

A thorough investigation of the emergency and standby power system by the manufacturer
and the customer revealed a mgjor installation error, which was subsequently corrected. The
sequential testing plan was then initiated. After 163 tests, only one failure was observed.
When the (163,1) coordinate is plotted on the (n,r) Cartesian coordinate system shown in
Figure 10-5, the point liesin the acceptance zone, i.e., the emergency and standby power sys-
tem is acceptable and complies with the manufacturer/customer sequential test specifications.
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10.10 Discussion of sequential tests

Initially, viewers of Figure 10-5 may conclude that many tests are required to statistically
demonstrate that a system’s performance complies with its specifications. For this case study,
their conclusion would be correct. However, it is important to understand that the number of
tests required to demonstrate that a system does or does not comply with specifications is
entirely dependent upon the “sequential test specifications’ agreed to by manufacturers and
their customers.

To illustrate the significance of these test specifications, the manufacturer’s and customer’srisk
levels will be fixed at two distinct levels, the manufacturer’s acceptable success ratio (Ro) will
be fixed at 0.99 and the customer’s undesirable success ratio (R1) will be alowed to vary.
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Table 10-1—Sequential compliance test results

Test number Test result(s) Comments
1-15 Successful —
16 First failure Failed to pick up load
17-25 Successful —
26 Second failure DC power supply failure
27-46 Successful —
47 Third failure Failed to pick up load
Testing halted System fails compliance test

Manufacturer and customer detect amajor installation error and correct it.

Testing procedure initiated.

1-123 Successful —
124 First failure Hardware failure
124-163 Successful —

Modified system complies with test specifications and is acceptable.

Under these constraints, the number of successful tests in a row that are required to demon-
strate system compliance is calculated (Equation 10-12) and the results are shown in Table
10-2.

A term used in |EC 60505 [B3] to differentiate between the manufacturer’s desired success
ratio (Ro) and the customer’s undesirable success ratio (R1) is called a discrimination ratio
(DR), which is defined as follows:

(10-23)

It is clear from the results shown in Table 10-2 that as the discrimination ratio increases, the
number of tests required to demonstrate a system’s compliance to the sequential test specifi-
cations significantly decreases for fixed manufacturer/customer risk level.

10.11 Conclusion

This chapter has presented the development of a generalized sequential test plan for demon-
strating whether a power system and/or its parts comply with the specifications dictated by
the customer and manufacturer. The number of observed system failures vs. the number of
tests required for compliance evaluation is shown graphically.
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Table 10-2—Number of tests in which no observed failures occurred
that are required to demonstrate system compliance

Manufacturer’s desired successratio Ro = 0.99

Number of sequential tests
(Compliance with no failures)
Customer(%():c&ssratlo DISCI’ImEB?:\t)I)OH ratio a=B=0.10 a=B=005

0.98 2 217 290
0.97 3 108 145
0.95 5 54 72
0.90 10 24 31
0.85 15 15 20
0.80 20 11 14

Acceptance and rejection line are placed on the Cartesian coordinate system to define three
distinct zones—reject, continue testing, and acceptance. These regions are defined com-
pletely by four parameters (i.e., Ro, R1, a, and ) necessary to define the sequential test
parameters.

When the difference between the customer’s undesirable system success ratio (R1) and the
manufacturer’s desired system successratio (Ro) is small, alarge number of tests are required
to statistically demonstrate that a system complies with these specifications. The large num-
ber of tests can be obtained by examining an existing emergency and standby system’s testing
data to validate its performance in conjunction with its specifications. For new systems, the
testing procedure can be either done at the factory or after it has been installed; however, no
conclusion as to the new system’s adequacy can be stated until a significant number of
successful test results has been obtained (e.g., see Table 10-2).

The acceptance and rejection line equations are expressed in ageneral form which allows the
risks to the manufacturer and the customer to be unique (i.e., a not equal to 3) as opposed to
IEC 605-5 [B3], which accommodates only equal risk cases and references unequal risks
Cases.
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Report on Reliability Survey of Industrial
Plants, Part I: Reliability of Electrical
Equipment

IEEE COMMITTEE REPORT

Abstract—An JEEE sponsored survey of electrical diabil
ity in industrial plants was completed during l911 ‘nle results are
reported from this survey which included a total of 1982 equipment
failures that were reported by 30 companies covering 68 plants in nine
industries in the United States and Canadla.

INTRODUCTION

KNOWLEDGE of the reliability of electrical ~quipment

is an important consideration in the design of power
distribution systems for industrial plants. It is possible to make
quantitative reliability comparisons between alternative designs
of new systems and then use this information in cost-reliabil-
ity tradeoff studies to determine which type of power distribu-
tion systems to use [1]-{10]. The cost of power outages at
the various plant locations can be factored into the decision as
to which type of power distribution system to use, These
decisions can then be based upon total owning cost over the
useful life of the equipment rather than first cost.

In 1969 a Reliability Working Group was formed under the
Industrial Plants Power Systems Subcommittee, Industrial and
Commercial Power Systems Committee. In 1972 the activity
was changed to a Reliability Subcommittee under the same
Committee. One of the major activities of the Reliability
Working Group and the Reliability Subcommittee has been to
conduct a survey of equipment reliability in industrial plants.
This survey was conducted during the latier half of 1971 and
the early part of 1972 and attempted to update a similar sur-
vey [11] which had been conducted eieven years ago. The
results from the present survey contain data on failure rate and
average downtime per failure for 74 equipment categories. The
Reliability Subcommittee also felt that additional information
was needed in the present survey beyond what was collected
twelve years ago. Some of the additional information is the
following:

1} cost of power outages of industrial plants;

2) plant restart time;

3) critical service loss duration time;

4) type of loads lost versus time of power outages;
5) repair or replacement time data;

Paper TOD-73-158, approved by the Industrial and Commercial Power
Systems Committee of the IEEE ludtmry Applications Society for
presentation st the 1973 Ind and Ci ! Power Systems
Technical Conference, Atlanta, Ga May 13-16. Manuscript released
for publication November 5, 1973.

Members of the Reliab;lity Subcommittee of the JEEE Industrial and
Commercial Power Systems Committee are W, H. Dickinson, Chalrman,
P. E. Gannon, M. D, Harris, C. R, Heising, D. W. McWilliams, R. W, Pari-
sian, A. D. Patton, and W. J. Pearce.
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6) repair urgency information;
7) causes and types of failures;
8) maintenance data and policies.

It is not practical to publish all the results contained in the
survey in a single paper. They will be presented in six sep-
arate parts. The first three parts are published at this time

Part 1: Reliability of Electrical Equipment,

Part 2: Cost of Power Qutages, Plant Restart Time, Critical
Service Loss Duration Time, and Type of Loads
Lost Versus Time of Power Outages [11};

Part 3: Causes and Types of Failures, Methods of Repair,
and Urgency of Repair [12].

A major part of the data in these three papers are presented
in summary form. It is expected that the additional three
papers will be presented at a later date and will contain further
in-depth information where questions have been rajsed 1o point
out the nead for such data,

SurvEY FORM

The survey form is shown in Appendix A. Three types of
cards were used for reporting the information,

Card type 1 asks for data on plant identification and other
general plant information.

Card type 2 asks for data on a specific equipment class, in-
cluding the total number of installed units, on their failure
sxperience, on maintenance practices, and on estimated repair
times of failed equipment.

Card type 3 asks for data on each individual failure reported
on a card type 2.

It was necessary to provide definitions for “failure” and
“repair time.”

A failure is defined as any trouble with a power system com-
ponent that causes any of the following to occur:

1) partial or complete plant shutdown, or below-standard
plant operation;

2) unacceptable performance of user’s equipment;

3) operation. of the electrical protective relaying or emer-
gency operation of the plant electrical system;

4) de-energization of any electric circuit or équipment.

A failure on a public utility supply system may cause the
user to have either 1) a power interruption or loss of service, or
2) a deviation from normal voltage or trequency of sufficient
magnitude or duration to disrupt plant production. A failure
on an in-plant component causes a forced outage of the compo-
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nent, and the component theteby is unable to perform its
intended function until it is repaired or replaced.

Repair time of a failed component or duration of a failure is
the clock hours from the time of the occurrence of the failure
to the time when the component is restored to service, either
by repair of the component or by substitution with a spare
component. It is not the time required to restore service to a
load by putting alternate circuits into operation. It includes
time for diagnosing the trouble, locating the failed component,
waiting for parts, repairing or replacing, testing, and restoring
the component to service.

RESPONSE TO SURVEY

A total of 30 companies responded to the survey question-
naire, reporting data on 68 plants from nine industries in the
United States and Canada as shown in Table I. There was a
total of 1982 equipment failures reported in the survey; this
included more than 620 00Q unit-years of experience. Many of
the plants reported data covering more than one year of
experience.

Most of the data were reported to the IEEE Reliability Sub-
committee during late 1971 and early 1972. Unfortunately,a
downturn in the business cycle during this period of time
caused many companies to reduce their work force and
because of this fewer were able to participate in the survey than
had been originally hoped.

SURVEY DATA PREPARATION

Al of the returned survey questionnaire forms wers reviewed.
An attempt was made to clarify any discrepancies that were
detected. Usable data were punched onto IBM cards for use in
data processing.

STATISTICAL ANALYSIS OF EQUIPMENT FAILURES

Two equipment parameéters are of prime importance in
making system reliability studies. These parameters are 1) fail-
ure rate and 2) average outage duration or repair time. The
best estimate for the failure rate of a particular type of equip-
ment is the number of failures actually observed, divided by
the total exposure time in unit-years, that is,

A=

TR

)
where

"\ best estimate of failure rate in failures per unit-year
A true failure rate

f number of failures observed

T total exposure time in unit-years.

Statements regarding the accuracy of failure rate estimates can
be made through the use of confidence limits [10}, [14}-[17].
Failure rate confidence limits are upper and lower values of
failure rate such that the following equations hold:

Pr [y 221 =122 @

Pr A2 Ay] - (3)

where

Ar.  lower confidence limit of failure rate
Ay upper confidence limit of failure rate
¥  confidence interval (or confidence level).
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A typical value often chosen for the confidence interval is
0.90. Once values for Ay and Ay are found, one can say that
X, whose best estimate is 3, lies between Ap and Ay with 100y
percent confidence. Clearly the narrower the interval between
Az and Ay, the greater one’s confidence that A is a good ssti-
mate of A, the true failure rate. Expressions for Ay and Ay are
given as follows [17}:

k XM -mizeo )
L 2T
XM E2 22
Ay =y ()

where x*p,n is the p percentage point of & chi-squared distribu-
tion with n degrees of freedom. x2p, n is tabled in statistical
handbooks.

By substituting the value of T from (1} into (4) and (5} we get

X-R2S
2f
v= L 7)2’,}2"2f+ 2(3\)-

The deviation of the lower confidence level from % in percent
of kis

AL ¢ ®)

Y )

%dev,, = 100 (1 - %) . (8)

Similarly, the deviation of the upper confidence level from %
in percent of % is

%devy = wo(%f’— 1) . ©

Equations (6)~(9) were used to develop Fig. 1. These curves
avoid the need of looking up x*p,n. Here A, and Ay are
plotted in terms of percent deviation from A as a function of
the observed number of failures.

The best estimate for the average outage duration or repair
time for a particular type of equipment is simply the average
of the observed outage durations. Confidence limit expressions
for average outage durations aré also available if the distribu-
tional nature of outage durations is known [17}. However,
such expressions are not given here primarily because the
average outage durations given in this paper are intended as a
rough guide only. Equipment outage durations are believed to
be more a function of the nature of a power system's operator
than an inherent function of the equipment itself. Hence,
average cutage durations for equipment used in reliability
studies should be values believed most reasonable for the
particular system being studied.

The data from the survey contained information on the
faiture and repair characteristics of 217 categories of equip-
ment. However, the number of observed failures for many
equipment categories was too small to allow adequately accu-
rate estimates of failure rates to be made. The Reliability Sub-
committee felt that a minimum of eight to ten observed failures
was required for “good™ accuracy when estimating equipment
failure rates (see Fig. 1). Therefore, whenever possible and
reasonable from an engineering point of view, equipment cate-
gories having less than ten observed failures were combined
with other categories so as to bring the number of observed
failures in the combined category up 1o a minimum of ten. In
some cases an squipment category with a large number of

Copyright © 1998 |EEE. All rights reserved.
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TABLE 1 - RESPONSE TOD SURVEY QUESTIONNAIRE
Number Number
of of
Type of Industry Companies Plants
A1l Industry - USA & Canada..... 30% ....h0n 68
Auto........ Gesesnaasnas 0 ...ivee 0
Cement....vvvuviunnvernoonansens 0 ..ione 0
Chemical....oceieirennerannnnens 8 ....... 24
3 2 K T 3
Mining.c..vovevnerennnes Ceirasas 0 ....... D
Petroleum............ 5 ... 8
Pulp and Paper............. 1 ceeens . 1
Rubber & Plastfcs.......... . . 3
Textile ........ Cetarrenana 1 civern. 3
Other Light Manufacturing....... 4 .. 17
Other Heavy Manufacturing....... T civenes 2
Other...... Ceasieneans veaeiea 9 el 10
Forefgn.......ovevee ceerrenerans T cieenss 1
*Some companies include more than one industry
Copyright © 1998 IEEE. All rights reserved. 203
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observed failures was further subdivided. In most cases the
equipment size attribute was ¢liminated by combining cate-
gories that were identical except for equipment size. These
steps reduced the original 217 equipment categories to the 74
categories published in this paper. A total of 66 cquipment
categories have eight or more observed failures each; the other
eight categories have between four and seven observed failures
each.

SURYEY RESULTS OF EQUIPMENT FAILURES

Table 2 gives a summary of the “All Industry™ equipment
failure rate and equipment outage duration data for the 66
equipment categories that contain eight or more failures. The
“actual hours downtime per failure” is based upon the actual
outage data of the failed equipment; the “industry average™
uses all equipment fajlures, and the “median plant average™
uses all plants that reported actual outage time data on equip-
ment failures.

The 1962 survey [11} contained equipment outage duration
data on failures that have been challenged for two reasons,

1) Repairing a failed component may take much longer than
replacing with a spare (for example, a large power transformer).

2) The urgency for repair is a significant factor in the outage
time (low priority repairs may take days or weeks).

In order to help correct these deficiencies, two additional
columns on “repair” and “replace with spare” were included
in the survey and contain average estimated clock hours to fix
failure during a 24-hour work day. These estimates are averaged
over all the plants participating in the survey, even where there
were no actual failures. These results are reported in Table 2
and are not included in the more detailed Tables 3-19.

Tables 3-19 give more detailed data on equipment failure
rate and actual hours of equipment downtime per failure for
74 equipment categories; this includes the 66 equipment cate-
gories in Table 2 plus the eight equipment categories containing
from four 1o seven failures. The additional detail includes

1) sample size in unit years;

2) number of failures;

3) number of plants reporting data;

4) additional data on actual hours of downtime per failure;

5) data for various industry groups where there were ten or
more failures in that industry.

The data on average estimated clock hours to fix failure
during 24-hour work day have been omitted from Tables 3-19.

The reliability dats in Tables 14, 16, and 18 on cables, joints,
and terminations represent a different look at the same data
that are contained in Tables 13, 15, and 17. One set of tables
looks at the type of insulation and the other set of tables looks
at the application of the cable.

GENERAL COMMENTS AND DISCUSSION
A survey that collects data from many plants often contains
errors.  Some of the errors are due to a misinterpretation of
the question by the respondent, and in other cases they can be
caused by omission.
Many of the respondents apparently misinterpreted the
question on “number of installed units” for double- or triple-
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circuit electric utility power supplies. In addition, there was
some ¢onfusion on the outage time after a failure of a single
circuit of a double- or triplecircuit utility power supply. See
the separate discussion elsewhere in this paper on these points.
These are the only known major problems of misinterpretation
of survey questions.

It is suspected that the failure rate estimates may be biased
on the high side due to the tendency of companies to report
only on equipment that has actually experienced failures. In
other words, some companies may have omitted submitting
unit-years of experience data on equipment that had no
failures. This factor may be partially balanced cut by the be-
lief that the companies that participated in the survey may be
the ones that have the best maintenance programs and keep the
best records and thus may have lower failure rates than the
average.

It is expected that a future paper will contain a comparison
of the equipment reliability from this survey with the results
from the previous survey [11] that was published in 1962. A
preliminary comparison has been made and shows the following
overall conclusion for 1973 versus 1962,

1} The 1973 equipment failure rates are about 0.6 times the
1962 failure rates.

2) The 1973 average downtime per failure is about 1.6 times
the 1962 average downtime per failure,

3) The product of faiture rate times average downtime per
failure is almost the same in 1973 as 1962.

Both of these parameters are within a factor of two; and this
is often the best accuracy that can be expected from reliability
data.

How accurate are the failure rates shown in Tables 2-197
Fig. 1 shows the upper and lower confidence limits of the
failure rate versus the number of failures observed, It can be
seen that ten failures has upper and lower confidence limits of
+70 percent and -46 percent for a 90 percent confidence
interval. It is possible to determine the upper and lower confi-
dence limits for the failure rate data shown in Tables 3-19.

ExAMPLE OF CONFIDENCE LIMIT CALCULATION

The use of Fig. 1 to determine confidence limits will be
illustrated with an example. Suppose that it is desired to
computé confidence limits on the failure rate of liquid-filled
transformers with voltage above 15 kV in the chemical in-
dustry. The desired confidence interval is 90 percent. From
Table 4,3\ = (0.0119 failures per unit-year, and the number of
observed failures is 19. Entering Fig. 1 with 19 observed fail-
ures and using the 90 percent configence interval curves yields

A, =% - 034%

=0.0119 - 0,0041 = 0.0078 failures per unit-year
Ay =h+ 0468

=0.0119 + 0.0055 = 0.0174 failures per unit-year.

There is a 90 percent chance that the true failure rate lies
between 0.0078 and 0.0174 failures per unit-year.

Copyright © 1988 IEEE. All rights reserved.
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TABLE 2 - SUMMARY OF “ALL INDUSTRY" EQUIPMENT FAILURE RATE AND EQUIPMENT OUTAGE DURATION DATA
FOR 66 EQUIPMENT CATEGORIES CONTAINING 8 OR MORE FAILURES

V XION3ddv

Average Estimated
Actual Hours Clock Hours to Fix
Fafilure Downtime Failure During 24
Rate- per Failure Hour Work Day
Failures Median fepair Replace
Equipment per Industry Plant Failed with
Equipment Sub Class Unit-Year | Average Average | Component  Spare
Electric Utility Power Supplies.. All....... ebeenseriaaercaranan vesess. 0.643 1.33 1.04 - -
" " " " Single Circuft,.....ccvcveevananann . 0.537 5.66 5,10 - -
" * " " Double or Triple Circuit-ATl........ 0.622 0.85 1,17 - -
" " " " Automatically Switched Over....... 0.735 0.59 0.93 - -
* “ " " Manual Switchover....... vesssernns 0.458 1.87 2.00 - -
“ - " " ... Loss of A1l Circuits at One Time.. 0.119 2.00 1.58 - -
TransfOrmErS. ..o verienrnacanonsns Liquid Filled-Al1Y,.......0e0cnvenaanns 0.0041% 529, 219. 378. 73.4
" T - 15,000 Voits - A1} Sizes...... 0.0030 174. 49, 382, 74.3
" 00-750 KVA. . .oueniiiiinasnrnavanse 0.0037 61.0 10.7 49.0 .7
" 751-2,499 kVA........ vanaan 0.0025 217. 64, 297. 9.7
" 2,500 kKVA & Up....cviiiinniennnans 0.0032 216. 60.0 618. 150,
" Above 15,000 VoltS....oucvuinrnsnens 0.0130 1076, 1260. 367. 71.5
" Dry Type; 0 - 15,000 Volts............ 0.0036 153. 28. 67. 39.9
Rectifier; Above 60Q Volts........... . 0.0298 380. 80. 00 20.0
Fixed Type {‘ncl. molded case) - All.. 0.0052 5.8 4.0 3.7 4,5
0 - 600 Vo.ts - A1l Sizes........... 0.0044 4.7 4.0 6.0 2.0
0-600 amps....vvvvvvenanas veeses 0,0035 2.2 1.0 4.0 2.0
Above 600 amps...... rersaneesens 0.0096 9.6 8.0 8.0 2.0
Above 600 Yolts,................ vees 0,0176 10.6 8 44.5 12.0
Metalclad Drawout - All............... 0.0030 129. 1.6 54.2 319
0 - 600 Volts - All sfzes........... 0.0027 147. 4.0 47.2 2,9
0-600 amps..........c0nvvnen0... 0.0023 3.2 1.0 75.6 1.2
Above 600 amps.......ccocvvnnranns 0.0030 232, 5.0 29.4 4.0
Above 600 Volts............ovvuvnnns 0.003% 109. 168. 62.4 5.2
Contact Type; 0 - 600 Volts........... 0.0139 65.1 24.5 8.0 4.6
Contact Type; 601 - 15,000 Volts...... 0.0153 284, 16.0 23.6 13.8
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TABLE 2 (Continued)

Actual Hours

Average Estimated
Clock Hours to Fix

Failure Downtime Failure During 24
Rate - per Failure Hour Work Day
Failures Median Repair Replace
Equipment per Industry Plant Failed  with
Equipment Sub Class Unit-Year [Average Average | Component Spare
Motors..covavanan. verreraseaians Induction; 0 - 600 Voits.............. 0.0109 114. 18.3 50.2 13.0
" Induction; 601 - 15,000 Volts...,..... 0.0404 76.0 91.5 .4 19.7
" Synchronous; 0 - 600 Yolts,........... 0.0007 35,3 35.3 32.0 10.0
" Synchronous; 601 - 15,000 Yolts...... . 0.0318 175. 153, 146. 18.7
" Pesheaeetsrrannnas Direct Current - All....vvieerninnnn, 0.0556 37.5 16.2 63.0 5.3
Generators........... Steam Turbine Driven..... veerras eaeas 0.032 165, 66.5 234, 201,
" feeeasbeaneneararrnana Gas Turbine driven..............ovua 0.638 23.1 92.0 190, 400.
Oisconnect Switches............. fnclosed..... veraeaan eireceveriiabas 0.0061 3.6 2.8 50.1 13.7
Switchgear Bus - Indoor & Outdoor Insulated; 601 - 15,000 Volts........ . 0.00170 261, 26.8 41.0 66.0
{Unit = Number of Connected Bare; 0 - 600 VOItS, .uuveerrnvenananns 0.00034 550. 24.0 41.5 24.5
Circuit breakers or Instrument Bare; Above 600 Volts...... Cermraaaas 0.00063 17.3 13.0 20.6 7.3
Transformer Compartments)
Bus duct - Indoor & Outdoor...... A1l Voltages....ccvneieurnanes P 0.000125| 128. 9.5 12.9 6.0
(Unit = One Circuit Foot)
Open Wire.......... ereress eeees B - 15,000 VOUtS. ..o ivvivensnannns ... 0.0189 42.5 4.0 4.6 8.0
(Unit = 1,000 Circuit Feet}... Above 15,000 Velts.................... 0.0075 17.5 12.0 8.0 -
Cable - A1l Types of Insulation. Above Ground & Aerial
{Unit = 1,000 Circuit Feet)... 0 - 600 Yolts........00vununn vieenass 0,00141 457. 10.5 20.8 39.7
" . 601 - 15,000 volts - All............ 0.0141¢ 40.4 6.9 26.8 60.4
" " In Trays Above Ground........... 0.00923 8.9 8.0 49.4 119,
" " In Conduit Above Ground....... .. 0.04918 140, 47.5 - 19.8
" " Aerial Cable...... crrsenaans eeee 0.01437 3.6 5.3 10.6 28.0
" # Below Ground & Divect Burial
" " 0-600Yoits.......oovnnnen veeeean. 0.00388 15.¢ 24.0 - 26.8
" " 601 - 15,000 Volts - Alt............ 0.00617 95.5 35.0 20.4 26.8
" " In Duct or Conduit Below Ground... 0.00613 96.8  35.0 20.9 26.8
o Ceeereasserareeasas Above 15,000 Volts...... Certisneans 0.00336 16.0 16.0 16.0 -
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TABLE 2 (Continued)

Actual Hours

Average Estimated
Clock Hours to Fix

Failure Down time Failure During 24
Rate - per Failure Hour Work Day
Failures Median Repair Replace
Equipment per Industry Plant Fatled with
Equipment Sub Class Unit-Year | Average Average| Component Spare
Cable................ Crreanesens 601 - 15,000 Yolts
{unit = 1,000 Circuit Feet)... Thermoplastic.....ccovcvvucnnn. . 0.00387 44.5 10.0 22.5 29.3
) Thermosetting.............. erevss 0.00889 | 168. 26.0 27.2 55.2
" Paper Insulated Lead Covered..... 0.00912 48.9  26.8 17.3 18.3
R S N veve Other.............. fareernaeeaans 0.01832 16.1 28,5 23.2 44.8
Cable Joints -All Types of Insul. 601 - 15,000 Volts
" Bt rerereieanenaen. ‘In Duct or Conduit Below Ground.. 0.000864 36.1 3.2 4.7 5.5
Cable Joints.. e 601 - 15,000 Voits
" " Thermoplastic........... vesrareas 0.000754 | 15.8 8.0 12.6 22.0
" N Paper Insulated Lead Covered..... 0.001037 | 31.4 28,0 2.0 -
Cable Terminations - A1l Types
. of Insutation....... Above Ground & Aerial
Lo 0 - 600 VOItS...ooirueeeirnnnsnnn 0.000127 | 3.8 4.0 8.0 8.0
: " b " 601 - 15,000 Volts - AlY......... 0.000879 ; 198, 1.1 34.6 40.6
- o w Aerial Cable..... c.ooueunnnns 0.001848) 48.5 11.3 153 18.0
) *oow in Trays Above Ground......... 0.000333[ 8.0 9.0 48.8 58.3
. oo In Duct or Conduit Below Ground
........ raveaees 601 - 15,000 Yolts............... 0.000303| 25.0 23.4 28.8 0.0
Cable Terminations............. 601 - 15,000 Volts
Thermoplastic....ouvernnennnen. 0.004192 10.6 11.5 12.0 12.0
" " Thermosetting........vevvvevee.  0.000307 451, 1.3 30.2 42.8
" B ieiiieesaes Paper Insulated Lead Covered... 0.00078] 68.8 29.2 1.0 30.0
Miscellaneous.....ocovvvnenaens Inverters.......covievvvsseansass  1.254 107. 185. 5.0 8.0
" TN Rectifiers.......cccveveerennnnnn 0.038 39.0 52.2 41.5 12.0
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TABLE 3 - ELECTRIC UTILITY POWER SUPPLIES

urber Failure Actual Hours Downtime/Failure
f Plants Sample Number Rate - Mini- Maxi-
in Size of Fatlures mum Median  mum
ample Unit - Faflures Equipment per Industry Plant Plant Piant
Size Years Reported Industry Sub Class Unit-Year Average Average Awverage Average
x 314.4 {172 Y | P M. feaeann cereneeas 0,643 1.33 * 1.04 240
7 70.8 38 N ieran Sing]e Circuit. .ovonnnonns veeeana. 0,837 5.66 0.25 5.10 10.3
23 210.7 131 e ebirbatanaan. Dowble or Triple Circuit - A11..., 0.622 6.85 * .17 24.0
17 140.2 103 TR Automativally Switched Over..... 0.735 0.5% * 0.93 6.00
6 54.6 25 B eretieiaaes Manual Switchover............... 0.458 1.87 1.8 2.00 24.0
23 210.7 25 L eiiieaans ven Loss of A1l Circuits At One Time 0.119 2.00 * 1.58 6.00
7 64.8 20 Chemical..... L) 1 P Ceeraneane. 0.309 1,42 * 1,58 6.00
7 64.8 20 L, Double or Trxp'le Circuit - AH.... 0.309 1.42 * 1.58 6.00
6 60.1 20 e ‘e Automatically Switched Over.,... 0.333 1.42 * 1.58 6.00
3 46.5 10 Petroleum........ 1 I e 02215 6.0 0.33 4,95 9.57
2 18.5 49  Textile...... P 1 1 2.649 0.28 0.014 2.17 4.3
2 18.5 49 Y i Double or Triple Circuft - All..,. 2.649 0.28 (.04 2.17 4.313
1 3.4 % Y eieia Automatically Switched Over...., 13.46 0.014 0.074 0.014 ¢.014
5 67.3 27 Other Light Hanuf L .. D.402 1.34 hked 0.58 24.0
4 51.3 22 Doubie or Triple Circuit - All.... 0.429 1.51 il 0.79 24.0
k 27.3 15 " " “ Automatically Switched Over..... 0.549 0.51 fald 0.04 1.46

*
*k

19 cycles
2 seconds
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TABLE 4 - TRANSFORMERS

Actual Hours Downtime/FalTure

Number Failure Maxf-
of Plants Sample Number Rate - Mini- Median mum
in Size of Faitures mum
Sample Unit- Failures per Industry Plant Plant Plant
S{ze Years Reported Industry Unit-Year Average Average Average Average
Kk} 15,210 63 A......... eee.  Liquid Filled - AY1... 0.0041 529. 2.0 219, 3744,
30 13,210 39 B ireesnaas 601-15,000 volts - A1l Sizes.... 0.0030 174, 2.0 49, 840,
12 3,002 11 e eereeranas 300-750 kVA........ P 1 1 X 7 61.0 4.5 10.7 336.
18 6,040 15 T LT T 751 - 2,499 kYA, ...vvneninnnn 0.0025 217. 2.0 64.0 840,
n 4,036 13 T ETI TR 2,500 kYA & up...viiieiannn oo 0.0032 216, 24.0 60.0 403,
12 1,848 24 T Above 15,000 volts............. . 0.010 1076. 12.8 1260. 3744,
16 4,937 18 Y oesiiiisesen.. Dry Type; 0-15,000 volts.......... 0.0036 153, 0.5 28, 720.
3 672 20 . Rectifier, Above 600 volts........ 0.0298 380. 24.0 B80. 867,
14 8,598 43 Chemfcal........ Liquid Filled - At1............... 0.0050 338. 8.0 168. 1800.
12 6,838 24 " 601-15,000 volts - A1l Sizes.... 0.0035 52.3 8.0 48.5 33%.
7 3,274 10 " 300-750 kVA......... peanaraaes 0.0031 19.3 3.0 8.0 120.
9 1,601 19 Y e Above 15,000 volts.............. 0.0119 670. 12.8 708. 3600.
2 662 16 Y e Rectifier; Above 600 volts........ 0.0242 425, 80.0 474, 867,
3 2,512 14 Petrolewn....... Liguid Filled - AT)........ fraeens 0.0056 B43. 4.5 591, 1178,
3 2,334 10 " . 601-15,000 volts - A1l Sizes.... 0.0043 244, 4,5 204, 403,
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TABLE 5 ~ CIRCUIT BREAKERS

Luﬂnr Faillure Actual Hours Downtime/Failure
of Plants Sample Number Rate - Mini- Maxi-
in Size of Failures mum Medtan oun
Sample Unit- Fallures per Industry Plant Plant Plant
Size Years Reported Industry Unit-Year Average Average Average Average
16 9,501 49 1.1 | Fixed Type(includes molded case) - all  0.0052 5.8 0.5 4.0 72.0
12 8,990 40 M ieivarens 0 - 600 volts - A1l Sizes........... 0.0044 4.7 0.5 1.0 11.0
9 7,643 7 0-600 amps......oconucumennanrnnen 0.0035 2.2 0.5 1.0 9.0
4 1,347 13 Y et iraeanas Above 600 amps.........ccevveinnan 0.0096 9.6 5.0 3.0 11.0
5 510 9 PP Above 600 volts.......covviininnnans 0.0176 10.6 1.5 1.8 72.0
28 40,770 124 Y eeernnress.  Metalclad, Drawout - AlY.............. 0.0030 129, 0.3 7.6 890,
18 24,490 66 e iieiraaees 0-600 volts - A1l Sizes............. 0.0027 147. 0.2 4.0 894,
11 11,270 26 P, 0-600 amps...... eervarravassiranas  0.0023 3.2 0.2 1.0 4.0
13 13,220 40 b erraranens Above 600 amps........ccvuvenns .. 0,0030 232. 0.2 5.0 894,
22 16,280 58 N iveeraaas Above 600 vOlIts.......ccvvivicnennnn 0.0036 169. 1.1 168. 8a3.
5 1,961 20 Chemical....... Fixed Type{includes molded case) - A1l 0.0102 8.1 4.3 9.0 1.0
3 1,520 15 Y e 0-600 volts - All Sizes............. 0.0099 9.5 5.0 9.0 1.0
2 937 13 T Above 600 amps........ tevesareaess  0,0139 9.6 5.0 8.0 1.0
7 10,850 i3 Y Metalclad, Drawout - All.............. 0.0030 83.7 5.8 97.7 576.
7 4,808 k1| " Above 600 vOItS.......ocvvvriinnanans 0.0064 89.3 6.3 97.7 576.
3 1,885 18 Petrolew....... Fixed Type(inciudes molded case} - Ail 0.0095 5.8 1.0 4.0 72.0
2 1,817 17 : ------ .+ 0-600 volts - A1l Sizes............. 0.0094 1.9 1.0 2.5 4.0
2 1,817 17 0-500 aMPS....vvrnrenecnarnsnsnes . 0.0094 1.9 1.0 2.5 4.0
3 10,430 78 Tex't'ﬂe......... Metalclad, Drawout - All.............. 0.0027 288, 0.3 4.0 890.
3 9,655 25 W s 0-600 volts - A1) Sfzes............. 0.0026 218. 0.3 4.0 894,
2 4,943 L N 0-600 amps.........0vuns creseieess 0.0038 3.8 0.3 2.2 4,0
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TABLE 6 - MOTOR STARTERS

¥ XION3ddY

Number Fatlure Actual Hours Downtime/Failure
of Flants Sample Number Rate - Mini maxi-
in Size of Failures mum  Median  mum
Sample Unit- Fallures Equipment per Industry Plant Plant Plant
Size Years  Reported Industry Sub Class Unit-Year Average Average Average Average

L1 & I Contact Type
9 4,522 63 TP T 0-600 volts. ... ovinneenrnnrennnanns 0.0139 65.1 1.0 24.5 75.5
15 6,518 100 NI 601-15,000 volts............. vaveas.  0.0153 284, 3.0 16.0 1440.
3 854 5 R Circuit Breaker........ Ceerereaneranes 0.0059 2.8 2.8 2.8 2.8
7 5,340 14 Chemical...... Contact Type; 601-15,000 volts,....... 0.0026 298, 4.5 16.0 1323,
] 207 51 Metal......... Contact Type: 0-600 volts.,........... 0.2470 75.5 75.5 75.5 75.5
2 626 81 Petroleum..... Contact Type; 601-15,000 volts........ 0.1294 1440, 1440, 1440, 1440,
TABLE 7 - MOTORS
Number Failure Actual Hours Downtime/Fatlure
of Plants Sample Number Rate - Mini- Maxi-
in Size of Failures mua Median mum
Sample Unit- Failures Equipment per Industry Plant Plant Plant
Size YEars Reported Industry Sub Class Unit-Year Average Average Average Average
. Induction
17 19,610 213 0-600 volts..... Parseraeearaasens 0.0109 14, .5 18.3 32.
17 4,229 17 ... 601-15,000 volts.......... 0.0404 76.0 3.3 91.5 191.
. Synchronous
2 13,790 10 0-600 volts,........cco0vvunnenn . 0.0007 35.3 35.3 35.3 5.3
1 4,276 1% 601-15,000 volts.......... 0.0318 175. 8.0 153 360.
6 558 kil Direct Current............ Chrteaenn 0.0556 az.s 4.0 16.2 1%,
Induction
6 9,638 50 " 0-600 volts............. 0.0052 22.5 [ 10.3 45.7
8 2,819 122 “ rrrssana . 601-15,000 volts........ 0.0433 56.3 3.3 38. 191,
M e Synchronous
1 13,750 10 Y eiiisens . 0-600 volts.......o.uuu. 0.0007 35.3 5.3 35.3 35.3
4 1,201 52 » teraesases 601-15,000 volts........ 0.0433 129. 25.8 113. 218.
Petroieum......... Induction
3 6,467 146 " Crresaees 0-600 volts.....c0oveunns 0.0226 158, 120. 139, 159,
2 1,015 34 T T TP 601-15,000 volts........ 0.033% 139. 9. 119. 147.
" vesesese.  Synchronous
2 2,826 78 . 601-15,000 volts........ 0.0276 207. 167. 210. 254,
Rubber & Plastics. Induction
3 161 12 " * 601-15,000 voits..... 0.0748 144, 132 150, 168.
1 161 17 Textile........... Direct Current............ 0.1056 9.4 9.4 9.4 9.4
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TABLE 8 - GENERATORS

Nuwber Fatlure Actual Hours Downtime/Failure
of Plants Sample Number Rate - Mini- Maxi-
in Slze of Fallures num Median o
Sample Unft- Failures Equipment per Industry Plant Plant Plant
Size Years Reported Industry Sub Class Unit-Year Average Average Average Average
8 761.8 2 [ 1 1 Steam Turbine Driven...... 0.032 165. 1.5 66,5 1080,
4 89.4 57 e errseananes . Gas Turbine Driven........ 0.638 23.1 5.0 92.0 720,
4 59.4 4 Yt iiisrenaaes Driven by Motor, Diesel, 0.067 127. 121, 133. 144,
or Gas Engine...... eeeaes
1 5.5 54 Petrolewm....... 6as Turbine Driven............. 9.818 5.0 5.0 5.0 5.0
TABLE 9 ~ DISCOMMNECT SWITCHES
Nusber Failure Actual Hours Downtime/Failure
of Plants Sasple Nusber fate - Mini- Maxi~
in Size of Failures - Median mm
Sample Unft- Faflures Equipment per Industry Plant  Plant Plant
Size Years Reported Industry Sub Class Unit-Year Average Average Averzge Awerage
8 2,065 & Mloiiiviiiananese Opan....oouoa.o... eressase  0.0029 183. 3.0 6.0 1080.
16 15,490 94 S 1[4 [ 17 MR + X | 1. 1 | 1.6 0.2 2.8 9.3
4 2,206 22 Chemical.......... Enclosed...........c.v... 0,000 6.0 2.0 5.1 6.5
1 4,293 61 Metad.............  Enclosed.............. e 0.0142 2.8 2.8 2.8 2.8
TABLE 10 - SWITCHGEAR BYS: INDOOR & OUTDOOR
{Unit = Number of Connected Circuit Breakers or Instrument Transformer Compartments)
Number Fallure Actual Hours Downtime/Fallure
of Plants Sample Number Rate - Mini- Maxt-
in Size of Failures m Median mum
Sample Unit- Failures Equipment per Industry Plant  Plant Plant
S1ze Years Raported Industry Sub Class Unit-Year Average Average Average Average
12 11,740 20 A!l. ............ lllnsu'!ated; 601-15,000 volts.... 0.00170 261. 5.0 26.8  1613.
severarsrnnnns are .
12 2,280 n Y ieissereaes 0-600 volts......coouvvnne 0.00034  550. 2.0 24,0 2520,
5 20,560 13 ® vearrarianas Above 600 volts........... 0.00063 17.3 6.9 13.0 48.
5 4,003 15 cn:-mi ........ é:sulatod; 601-15,000 volts. 0.00375 340. 18.0 26.8 1613,
3 17,270 10 - Above 600 volts........... 0,00058 19.3 6.9 42.0 48,

LB6L-E6Y PIS
333l

¥ XIONIddY



*paruesel sybu [y ‘3331 8661 @ WbBuAdon

eIz

TABLE 11 - BUS DUCT: INDOOR & QUTDOOR
{Unit = 1 Circuit Foot}

Nusber Failure Actyal Hours Downtime/Failure

of Plants Sample Nusber Rate - Mint- Maxi-
in Size of Failures am Median ™um

Sample Unit- Failures Equipment per Industry Plant Plant Plant
Size Years  Reported Industry Sub Class Unit-Year Average Average Average Average
12 160,400 20 .3 ) [ Al Voltages......eovunnnnn £.000125 128, 0.5 9.5 2150.

TABLE 12 - OPEN WIRE
{Unft = 1,000 Circuit Feet)

Number Failure Actual Hours Downt{me/Failure
of Plants Sample Number Rate- Mini- Maxi-
in Size of Failures T Median  wum
Sample Unit- Fallures Equipment per Industry Plant Plant Plant
Size Years Reported Industry Sub Class Unit-Year Average Average Average Average
10 5,185 98 L) 1 0-15,000 volts.......... 0.0189 42.5 1.0 4.0 3600.
7 1,460 1 Y evssserserssseness Above 15,000 volts........ 0.0075 17.5 0.4 12.0 48,
3 292.6 10 Chemical............. 015,000 volts............ 0.0342 606. 4.0 7.5 3600,
1 2,121 75 Petrolewm............ 0-15,000 volts........... . 0.0358 4.1 4.1 4.1 4.1
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TABLE 13 - CABLE (ALL TYPES OF INSULATION)
(Unit = 1,000 Circuit Feet)

Number Fallure  Actual Hours Downtime/Failure
of Plants Sample Nuber Rate- Mfni- Maxi-
in Size of Fallures mm  MNedlan mum
Sample Unit- Faflures Equipment per Industry Plant PFlant Plant
Size Years Reported Industry SUb Class Unit-Year Average Average Average average
1.1 3 I, rraans Above Ground & Aerial
10 5,692 8 Y iereciceerenns 0-600 volts.....ovvnvnnnnnn. veee 0.0014) 457. 2.0 10.5 1802.
18 5,248 74 I T PP TP 601-15,000 volts - A1l........... 0.01410 0.4 0.2 6.9 .
7 1,517 14 i trererarrareans in Trays Above Ground.......... 0.00923 8.9 6.0 8.0 12.7
6 183 9 T TP . In Conduit Above Ground........ 0.04918 140. 4.0 47.5 .
n 3,548 51 Y risieaaes Aertal Cable......... vesenaeeas  0.01437 n.e 0.2 5.3 178.
M i rererariniaaa, Below Ground & Direct Burial
3 2,060 8 T 0-600 voltS......ocvcnvvurnnncnns 0.00388 15.0 8.0 24.0 48.0
26 19,120 118 N reeresrennanans 601-15,000 volts - All........... 0.00517 95.5 0.3 35.0 4320,
26 18,940 116 P, In Duct or Conduit Below Ground 0.00613 96.8 0.3 35.0 4320.
1 z2,975 10 Y e Above 15,000 volts..... vevsrsnasa  0,00336 16.0 16.0 16.0 16.0
Above Ground & Aerfal
7 1,961 M 601-15,000 volts - All......... . 0.02244 5.5 2.0 4.7 154,
3 1,137 n In Trays Above Ground,......... 0.00968 7.8 6.0 7.0 8.0
5 737 28 Aerial Cable......... veresreees  0.03800 87.1 2.0 4.7 178.
Below Ground b Direct _urial
10 11,420 N 601-15,000 volts - All........... 0.00613 53.0 2.6 25.0 514,
10 11,420 n In Duct or Conduit Below Groumd 0.00613 §3.0 2.6 25,0 514,
Petroleum.......... Above Ground 4 Aerial
2 2,838 15 " 601-15,000 volts - All..,........ 0.00529 21.0 L1 217 47.6
2 2,669 12 " detnsanneas Aerial Cable.........cvvnvennes 0.00450 231 1.7 538 100,
“ sersavssse Below Ground & Direct Burial
2 981 23 " 601-15,000 volts - AlN........... 0.02345 94.0 26.8 69.7 113.
2 §81 23 " tenenstaen In Duct or Conduit Below Gromd 0.02345 94.0 6.8 69.7 113.
1 2,975 10 " Above 15,000 volts...... vesrseses  0,00336 16.0 16.0 16.0 16.0
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TABLE 14 - CABLE (ALL APPLICATIONS)

{Unit = 1,000 Circuit Feet)

Number Fatlure Actual Hours Downtime/Faflure
of Plants Sample Number Rate- Mini- Maxi-
in Size of Failures mm Median mum
Sample Unit- Fallures Equipment per Industry Plant Plant Plant
Stze Years Reported Industry Sub Class Unit-Year Average Average Average Average

AT, veeeeerssnreas. ©01-15,000 volts
9 9,819 38 .. Thermoplastic.......cooouunnte. 0.00387 4.5 2.0 10.0 178.
15 5,960 53 v, Thermosetting......ocvvevennn. 0.00889 - 168. 0.2 26.0 4320.
10 7,126 65 B ievesairens Paper Insulated Lead Covered,. 0.00912 48.9 0.3 26.8 120.
8 1,419 26 M i ietsaeene Other....ccoeviencraineracenns 0.01832 16.1 0.7 28.5 168.
Chemical.......... ... 601-15,000 volts.
7 9,158 k ] o Thermoplastic................. 0.00393 45.4 2.0 9.8 178.
3 2,578 26 " thermosetting.......covveeeee.  0.01009 nz. . 17.3 20z, ag7.
4 937 26 “ crrieiennense Paper Insulated Lead Covered.. 0.02774 10.7 2.6 25.0 120.
3 697 16 “ enerenan er..... teeresreananna, veees  0,02297 18.3 8.0 9.0 168.
Petroleum...... veanes 801-15,000 volts
2 2,520 15 h Thermosetting. .coovvnuenn. vve.  D,D059S 2.0 7.7 27.7 7.6
2 1,299 23 " TP Paper Insulated Lead Covered.. 0.01770 94.0  26.8  69.7 113.
TABLE 15 - CABLE JOINTS {ALL TYPES OF INSULATION)

Number Failure Actual Hours Downtime/Failur
of Plants Sample Number Rate- mini- Maxi-
. in Size of Failures mm  Median wum
Sarple Unit- Failures ggf‘p:?ent Uﬁ:r . :ndustry Plant Plant Plant

Size Years__Reported Industry ass t-Year Average Average Average Average
) PR weree GOT-15,000 volts 1 e
5 7,401 & " freerranees Above ground & Aerfal.......... 0.000811 20.3 8.0 16.5 48.0
12 40,500 35 Y errissaes In Duct or Conduit Below Ground 0.000864 36.1 1.0 n.2 160,
Chemical........ ve.  601-15,000 volts
5 24,120 21 TP TP TP In Duct or Conduit Below Ground 0.000871 17.0 1.0 8.0 34.4
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TABLE 16 - CABLE JOINTS {(ALL APPLICATIONS)

Nusber Actual Hours Downtime/Failure
of Plants Sample  Humber "';11:'_‘ urs D yore_
Equipment Faflures mum  Median mum
Sample Unit-  Fatlures Indust Sgb gﬁss per Industry Plant Plant Plant
Size Years Reported néustry Unit-Year Average Average Average Average
LY A 60?-15.00(11 vo;lts 0.000754 5.8 14 8.0 %.0
5 27,850 21 S, The astic....ooiiiinnnnan, . . . . .
4 4,857 6 T . Themspetting ...... venreesaesse 0.001235 102, 1.0 60,0 160.
5 13,500 14 it . Paper Insulated Lead Covered... 0.001037 3.4 1.0 280 15.5
Chemical,........... 601-15,000 volts
4 22,900 20 Y i Thermoplastic........oovvvnvens 0.000873 14.8 3.4 8.0 3.4

TABLE 17 - CABLE TERMINATIONS {ALL TYPES OF INSULATION)

Number Failure Actual Hours Downtime/Failure
of Plants Sample Number Rate- Mini- Maxi-
in Size of Failures mum Median mum
Sample Unit- Failures Equipment per Industry Plant Plant Plant
Size Years Reported Industry Sub Class Unit-Year Average Average Average Average
Mo, Above Ground & Aerial
4 63,120 8 e etreiriiesaaas 0-600 volts...........c0uuven 0.000127 3.8 0.5 4.0 5.9
13 39,840 35 T T T T 601-15,000 volts - All..... .. 0.000879 198, 1.0 1.1 728.
4 24,010 8 ETIE I T E T In Trays Above Ground..... . 0.000333 8.0 1.0 9.0 1.0
3 3,920 5 it rrierineiren, In Conduft Above Ground.... 0.001276 1157, 24.0 732. 1440,
7 11,910 22 T T TR E T T Aerial Cable............... 0.001848 48.5 1.0 1.3 B4.4
TR In Duct or Conduit Below Ground
6 26,390 8 H i 601-15,000 volts............. 0.000303 25.0 16.0 23.4 3.5
chemical,......... . Above Ground & Aerial
7 25,790 21 t e iiieaes 601-15,000 volts - A1l....... 0.,000814 284. 1.0 1.2 728,
4 1,677 9 .. Aerial Cable........ sesares  0.005367 14.6 9.0 13.7 24.0
Petroleum.......... Above Ground & Aerial
2 10,150 12 " P, ) 601-15,000 volts - All....... 0.001182 79.3 24.0 54.2 84.4
1 10,120 n " Aerial cable............... 0.001087 84.4 84.4 84.4 84.4
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of Plants Sampls

Nt W

Nusber
of
Fajlures fquipment
Reported {ndustry Sub Class
.3 | PO 6031-15,000 votts
10 Y rerrcnrreeas Thermoplastic.............000
13 PTIITITETTT Thermosetting................
15 ERTTTTIT TR Paper Insulated Lead Covered.
TABLE 19 - MISCELLANEOUS
Number
of
Failures Equipment
Reported Industry Sub Class
& All........ Fuses........ Cerreereraananas
§ H e reeiannaas Protactive Relays............
14 NI Inverters............. SO
12 N e Rectifiers...............
14 Chemical....... Inverters.............c...
] Petroleum, ..... Rectifiers....... T

LT

YV XIQN3ddV

Actual Hours Downtime/Fatluyre
M

Industry Plant
Unit-Year Average Average Average Average

Actual Hours Downtiwe/Failure
M Haxi

Industry Plant
Unit-Year Average Average Average Average
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USER INSTRUCTIONS FOR IEEE SURVEY FORM ON
RELIABILITY OF ELECTRIC EQUIPMENT IN INDUSTRIAL PLANTS

(SPONSORED BY THE RELIABILITY WORKING GROUP,
INGUSTRIAL PLANTS POWER SYSTEMS SUBCOMMITTEE,
INDUSTRIAL AND COMMERCIAL POWER SYSTEMS COMMITTEE)

PURPOSE  This survay is intended to ¢collect data on failures that occur in in-plant electric
equipment and in public utility electric powar supplies that affect operations in industrial plants.
We hope that these data will determine not only sccurate failure rates and repair times on major
classes of equipment, but will also give an insight into the causes of these failures in such a way
that remedial recommendations may be formulated to reduce failures and to improve plant performance.

MAILING INSTRUCTIONS Mail all filled-cut forms to the following address,

IEEE-IGA Reliabllity Working Group

Care of Assistant Professor A D Patton, Dept of Electrical Engineering
Texas AuM University

College Station, Texas 77843

DATA PROCESSING These forms will be given a confidential company code, and will then be key

punched on cards for processing by & digital computer along with data collected from others. The
computer will prepare a suitable report on fallure ratas, durations, and causes of failurs,

ADDITIONAL INFORMATION The reverse side of the Survey Form asks for additional information, The
following information should be filled in on the reverss side of the first page of data for each
plant: company name, plant name, type and location, the name, address, and phoné number of the
individoal submitting the data and/or the individual to whom guestiona about the data may be
directed.

In addition, space iw provided for remarks or clarifying comments on the data being reported, These
comments should be filled in on all data sheets, if needed to clarify data.

DEFINITIONS

A component is & piece of squipment, a line or circuit, or a seaction of a line or circuit, or a
group of items which is viawed am an entity.

A aystam is a group of components connected or assoclated in a fixed configuration to perform a
specified function of generating, transmitting, or distributing powar,

A failure is defined as any trouble with a power system component that causes any of the following
to OOCUr.

{1) Partial or complate plant shutdown, or below-standard plant operation

(2} Unacceptable performance of user's equipment

(3) Operation of the elactrical protective reslaying or emergency oparation of the plant
slectrical system

(4) Desnergization of any electrlc¢ circult er equipment

A failure on a public utility supply system may cause the user to have either (1)} a power
interruption or loss of mervice, or (2) a deviation from normal voltage or tfrequancy of sufficient
magnitude or duration to disrupt plant production.

A failure on an in-plant component causes & forced outage of the component, and the component
thereby is unable to perform its intended function until it i{s repalired or replaced.

Repair time of & failed component or duration of a failure is the clock hours from the time of the
occurrencea of the failure to the time when the componant is restorad to service, either repalr
of the component or by substitution with a spare component. It is not the tima required to restore
service to & load by putting altarnate circuits into operation,

It includes tims for diagnosing the trouble, locating the failed component, walting for parts,
repairing or replacing, testing, and restoring the component to sarvice.

Revision 3-4-71
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2
USER INSTRUCTIONS FOR IEKE SURVEY FORM ON
RELIABILITY OF ELECTRIC EQUIPMENT IN INDUSTRIAL PLANTS
(SPONSORED BY THE RELIABILITY WORKING GROUP,
INDUSTRIAL PLANTS POWER SYSTEME SUBCOMMITTEE,
INDUSTRIAL AND COMMERCIAL POWBR BYSTEMS COMMITTEE)

GENERAL INSTRUCTIONS

THE SURVEY FORM The IEEE Survey Form 1° -1-70 is an input data form for a computer program. The
dats on thess forms will be key punched onto computsr cards and analyzed by the computer program.

CODED DATA  The Survey Porw asks for coded and uncodad data. It is necessary to rafar to the
instructions in filling in either. Tha following shows the c¢olumns on each card type that requires
Eilling in & code.

CARD_TYPE COLUMNS REQUINING CODES
1 1-10, 36
2 11-18, 32-36
3 25, 29, 30-53, 57, %8

It may happen that none of the codes shown fit the particular case being reported. For such cases,
the "other" cods should be used, by filling a *3" or a "99" in the space provided. "Othar" means
not otherwise classified, If this is done, explain on reverse silda of page, referring to card type
and column number,

EQUIPMENT CLASS A group of codes is used to spaclfy an squipment class. An equipment class
consists of a main code, two sub-~cias® codes, & voltage code and & size code. Thesa are explained
in the instructions., For the sxample shown on the fillid-out form, this code is as follows.

CLASS <oDE DESCRIPTION

Main 20 = transformer

Suk 1 4 = power

Sub 2 34 = liguid filled

Voltage 2 = 601-15,000 volts primary
Size 3 = 300-750 KVA

The above coded squipment class covers all liquid-filled power transformers, with a primary voltage
of 601=-15,000 volts and rated 300-750 kVA, Any transformer in the plant that doss not fit this
example is a different classification and requires a different coding. Thus, a 5000 kVA power
transformer, liquid filled, 13.8 kv primary voltage would be coded 20-4~-24-2-5,

CARD=TYPES The Survey Form asks for three types of information under the headings CARD-TYPE 1,
CARD-TYPE 2, and CARD-TYPE 1J.

In general, CARD-TYPE 1 asks for data on plant identification and other gensral plant information,

CARD-TYFE 2 asks for data on a specific squipmeant class, including the total number of installed
units, oh their failurs experience, on majintanance practices, and on estimated repair times of
failed sguipment. The total installed units and their failure exparience is the most essential
data asked for,

CARDS-TYPE 3 askd for data on each individual fajilure repcrted on & CARD-TYPE 2.

A typical plant might have as many as, say 30 different equipment clasaes. Theas 30 squipment
classes might have, for example 10 different failures, To report this information requires 30
pages of the Survey Form, one for sach different eguipment class., CARD-TYPE 1 ie filled in
completaly on tha first pags snd partly thereafter. CARD-TYPE 2 {s filled in on sach page.
CARDS-TYPE 3 are filled in 10 times, once for sach failure, if any.

CARD-TYPE | CARD-TYPE 1 is used to identify the reporting company and plant of that company and ko
give gensral information about that plant. The firet 10 columns on this card are to be repsated by
tha key puncher onto CARD-TYPE I and CARDS-TYPE 3 for identification purposes.

Only ona CARD=TYPE 1 is used by the computar program. However, wa ask that on sach page of the IEEE
Survey Form that tha first 7 columns be filled-in in case the filled-cut survey forme become
separated,

Fill in Itema l1-8 on reverse side of first page of data for each plant,

ALL CARD TYPES Fill in CARD-TYPE, column number, and remarks or commenta on raverss alde, if any,
on all data cards.

Copyright ® 1998 {EEE. All rights reserved. 219
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USER INSTRUCTIONS FOR IEBE SURVEY FORM ON
RELIABILITY OF ELECTRIC BQUIPMENT IN INDUSTRIAL PLANTS
(SPONSORED §Y THE RELIABILITY WORKING GROUP,
INDUSTRIAL PLANTS POWER SYSTEMS SUBCOMMITTEER,
INDUSTRIAL AND COMMERCYXAL FOWER SYSTEMS COMMITTEE

CAMD-TYPE 2  The sécond or CARD=TYPE 1 is used to report on each different squipment class in the
plant, A typical plant might have & one typs of utility supply, and several differant classes each
of transformers, circuit breakers, cables, etc, Thess different classes ars shown in Columns 11-13.
Thess Columng 11-18 are to be repeated by the key puncher on all CARDS-TYPE 3. Thare will be as
many CARDS-TYPE I as thare are different equipment classes,

Each CARD~TYPE 1 is used to report (1) the total number installed of otie equipient class and the
totsl number of fallures exparisnced (if any) of that squipment class.

In addition, each CARD=TYPE 2 is used to report on malntenance practices and estimated repair times.
Thess are your best estimate of repair times, These estimated times will be used if actual repair
times are not kpown, or Lif acgtual repair times are much different from the average for some special
reason vhich s unlikely to recus. We prefer to use actual data if availabla,

Thess data axe to be left blank for fajilures on the utility power supply, since this information
is not normally available.

CARD-TYPE 3 The third or CARD-TYPE ] is used to report on actual data for each failure reported
on a corresponding CARD-TYPE 2, Thum, associated with each CARD-TYPE 1 is a set of CARDS-TYPE 21,
The number of CARDB-TYPE 3 will be the same as the number of failures (column 31} reported on CARDS-
TYPE 2, for axampls, Lif a CARD-TYPE 2 has & 3 in Columpn 31, than 3 CARDS-TYPE 3 should be filled in.

Each CARD-TYFE } reporte specific information on one failure, such as failure duration, urgency of
reapair, causs of fallure, loads affected by the fallure, and effect of failure on plant opsrations.

RIGHT-ADJUSTMENT OF DATA In filling in data, numbers should be right-adjusted, that is, they must
end in the right~hand column of the assigned field, This means that if, for exampla, the survey form
provides ) ¢columns to insert data but a two-digit number is to be inserted in the space available,
thean the numbar should ha filled into the two right-hand columns.

SAMPLE FILLED=-OUT FORM Refer to the attached sample filled-out form. This gives an exanple of a
report on one class of tranaformers with twe failures,
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SAMPLE
Toate @ - — 7/ IEEE SURYEY FORM M.1.70 PAGES /5"  paceE &

RELIABILITY OF ELECTRIC EQUIPMENT [N INDUSTRIAL PLANTS

_ (REFER YO SURVEY FORM INSTRUCTIONS)
CARD - TYPE 1 (NOTE - * REFERS TO CODED DATA}

PLANT® PLANT
OPERATING ESTIMATED PLANT

PLANT MAX.
SCHEOULE OUTAGE COST, DEMAHD AT

PLANT
HR, ’ngv; DESIGH
PER ]| PER PER PER MR, CAPACITY, KW
pay| we,| rAlLURE DOWHTIME

CHITICAL
SEAvic
LOSS
DURATION
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PANY
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§2
3

ATMOSPHERE
PLANT RESTART
TIAE, HOURS

NO.,

3 [camp TYPE
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% |uNiTS

1 4

G 84 1112

H LE ) » b

he §
~

184 o0l 128000 | Fi40100| (A (/10

CARD - TYPE 2

v
EQUIFMENT CLASS* FERIOD COVERED TERANCE

ESTIMATED CLDCK
BY THIS REPORT DCK HOuRy

TO REFAIR A FAILURE

MO, OF
INSTALLED|
FROM T UNITS

REFAIR FAILED REFLACE
CONMFONENRT WITH SPARE

H R

2 LHR, | 26HR, "
YR (M0, 1 YR PER DAY | PER DAY IPER DAV/PER BGY

VOLTAGE .
NUMBER OF
FAILURES
AVERAGE AGE*
NORMAL
CYCLE, MO,

» [ ¥ [ouauiTy

sus 2
uzE
5

= Jaamm
sus t

2 [CAmD TYPE

€ | CARD NO,

-
-
=
-
-

n 123 ] » 3

2ol (S AHH2S (/661721710 11180

-
-
o
-

3 41 LH] 48

1liere| (ool jr4l K8
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CARDS - TYPE 3

< FAILURE LOADS LOST PLANT

OUTAGE

&
5

DURATION
"
0
i
F

DATE

MO, | YR

FOREWARNING®
REPAIR
METHOD®
REPAIR
URGENCY®
MO, SINCE LAST)
MAINTAINED®

¥ [oamacED
PART*
TvPE
BILITY
INITIATING
CAUSE*

E {conrmauTing
CAUSE*
CHARACTER:
ISTICS"
SOLENOID
OTHER
CARD TYPE

T | CARD NO.
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& | RESPONSL.

2 1 no.
(7]

19 21 1
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s
USER INSTRUCTIONS FOR CARD-TYPE 1
REPEN 10 SURYEY FORM INSTRUCTIONS)
CARD - TYPE T {NOTE - - REFERS Y0 CODED BATAY
PLANT* PLANT - | CRITICAL
PrRaTing  SQIBATES PLANT ey uns, |4 ] Shved
con. e ' camawe AT (% 2 d -
Soa. PLANT s ; DURATION H P
coox é =& *8 foars it » Bl s 3
2 (lA[E el ey | e | ST (§ g1 EEE HE
s [z B[ 8] war{ = 22§t |3 5_,3_
1 ‘s o e e [0 s » 7 L] » L]
N I|111||1111|1r11||| e
FoL
JoMN NAME CODE DESCRIPTION

1 Company Code Fill in on all pagas & threa-letter abbreviation of company name for
identification of dats.

[} Plant No Fill in on all pages a sequence humber starting with "1" for Plant 1,
“2* for Plant 2, etc. for identificaticn of data. A plant may consist
of one or more units at the same site.

[ Plant Type Fill in on all pages the plant type

1 Auto Industry
2 Cement Industry
k| Chemical Industry
4 Metal Industry
5 Mining Industry
[1 Patroleum Industry
? Pulp and Paper Industry
[ Rubber and Plastics Industry
g Textile Industry
10 Gcher Light Manufacturing
1l Other Heavy Manufacturing
9 Other
8 Plant Location Iy USA and Canada
2 Foreign
5 Plant Climate Avarage of daily maximums for hottest month:
(For entire Temparature Relative Humidity {RH} (measured at noonto 2 PH ST
plant site)
1 Hot {»90F) High 55 RH}
2 Hot (»90F) Moderate { 50-55 RY)
k] Hot {»40F}) Low (€50 RH)
4 Moderate (80-90F) High (»55 RH}
5 Moderate (B0-90F) Moderate { 50-55 RH}
6 MOdarate {80-3%0F) Low W50 RH)
7 Low (£80F) High (»55 RH)
8 Low {%BOF) Moderate (50-55 RH)
$ Low Me80F) Low €50 RH)
10 Flant Atmosphere 3 Clesn to slightly polluted air
(For entire 2 With salt spray and corrosive chemicals
plant site) 2 With salt spray and dust or sand
4 With salt spray only
5 With corrosive chemicals and dust or samd
L} wWith corrosive chemicals only
7 With dust or sand only
(] With cendyctive dust
;] Other
Plant Oparating
Scheduls
11 Hours per day Give hours per normal working day that plant cperates
13 Days per waek Give days psr normal working wesk that plant operates
Estimated Flant
Outage Coat, Dollars

15 FPer Failurs Extra axpense incurred bacsuse of a failure only (not including plant
downtime) , such as for damaged equipment, spoiled product, extra
maintenance, vr extra repair costs
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USER INSTRUCTIONS FOR CARD-TYPE 1
- {REFER TO SURVEY SORM INSTRUCTIONS
CARD - TYPE 1 (WOTH - * REPARS T0 CODED DATA
LANTY CRITICAL
”:‘i':"‘.:;‘ BITIMATRD PLANT PLANT AL i seavice
com. & sennovs GUTARE o, bauanp a1 |5 | 49U -
rany ol PLANTY =§ DURATION -
copE 5 > WA jpars DESION - - 4
E ;i frie] Ry u:::u ....."'?.'.‘.‘. caraciy. ww a" st |E HH
i il el Bt 2§23 53
4 e sfypeln i s » | | » .
Lol il 1||||11|11111111|1| !
COL
UMN HAME CODE DESCRIPTION
20 Par hour downtime Vvalus of loat production in dollars per hour of plant downtime only.
This is the estimated revenuss (sales price) of product not made, less
axpenses saved in labor, material, utilities, etc. If this varies
with the duration of the plant downtime, use an average value per hour,
25 Plant maximum demand Give the maximum slectric powsr dewmand when the plant ia operating at
at design capacity, its rated or design cepacity in kilowatta.
xw
31 Plant restart time, Give the time required to get the plant back into operation after
hours sexvice is restored following a failure that has caused a complete
plant shutdown, hours,
Critical service loss
duration
13 No of units Give the maximum time in units defined in Col J€ of loas of service
to the plant which will not cause a complets plant shutdown. Any
power interruption of longer durstion will cause a plant shutdown.
In other wozds, 9ive maximum length of power failure that will not
stop plant production. This time is typically in the range of
cycles to minutes,
36 Unita

Select code for sppropriate time unit that will give accurate rasults,
Days
Hours
Minutes
Seconds
Cycles
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USER INSTRUCTIONE FOR CARD-TYPE 2
CARD - TYPR 2

JRAPNERY CLAN® | oppi00 cavansc SITMATED CLOCK NOURE
BY TNl REPORT '; TO REFAME A PAILURE
WO, OF s -
MITAMLED ¢
§l [ oo | v [T ' i e, (T8
108 i A= lwTw L RN
n el |n Jn |» b1 isfse | - o oo
pda g o L b b b s ol
coL
UMK WAME conz DESCRIPTIOR
Select appropriats code for Column 11-10
11  Hain Class 10 Utility power supplies to plant
0 Transformars
30 Circuit Breakers
40 Cable {Excluding joints and terminations)
41 Cable Joints
42 Cable Terminaticns
43  Cable Duct or Busway
44  Open Wire
45  Busduct
46 Switchgear Bus ~insulated
47  Switchgear Bug -bare
50 Moters
0 Generators
7¢ Motor Starters
([} Disconnect Switches
90 Miscellaneous
99 Other
13 Bub Class 1 Tor 10-Utility Power Supplies (A redundant supply will carry the plant

load, 1f the normal circuit is ocut of service}

8ingle Circuit {Nco redundant supply)

Double Circuit (One redundant supply)

Thres or more clrcuits (two or mors redundant supplies)

B

For 20 - Transformers

Power
Other

LN

For 30-Circuit Breakers

Matal Clad, drawout
Fixed Type (includes molded case typs)

~

For 40-47 Cable or Bus

9 Cable in Trays - abovearound

10 Cable in Conduit =aboveground

11  Asrial Cable

12 Direct Buried Cablse

13  Cable in Duct or Conduit -belowground
14  Bus or Busduct -indoor

15 pus or Busduct -cutdoor

For 30 - Motors

is Induction, ac
i7 Synchronous, ac
12 Direct-currant

Yor 60 - Gensrators

19  Steam Turbine Driven
40 Gas Turbine Driven
21 Diessl or Gas Engine Driven
22 Motor-driven
For 10 - Motor Starters
23 Contactor Type
44 Circult Brsaker
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QoL
uN

13

i3

17

CAND - TYPE 2

1)
USER INSTRUCTIONS FOR CARD-TYPE 2

ANAPHENT CLAM:

FERIOE COVEND
BY THiL REPORT

lﬂti
— ESTIATER CLOCK NOURS
TS REFAIE & PARURE

- MITALLEY . ’ T
P e L ey J5mecer | aEed, fEE
s f ]
{1813 BE[=Tm]=]m A HHE A T R
o pr foelw o s e o pajm |u A ~ i |
1 1y et bt b ot s b B L, I
NANE COPE DESCRIPTION
Sub Class 1 (Cont) For 80 - Disconnsct Switchas
25 Opan
26  Enclosad
For %0 - Miscellansous
27 Fuses
s Protective relays
1% Batterias
30 Invertersa
il Ractifiaers
99 Othar
Sub Class 2 For 10-Utiljty Supplies
When service is loat because of a loss of one citcuit of a
redundant supply service is restored
1 Automatically
2 By remote control
3 Manually
Por 20 - Transformers
4 Liquid Filled
35 Dry Typs
38 Rectifiler
For 40-51 cable
Typs of Insulation
40 Thermoplastic (PVC)
41 Thermoplastic (Polyethylens)
42 Thermosetting (SBR {Buna 8} Rubber}
43 Thermosetting {(Butyl Rubber}
44 Thermasetting (Oil Based Rubbar)
45  Thermosatting (Cross=-Linked Polyethylens)
46 Thermosetting {Sillcone Rubber)
47 Thermosetting {Ethylene Propylens}
49 Thermosetting (Chlerosulphated Propylene)
49 Paper-Insulated Lsad Covered
50 Varnished Cambric Insulated-lLead Covered
51 Mineral-Insulated
93 Other (Applies to Col 13=15, all classas, 1f not otharwisa classified)
Volt Class 1 0-600 volt {Note: PYor transformers this ia primery voltage)
2 601-15,000 voit
3 Above 15,000 volt
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Y
USER INSTRUCTION FOR CARD-TYPE 2
CARD - TYPE 2

NOUIPRENT CLAsS" -
PENiOD COVERED [reancs A
feMon cavenmt RITIIATED CLOCK HOURS

0 REPAIR A FAILUAR
. OF o a
WITALLE
FROK o wars FE E| neem ran g0 j_uﬁl_
| COMPONENY
UNR
40| TR. |uo. | ¥R ; PEN BAY n‘i'ﬁv - lnvuf"o'h

Ak

we

SUS 3
VOLT AL
I3
FALURES

AVERAGE AGe"
CYCLE MO,
[ A

3 _[CAR® TYPR
S |CARD O,

1 LE I ] ralr N % [ i Fl ll

| | 1 1 1 I 1 1 O I l ] Pl Ll t LL L.l
CoL
UmN NAME CODE DESCRIPTION

18 5ize Clans For Main Class 10 - uUtility Supplies
For Main Class 20 - Circuit Breakers
For Main Class #0 - Disc Switchas
For Main Class %0 - Miscellanaous, Fusss

1 100-600 amperes
2 Above 600 amperes

For Main Class 30 - Transformers
k] 300-750 kWA
4 T51-2499 kva
5 2500-up kVA
For Main Class 40-45 - Cable; etc
L) Above No 1 AWG
For Main Class 50 - Motors
For Main Class 7C¢ - Motor Starters
7 50-1500 horsapower
L} Above 1500 horsespowsr
For Main Class 60 - Gansrators
9 -up kW
Paricd covered by Give month and year {(numsralis) for period for which failure data iw
this report avallable
19 From: Mo Starting Month (Try to include data from date of installation)
N from: Yr Starting Year
21 To: Mo Ending Month (Try to include data to date of this report)
25 To: ¥Yr Ending Year
27 No of installed Give total number of units installed. For cable or opan wire, give
units length of circuit or run in M ft, For cable duct or busduct, give
circuit length in feet. Ffor switchgear bus, give tha numbar of
connscted circult breakers or instrument transformer compartmants.
For utility powsr supplies, give the number of separate supplies.
31 Ne of Failures Give total number of failures that occurred during pariod of raport.
I1f more than 10 use additional page.

sihg% Eﬂﬁ!l far -
33 Average Ma 1 &8 than I year W‘u‘

2 1-10 years old
More than 10 years old

Maintepance Give normal cycle for preventive maintenance - (sven if a failure has
34 Normal Cycle, Mo Less than 12 montha not occurred)
12-24 months
More than 24 months
Neo preventive maintenance

-k

36 Maintenance Quality Your eatimate of quality of preventive maintenance is -
Excellent (by own forces)

Fair [by own forces)

Poor, inadequate (by own forces)

None

Excellent (by contracted forces)

Fair (by contracted forces}

Poor inadequate (by contracted forces)

~N A s e
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USER INSTRUCTIONS FOR CARD-TYPE 2
CARD - TYPE ?
BOUIPHENT CLAsS "“'.,g
#ERIOD COYERED , [T ESTMATED CLOCK HOURS
SY THIS ARPORT o o0 - TO REPAIR 4 PAILUAE
[ . -
- wsTaLLED] S 2iw| 3
S ! FRON TO Ty §§ 3 F ;5 PO i n‘-ﬂ! E f
- - [* 3 %
FLEEE g E HoL | TR | me, | TR §§ H 25 o ke
b fo hs frfuie o b i |z 0 palu fwlw a1 o e (e
LAl bl b Il NI NN A A A L

)COL
UMN

37
1l

453
43

NAME CODE

Estimated clock hours

Repair failad componant

24-hr par day
8=hr per day

Repair with spars
i4~hr per day
B-hr per day

DESCRIPTICN

Repair time {(see definitions} Fill in the clock tima for diagnosing
the trouble, locating the failed component, walting for parts
repairing or replacing, testing and restoring the component to
service, This is your estimate of the averaga repair time. Pleass
note that actual repair times are requeasted in CARD-TYPE 3, Col 28,
Explain on reverss side nhow work is done if by other than own forces.

With repalr of failed squipment

on round-the-cleck emergency basis
Cn basis of repair during normal work day

With replacement of failed equipment with a spare by ramoval of
tailed mquipmant and substitution of spare equipment

On round-the-clock smergancy basis
On basis of repair during normal work day
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COL

1

il
23

F+]

6
2%

30

kL

1l
USER INSTRUCTIONS FOR CARD-TYPE )}

FALUNE

LOAM LOIT

!
-

| ==

i:‘.‘:.
ol
iii ik

siu  |wln

Lsliahe duinill

E
|
AL

aram

el bl L s 1 Ty

BT

Ll | EINNENE

Failure Mo

Failure Date
k13

Tailurs Forewarning

Failure Duration

Mo of Units

Units

Failure Rapair
Hethod
Fajilure Repair
Urgency

Fallure, months
sincs maintained

Failure, Damaged
rare

cobs

1
2

C R S RN

[ R ol R o)

-

L1 A K N R K NN N 4 E "N o

- o

DESCRIPTION

Fill in one card (line) for each failure, The last failure numbar in
Col 1F should ocorrespond with the total fajlures reported in Col )1 of
CARD=-TYPE 2. If that number was "0" then no T¥rR 3 cards should be
filled in,

PL11 in month fallure occursd (numeral)
Fill in year failure occurred (numeral)

For public utility power interruption only
12 no forewarning was given

1f forewarning was given

ror othar types of fallure, leave blank

Pill in duration of failure from its initiation uptil (1} sexvice ias
restored to normal, if a power intarruption, or {2} tha affected
component of its replacement once again becomes avallable to pearform
its intended function.

Pl fu the number of time units salectad in Col 29,

Salact code for appropriate time unit that will give accurste results,
For most cases select hours as unit.

Days

Hours

Minutes

Seconds

Cycles

Sulesgt code for Col 30~44 (Leave blank for utul? failures)

Rapair of failed componant in Place or sant out for repair

Repalir by replacesant of falled component with spare

Requiring round-the-clock all out efforts

Requiring reapair work only during regqular workday, perhaps with soms
ovartime.

Requiring repair werk or a non-pricrity basias.

Failed componant last had prevantive maintenance -
Less than 12 months ago

1i-24 months ago

Over 14 months ago

No prevantive maintenance

Insulation
Insulation

= winding
Insulation -

bushing
other
Hechanical - baarings

Kachanical ~ other moving parts
Mechanical - other

Other elsctrical - auxiliary device
Othar electrical - protective davice
Tap changer - no load type

Tap changer - load type

Other

228
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UBER INSTRUCTIONS FOR CARD-TYPE 3
CARDS - TYPR Y
- FuLURS LOASS LEaT S L
| wunaTion wuTAsE
aTE ! 5; : o s BORATION E
} lerilas paleadsl e fande faiablol s kol
w. || B g EELITHEE H ’i i 3!
W o jum el Ja o e [ e o Ju e Jeleininfnnin [wlnin
o b [P Pl o Do P T T P T DOCTI T ST ]
CoL
UMN NANE CODE DESCRIPTION
k] Failure Typs 1 Flashover or arcing involving grour?
2 All other flashover or arcing
3 other electrical defect
4 Mechanical dafact
9% Other
Your best estimate of suspected responsibility
40 Failure 1 Manutfacturer-detesctive Component
Rasponsibllity 2 Transportation to Site - defactive handling
] Application Engineering - improper application
4 Inadequate installation and testing pricr to startup
H Inadaquate maintenance
& Inadaquate opsrating procedures
7 Outaside agency -personnel
] Cutsida agency -other
9 Othar
42  Failure
Initiating Cause Insulation breakdown caused by
1 Transisnt overvoltage disturbance {lightning, switehing surgea,
arcing ground fault in ungrounded system)
2 Ovarvoltage
k] Overhsating
4 Other insulation hreakdown
21 Machanical breaking, cracking, locesning. sbrading, or deforwming
of static or structursl parts
22 Mschanical burnout, friction, or seizing of moving parts
23 Machanically caussd damage from foreign source {digging, vehicular
accidant, eatc)
i1 Shorting by tools or matal objecta
42 Shorting by birds, snakes, rodents, stc
51 Loss of control power
52 Malfunction of protective relay control device, or auxiliary dsvice
61 Low voltage
62 Low frequancy
99 Othar
4H Falilure 1 Farsistant overloading
Contributing Cause ? Above-normal tempsratures
3 Below-normal tempearaturs
4 Exposure toc agressive chemicals or solvants
L] Exposurs to abnormal moisture or water
6 Exposure t0 non-slectrical fire or burning
L} Obstruction of ventilation by foreign object or material
9 Normal detarjoration from age
10 Savere wind, rain, snow, sleat, or othar weathar conditions
11  Protective relay improperly set
12 Loss or daficliency of lubricant
13  Loss or defliclency of oil or cooling medium
i4 Misoperation or tasting error
15  Exposure to dust or cthar contaminents
99 Other
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USER INSTRUCTIONS FOR CARD-TYPE )
CARDS - TYPER )
PaiLyRe anum-:!. ranr |
SuRATION H TARE
BATE ‘g ! ! g ¥ T eEf
z i s|8 ol { £
Beye HEAHH HERE
w v |8l g8 [§|BEBE[43|23 B33 E|Blw|S[u[S|5| #8 [5)53)3)
I TEE S » I fu fm e o e (s [ale]w]nlsin]s T [a[ubele
NrRIminnnNnnnne | INEAREE
coL
UMN NAME CODE DESCRIPTION
46  Failure Utility Powsr Supplies (5elect code)
Characteristic 1 Failure of ling%o circuit (No redundant supply}
2 Failure of one circuit of a double-circuit redundant supply
a Pailure of both circuits of a double-circult redundant supply
4 Failure of all circuits of a three or more circuit redundant supply
s Partial failure of a three or more circuit redundant supply
Transformers (select code)
6 Aytomatic removal by protective squipmant
7 Partial failure reducing capacity
] Manual removal
Circuit PBrasakers {Salect code)
9 Failed to closs when it should
10  Failed while opening
11 Opened whan it shouldn't
12 Damaged while successfully opening
13 Damaged while closing
14 Fajled while operating (not while opening or closing)
General (Sealect code for any other class)
15 Failed (this applies to all classes)
16 Failed during testing or maintenance
17 Damage discovered during testing or maintanance
20  Partial failure
99 Other
Loads Lost What loads ware lost because of failure (l=yes, O=ne, 9= not known)
aven though power is restored promptly
48 Computer Cna or more computers or solid-state control devicas oparated
incorrectly
49  Motor Onea or more motors (contactor dropout}
50 Lighting Lighting load
51 Solenoid One or more solencid -opsrated devices dropped out, such as a solesncid-
operated fuel valve
L¥] Other Lost othear loads, describa in remarks
53 Percent Production -] None
Lost i 0-30 parcent
2 Above 30 parcent
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USER INSTRUCTIONS FOR CARD~TYPE 3
CARDS - TYPR Y
ad FAlLURE i LOADY Los'r-tg- PLART
- > ouTasy
. gwnﬂm gg ! E g g i OURATHON Ei
H HE ig!i i . g'-g.& E -g T eg .
Moot HEHH R R R
W n o s o 2 o (e e Ja ju fe [slein]n]s]elu 2|slrojoe
URRIimInnnnnnnner [ [l 0w

COL
UMN

54

57

58

No of Units

Units

Service restorsd

Copk

[P L L

WD A e W

ODESCRIPTION
Fill in number of time units selected in Col 57

Selact cods for appropriate time unit that will give accurate
results. For most cases select hours as unit.

Days

Hours

Minutes

Saconds

Cycles

Give method of restoring service to plant
Primary selection -manual

Primary selaction -automatic

lection -manual

Secondary selection ~automatic

Network protector operation -automatic
Repair of failed componenet

Replacament ¢f falled component with spars
Utility restoxed service

Othar -sxplain in remarks
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DiscussioN

Motors

The data in Tabies 7 and 2 show that synchronous motors,
0-600 V, have a failure rate approximately 15 times lower
than induction motors, 0-600 V. [t is believed that the failure
0.0007 pet year for synchronous motors, 0-600 V, is much too
low and is in error. It is believed that synchronous and indue-
tion motors, 0-600 V, should have failure rates that are nearly
the same.

Generators

The data in Tables 8 and 2 show that steam turbine driven
generators have a failure rate almost 20 times lower than gas
turbine driven generators. It is believed that the failure rate of
0.032 per year for steam turbine driven generators is too low;
the failure rate should probably be several times higher than
this value. The gas turbine data in Table 8 show that one plant
in the petroleum industry had 54 failures in 5.5 unit-years;
this compares with 3 failures in 83.9 unit-years for the other
three plants that submitted data in the survey. [t is believed
that the overall failure rate of 0.638 per year for gas turbines is
too high.

Open Wire
A clear definition was not given for “‘open wire” on the
survey form (s¢e Appendix A). [t is believed that all of the

respondents interpreted “open wire” to mean “bare or weather-
proof conductors supported on insulators.”

Cabie

The data in Tables 13 and 2 show that cable above ground
and aerial has a failure rate for 0-600 V that is ten times lower
than 601-15000 V. [t is believed that the failure rate of
0.00141 per unit-year for 0-600 V above ground and aerial is
too low,

There is a wide variation in the failure rate for cable, 601~
15 000 V, based upon the application (in trays above ground,
in conduit above ground, aerial cable, in duct or conduit below
ground). This variation covers a range of 8 10 1. It is believed
that the faiture rate of 0.04918 per year is too high for cable,
601~15 000 V, in conduit above ground.

There is 2 wide variation in the cable failure rate shown in
Table 14 (and Table 2) for the different types of insulation
{601-15 000 V, all applications). These failure rates vary over
a range of 5 to 1. The very low failure rate data for thermo-
plastic insulation and the high failure rate data for other
insulation came primarily from the chemical industry.

Switchgear Bus

The failure rate in Table 10 (and Tabliz 2) shows that insu-
lated bus, 601-15 000 V, has a failure rate about three times
higher than bare bus, above 600 V. It is believed that this is
the opposite of what it should be. The data submitted by the
chemical industry has caused this distortion; they had 2 very
high failure rate for insulated bus (601-15 000 V) and a low
failure rate for bare bus (above 600 V).

Electric Utility Power Supplies

The data for electric utility power supplies are shown in
Tables 3 and 2. The failure rate is about the same for a single
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circuit and a double or triple circuit. This is evidently due to
the predominance of the throwover mode of operation of mul-
tiple-circuit supplies. However, the actual downtime per failure
is about three to nine times higher for a single circuit than fora
double or triple circuit; the downtime depends on whether
manual switchover or automatic switchover is used on a mul-
tiple-circuit system.

It appears that many respondents misinterpreted the “num-
ber of installed units” for double- or triplecircuit electric
utility power supplies. What was desired was the number of
separate and independent points of supply, but this was often
interpreted to be the number of circuits in the utility supply
system. Thus the tendency was to report two installed units
for double-circuit supplies. It is believed that this error was
made in almost every case. Therefore, the Reliability Sub-
committee changed the number of instailed units for multiple-
circuit utility supplies to I except in those cases where other
evidence indicated the presence of more than one point of
supply. The sample size shown in Tables 3 and 2 refiects this
change for double- or triplecircuit electric utility power sup-
plies. Thus a double- or triple-circuit supply for one year is
counted as one unit-year,

It also appears that a few respondents incorrectly interpreted
failure duration on card type 3 for multiplecircuit electric
utility supplies. What was desired was the period of time
during which service was interrupted. However, in a lew cases
it appears that what was given was the time to repair one cir-
cuit of a multiple-circuit supply even though the supply
interruption time is limited to the time required to throw over
to the alternate supply circuit. The Reliability Subcommittee
changed the failure duration to the value given for plant out-
age duration in those cases in which such an error was
believed to exist. However, it is suspected that not all of these
errors were corrected, The effect of this change was to reduce
the actual hours of downtime per failure for multiple-circuit
supplies. The majority of the multiple-circuit supply failures
are due to loss of the normal feed, and the duration of the fail-
ure is limited to the time to switch to the alternate feed. The
average outage duration in Tables 3 and 2 is shorier for auto-
matic switching than for manual switching, as one would expect.

There were 25 recorded cases of simultaneous failure of all
circuits in a double. or triple-circuit supply. This gives a
failure rate of 0.119 failure per year for loss of all circuits at
one time. Further details on this are given in Part 3 [13].
Thus a muitiple-circuit electric utility power supply has a
faiture rate (loss of all circuits at one time) that is only about
five times lower than the failure rate (0.537 failures per year)
for a single-circuit supply and about six times lower than the
all-inciusive failure rate of 0.643 failure per year. The ratio
between all-dinclusive failure rate and the fajlure rate for loss of
all circuits at one time is not as large as one might suspect.
Some of the reasons for this are the following.

1} Some portien of utility supply failures are due to failure
of the bulk power system which feeds ail the supply circuits.

2} Atleast some cases of loss of all circuits at one time occur
when a forced outage of one circuit overlaps a scheduled or
maintenance outage of the other ciruit (typical utility industry
data indicate that this type of overlapping outage is often more
probable than overlapping forced outages).

3) The all-inclusive failure rate is, in effect, an average out-
age rate reflecting the performance of some throwover schemes
and some normally closed breaker schemes. Thus, since throw-
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over schemes are expected to have higher outage rates than
normally closed breaker schemes, it follows that the computed
all-inclusive outage rate is probably somewhat lower than the
outage rate which would be computed for throwover schemes
only. (Unfortunately we cannot compute the throwover
scheme outage rate since we do not know which of the reported
utility supplies are throwover schemes.)

Only point 3} reflects on the accuracy of the data; the other
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two points just reflect the facts of life.

A comparison of the all-inclusive failure rate {(.643 failures
per yeer} with the failure rate for loss of all circuits at one time
(0.119 failures per year) gives a rough idea of the degree of
supply failure rate improvement possible by going from a
throwover scheme to a scheme using normally closed circuit
breakers.
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APPENDIX A

Report on Reliability Survey of Industrial
Plants, Part II: Cost of Power Outages,
Plant Restart Time, Critical Service Loss
Duration Time, and Type of Loads Lost
Versus Time of Power Outages

IEEE COMMITTEE REPORT

Ab —An [EEE #p d relisbility survey of industrial plants
was completed during 1972. This survey included the cost of power
outages, plant restart time, critical service loss duration time, and type
of loads lost versus power cutage duration time. Survey results reflect
data from 30 companies covesing 68 plants in nive industries in the
United States and Canada, This information is useful in the design of
industrial powet distribution systems,

INTRODUCTION

NOWLEDGE of the cost of power outages and of

plant restart time is important information for use in
the design of industrial power distribution systems. In addi-
tion it is also desirable to know the critical service loss dura-
tion time and the type of loads lost versus the time of power
outage,

During 1972 the Reliability Subcommittee of the IEEE
Industrial and Commercial Power Systems Committee com-
pleted a reliability survey of industrial plants. This is the
second part, which reports results from the survey. Included
in this paper are the following results:

1) cost of power outages to industrial plants in the United
States and Canada (dollars per kilowatt interrupted plus
dollars per kilowatthour of undelivered energy);

2) plant restart time after a failure that has caused compiete
plant shutdown;

3) critical service loss duration time, that is, the maximum
length of power failure that will not stop plant
production;

4) type of loads lost versus the time of power outage (this
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includes computer, motor, lighting, and solenoid loads,
and gives plant outage duration times resulting from
these failures).

Paper TOD-73-158, approved by the Endustrial and Commercial Power
Systems Committee of the IEEE Industry Applications Society for
presentation at the 1973 Industrial and Commercial Power Systems
Technical Conference, Atlants, Ga., May 13-16. Manusctipt released
for publication November 5, 1973,

embers of the Reliability Subcommittee of the IEEE Industrial and
Commercial Power Systems Committee are W. H. Dickinson, Chairman,
P. E. Gannon, M. D. Harris, C. R. Heising, D. W. McWilliams, R. W.
Parision, A. D. Patton, and W. J. Pearce.

SURVEY FORM

The survey form used is shown in Appendix A of Part |
f1]. The information on the cost of power outages came
from card type 1, columns 13, 20, and 25. Card type 1 also
contained plant restart time (column 31) and critical service
loss duration {columns 33 and 36).

The data on type of loads lost came from card type 3,
columns 48, 49, 50, 51, and 52. The data on time of power
outage came from columns 26 and 29 of card type 3; these
data are actually the outage duration time after a failure of
the electric utility power supply or a failure of electrical
equipment in the power distribution system.

RESPONSE TO SURVEY

A total of 30 companies responded to the survey question-
nair¢ reporting data on 68 plants from nine industries in the
United States and Canada. Every response did not supply all
the information requested on every question. Tabies 22-29

Copyright © 1998 IEEE. All rights reserved.
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give data on how many plants provided answers to the
various questions.

STATISTICAL ANALYSIS

The results were compiled for the United States and Canada.
Data from one foreign plant are also included separately.

SURVEY RESULTS
Cost of Power Qutages

Each plant was asked to report data on the cost of power
outages as follows:

1) Doliars per failure, Le., extra expense incurred because
of & failure only (not including plant downtime) such as for
damaged equipment, spoiled product, extra maintenance, or
cXtra repair costs,

2) Dollars per hour of downtime, i.¢., value of lost produc-
tion in dollars per hour of plant downtime only. This is the
estimated revenues (sales price) of product not made, less
expenses saved in lsbor, material, utilities, etc. If this varies
with the duration of the plant downtime, an average value per
hour wazs to be given.

3) Maximum electric power demand when the plant is
operating at its rated or design capacity in kilowatts.

This made it possible to calculate an estimate of the cost of
power outages in terms of the dollars per kilowatts inter-
rupted plus the dollars per kilowatthours of undelivered
energy. The average cost of power outages from the survey
is given in Table 20.
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Of the 4] plants that reported outage cost data in the survey,
31 had a maximum demand greater than 1000 kW and 10 had
a maximum demand less than 1000 kW, Cost data for plants
with maximum demands less than 1000 kW are not considered
particularty relisble due to the small number of such plants
represented in the data.

There is a wide spreed in the cost of power outages. Con-
sequently few plants with high outage costs can have a
significant effect on the overall average cost. In such cases
the median cost of power outages may be more representative
than the average cost. The median cost is such that half of the
plants have a cost greater than this value and half have less.
Table 21 shows the median power outage costs. Additional
details on the cost of power outages are given in Tables 22-27.
These additional details include: 1) number of plants reporting
the outage cost per failure and the outsge cost per hour of
downtime, 2) minimum plant cost, 3) maximum plant cost,
4) costs for various industries.

Tables 22, 24, and 26 give the cost of outage per failure per
kilowatt maximum demand. Tables 23, 25, and 27 give the

cost of a sustained outage per hour down per kilowatt maxi-
mum demand.

Plant Restart Time

Each plant was asked to report data on the time required to
get the plant back into operation after service is restored
following a failure that hat caused a complete plant shutdown.
A total of 43 plants reported these data. The average plant

TABLE 20 - AVERAGE COST OF POWER QUTAGES FOR
INDUSTRIAL PLANTS IN THE UNITED STATES
OF AMERICA AND CANADA

All Plants

$1.89 per kW + $2.68 per kWh
Plants> 1000 kW $1.05 per kW + $0.94 per kih
Max, Demand

Plants < 1000 kW
Max. Demand

$4.59 per kW + $8.11 per kWh

TABLE 21 - MEDIAN COST OF POWER OUTAGES FOR
INDUSTRIAL PLANTS IN THE UNITED STATES
OF AMERICA AND CANADA

All plants $0.69 per kW + $0.83 per kiWh
Plants > 1000 kW $0.32 per kW + $0.36 per kWh
Max. Demand

Plants < 1000 kW
Max. Demand

$3.68 per kW + $4.42 per kiwh

Copyright © 1998 IEEE. All rights reserved.
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restart time was 17 h, The median was 4 h, Additional de-

tails are given in Table 28,
Critical Service Loss Duration Time

One of the most commonly asked questions is, What is a
power failure? In particular, How long can power be lost
without causing a complete plant shutdown? Each plant was
asked to report data giving the maximum length of power
failure that will not stop plant production. This time is
typically in the range of cycles t¢ minutes and is called
“critical service loss dyration time.”

A total of 55 plants reported data on critical service loss
duration time. The median value was 10 s, that is, half of the
plants were greater than this value and half were less. Addi-
tional details are given in Table 29.

Loads Lost Versus Time of Power Quiage

Each plant was asked, What loads were lost because of fail-
ure even though power was restored promptly? Five typesof
loads were included in the survey:

1) computer: one or more computers or solid-state control
devices operated incorrectly;

2) motor: one or more motors (contactor dropout);

3) tighting: lighting load;

4) solenoid: one or more solenoid-operated devices dropped
out, such as a solenoid-operated fuel valve;

5) other: lost other loads, to be described in remarks.

A very short outage duration time after an equipment failure
(including electric utility power supply) might not result in a
loss of load. Table 30 shows how short power outage duration
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times after an equipment failure affected the loads lost. The
average plant outage duration resulting from these failures is
also given in Table 30.

DiscugsioN OF RESULTS
Cost of Power Outages (Tables 20-27)

1) There is a wide spread in the cost of power outages (per
kilowatt and per kilowatthour) of industrizl plants. Even
within a given industry, such as chemical, there is a wide spread
in the cost of power cutages (per kilowatt and per kilowatt-
hour) for different plants.

2) Plants with a maximum demand of less than 1000 kW
have a much higher cost of power outages (per kilowatt and
per kilowatthour) than plants with a maximum demand of
greater than 1000 kW. This indicates that small industrial
plants have a higher cost of power outages (per kilowatt and
per kilowatthour) than large industrial plants. [t is suspected
that this may be because the small industrial plants have more
employees per kilowatt (and per kilowatthour). It is also pos-
sible that high-consumption industries tend to have a lot of
electrochemical or heating processes, and these tend to have
low outage costs; for example, heat not supplied now can be
supplied later, providing the outage is not too long.

3) It is suggested that the “‘all-industry” data for the 4] and
42 plants should be compiled to show 25 percent and 75 per-
cent in addition to the minimum median and maximum val-
ues already tabulated (Tables 22 and 23).

4) It is suggested that future surveys also include the cost of
power outages {per kilowatt and per kilowatthour) of com-
mercial buildings.

Copyright © 1988 IEEE. All rights reserved.
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TABLE 22 - PLANT OUTAGE COST PER FAILURE PER kW OF MAXIMUM DEMAND -
ALL PLANTS ($ per kW)

Nunber
of
Plants
Industry Reporting Minimum Median Ma ximum Average

A1l Industry - USA & Canada 42 002 .69 10.00 1.689
Auto.......uu.e trssereanens 0 - - - -
Cement....ocvvivnceinnnnnns 0 - - - -
Chemical......oeoveinennasn 11 .02 .22 3.33 .75
Metal....cooovvvnnnnn frrnet o — 2 o —— 1B — - 2.42 — —_ 467 _—— 2.82
Mining,............. trreaas 0 - - - -
Petroleum......coouvnniaans 5 .002 .07 .3 12
Puip and Paper.........0cun 1 .33 .33 .33 .33
Rubber and Plastics....... — — 2 e — 28 — — 50— — NN — — .50
Textite..ovoevererccneranas 2 .07 1.00 1.92 1.00
Other Light Manufacturing.. 6 .09 1.10 2.80 1.22
Other Heavy Manufacturing.. 8 1.67 3.85 10.00 5.1
Other....ccovverereeenences 5 .25 .94 7.50 2.86
Forelgn...oovvvieeinoenenann 1 .33 .33 .33 .33

TABLE 23 - PLANT OUYAGE COST PER HR. DOWNTIME PER kW OF MAXIMUM DEMAND -
ALL PLANTS ({$ per kuWh)

Humber
of
Plants
Industry Reporting Minimum Median Maxi mum Average

A1l Industry - USA & Canada 41 .0009 .83 27.00 2.68
AULC. . i eivicnantaannnanans a - - - -
Cement.....vovieacranannnas 0 - - - -
Chemical..oovieeennecnnnnns 12 .0009 .14 2. N .33
Metal...vvvunuvverercnnnmnse — 2 5% — — .94 ___ 1,33 __ _ .94
Mining. ....ovvvivrniniennes 0 - - - -
Petroleum......cooeneunenne 2 .04 1.24 2.43 1.24
Pulp and Paper.......00uun. ] .07 .07 07 .07
Rubber and Plastics..veonrs —— —_— 3 .28 e — 3 — 1,33 — — .66
Textile. .o vivreeneesnenanns i .24 .24 .24 .24
Other Light Manufacturing.. 6 .33 .79 2.00 .91
Other Heavy Manufacturing.. 8 .93 6.35 27.00 9.73
Other....oocnurrinnnnnnrnss 6 .75 2.50 5.77 2.6%
Foreign.......ovoveeenansen 1 .07 .07 .07 .07
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TABLE 24 - PLANT OUTAGE COST PER FAILURE PER kW OF MAXIMUM DEMAND -
PLANTS MORE THAN 1,000 kW MAX. DEMAND ($ per kW)

Number
of
Plants
Industry Reporting Minimum Median Maximum Average
A1l Industry - USA & Canada 32 .002 .32 7.50 1.05
AULO. . v e iiiiiinnenciannaas 0 - - - -
Cement....ovvrrncccrcancnans 1] - - - -
Chemical..oveeranrrnnnaanns 11 .02 .22 3.33 .75
MAtal. e eeeareirea e e —e — V18— 18 __ _ 18 .18
Mining...ooeenererireornnens 1] - - - -
Petroleum.....c.ovvennrnaans 5 .002 .07 ) A2
Pulp and Paper........... ... 1 .33 .33 .33 .33
Rubber and Plastics.....ovvs— e 2 — . .28 _ .50 _ — .71 __ __ .50
Textile, . coeeersnannnaananns 2 .07 1.00 1.92 1.00
Other Light Manufacturing... 4 .09 1.10 2,80 1.27
Other Heavy Manufacturing... 1 1.87 1.87 1.87 1.87
Other. . ceeeeriiiaiisrannnes 5 .25 .94 7.50 2.8
Foreign...cccvvveenenenannas 1 .33 .33 .33 .33
TABLE 25 - PLANT OUTAGE COST PER HR. -DOWNTIME PER kW OF MAXIMUM DEMAND -
PLANTS MORE THAN 1,000 kW MAK. DEMAND ($ per k¥h)
Number
of
Plants
Industry Reporting  Minimum Median Maximum Average
A1l Industry - USA & Canada 3 .0009 .36 5.77 .94
AULO. cvecvemrvcisnansnnanes ] - - - -
Cement...oceereonrcenrasane 0 - - - -
Chemical...oveceececniannns 12 .0009 .14 2.1 .33
MEtaleonorevnonnronsnnnrsse e —m 1 .— .85 . .55 . .55 — .55
Mining.....ocveveinneaainss 0 - - - -
Petroleum....cccvvvcanranss 2 .04 1.24 2.43 1.24
Pulp and Paper.......ovvsse 1 .07 .07 .07 .a7
Rubber and Plastics....e...— —— 3 — .28 _ . .% — _1.33 — — .66
Textile....... dereasacerans 1 .24 .24 .24 .24
Other Light Manufacturing.. 4 .33 .54 1.20 .65
Other Heavy Manufacturing.. 1 .93 .93 .93 .93
Other......ciinvevsenasrss 6 75 2.50 5.77 2.69
FOreign...oceerreeanceasn. 1 .07 .07 .07 .07
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TABLE 26 - PLANT OUTAGE COST PR FAILURE PER kW OF MAXIMUM DEMAND -
PLANTS LESS THAN 1,000 kW MAX. DEMAND {§ per kW)

Number
of
Plants
Industry Reporting Mini mum Median Maximum Average
A1l Industry - USA & Canada 10 .50 3.68 10.00 4.59
7T £ P 0 - - -
Cement.....covvinercnnnnianes 0 - - - -
Chemical....ooveevmnncnsaans 0 - - - -
Metal..oveverrvecnscensnnsse e —o—e—e 3 e — 4,67 — — 84,67 . — 4.67 - - 4,67
Mining...oeeerciiisriennnns 0 - - - -
Petroleum,......covvvvnnnnne 0 - - - -
Pulp and Paper........... ¢ - - - -
Rubber and Plastics...cvvvie o —— 0 — — - 0o e = e e -
Textile..vvnurercnnnsrscenes 0 - - - -
Other Light Hanufactunng... 2 .50 .1 1.72 1.1
Other Heavy Manufacturing.. 7 1.67 5.00 10.00 5.57
Other....iccieeeiernarassinns 0 - - - -
Foreign.....cooieveiivennana 0 -
TABLE 27 - PLANT QUTAGE COST PER HR. DOWNTIME PER kW OF MAXIMUM DEMAND -
PLANTS LESS THAN 1,000 kW MAX. DEMAND ($ per kiwh)
Number
of
Plants
Industry Reporting Minimum Median Maximum Average
A1l Industry - USA & Canada 10 .B6 4.42 27.00 8.1
AUtO. .oiverivrevionnnnrcnnss 0 - - - -
Cement. .. ...viiisnvnnianias 0 - - - -
Chemical..ivvivicnvosrssnas 0 - - - -
Metal...vvvvnrnronnnrnvnnnse — —oe 1 — __1.33 — _1.33 - __1.33_- _-1.33
Mining...... tratsednasenans 0 - - - -
Petroleum. ....oovvvvannnons 0 - - - -
Pulp and Paper.........00as 0 - - - -
Rubber and Plastics........ e 1
Textile....oivieneieinnnens 0 - - - -
Other Light Manufacturing.. 2 .86 1.43 2.00 1.43
Other Heavy Manufactur1ng.. 7 3.33 7.69 27.00 11.00
Other......cvvvvvienennas . 0 - - - -
Foreign......covivensnenass 0 - -
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TABLE 28 - PLANT RESTART TIME

(After Service is Restored Following
a Failure that has Caused Complete Plant Shutdown)

Number
of
Plants Average Median
Industry Reporting {Hours) {Hours )
All Industry - USA & Canada.. 43 17.4 4.0
Auto....ovvnnnn Mereeseasasaan 0 - -
Cement.......covvannnnsnnnnes 0 - -
Chemical......ciovviiravnnnan 19 20.7 20
Metal....vevvusrreconsennsnee o w1 4 . ___ 4
MINIng. . ... iiiieceieeenneens 0 - -
Petroleum.....cooeeevereanaee 3 37.3 24
Pulp and Paper....ceoeeeaceas 1 10 10
Rubber & Plastics...voverinns o — 3 o 2.33 — — 2
Textile...civivsncesennannens 3 58.3 72
Other Light Manufacturing.... 7 2.14 2
Other Heavy Manufacturing.... 1 2 2
Other. .vivevercnnnnnrneraanes 5 2.6 1
Foreign.....oovnvsveenans 1 48 48
TABLE 29 - CRITICAL SERVICE LOSS DURATION {Maximum Length of Power
Failure that Will Not Stop Plant Production?
Number
of
Plants
Industry Reporting Average Median
A1l Industry - USA & Canada.... 55 12.6 min. 10.0 sec.
Auto....... Nearrssaenssariene 0 - -
Cement......coiivriiiiininnanas 0 - -
Chemical.....covicinneiiiannnn. 20 4,56 min. 1.25 sec.
Metal. o eisiirnsisanmosnirancn — -—2 . — 150 min. ——— — 15.0 min.
MIDINg...civiierennsiesnnnnanas 0 - -
Petroleum......ovveeneincnnnnn. 1 1.0 sec. 1.0 sec.
Pulp and Paper................. 1 10.0 cycles 10.0 cycles
Rubber & Plastics........cvuvee e — 3 — — 30.0 sec. — — 20.0 sec.
Textile. oo iriinivenennanna, 3 3.34 min. 30.0 cycles
Other Light Manufacturing...... 7 10. 3 min. 10.0 sec.
Other Heavy Manufacturing...... 10 47 min. 45 min.
Other,.....ccuu... Ceesassanenses a 1.9 min, 20.0 cycles
Foreign.....ooovieineiainnanens 1 15.0 cycles 15.0 cycles
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TABLE 30 - LDADS LOST VERSUS TIME OF POWER QUTAGE

{Tabulation of the Percentage of Equipment Failures
for Which the Designated Load was Lost and Average
Plant OQutage Duration Resulting from these Failures)

Only non-zero data was used in computing

5) Additional information on the cost of power outages in
Sweden, Norway, and the United States is contained in [2].

Plant Restart Time (Table 28)

The textile, petroieumn, and chemical industries have a much
ionger plant restart time than the other industries included in
the survey.

Critical Service Loss Duration (Table 29)

1) There is a wide spread in critical service loss duration
time for the 55 plants in the survey.

2) It is suggested that the data from the 55 plants should be
compiled to show several percentiles (10, 25, 75, and 90 per-
cent) in addition to the median value already tabulated.

Loads Lost Versus Time of Power Qutage (Table 30)

1) An outage between 1 to 10 cycles resulted in 33 percent
of the plants losing motor loads and 22 percent losing a sole-
noid and only 4 percent losing a computer load. An outage
greater than 10 cycles resulted in 67 percent of the plants los-
ing motor loads and 25 percent losing a sclenoid and only 9
percent losing a computer load; many plants must not have

Copyright © 1998 1EEE. All rights reserved.

For Equipment For Equipment For Equipment
Failures 1 Cycle Failures Between Faflures 10
or less in 1 and 10 Cycles Cycles or More
Duration in Duration in Duration
Type of Not Not Not
Load Yes No Known Yes No Known Yes No Known
Computer 0% 0% 0% 4% 96% 0% 9% 9% 0%
Motor 0% 0% 0% 33z 67% 0% 67% 33 0%
Lighting 0% 0z 0% 22% 78% 0% 38% 61% 2%
Solenoid 0% 0% 0% 22% 74% 47 25% 66% 9%
Other 0% 0% 0% 12 15% 78% 25% 62% 13%
Average
Plant 0.0 Hours 1. 39 Hours 22.6 Hours
Qutage
Duration

the average plant outage duration

had computer loads to give such a low value. In fact, many
plants must not have had mator loads or solenoid loads either.
The important parameter to look at is the change in these
percentages from O to the maximum value as the length of
power outage time is increased.

2) It is suggested that loss of load data be compiled for the
following additional categories of outage duration time:

a) 10 to 15 cycles,
b) 15+ to 30 cycles,
c) 0.5+4t02.0s,

d} 2.0+ t0 4.0,

¢) greater than 4,0s.

The average plant outage duration should also be determined
for these categories.
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Report on Reliability Survey of Industrial
Plants, Part III: Causes and Types of
Failures of Electrical Equipment, the
Methods of Repair, and the Urgency

of Repair

IEEE COMMITTEE REPORT

Abstract—An IEEE sponsored relisbility survey of industrisl plants
wis completed during 1972, This included the causes and types of
failures of eectrical equipment, the methods of repalr, and the urgency
of repair. The remlts are reported from the survey of 30 companies
covering 58 plants in nine industries in the United States and Canada,
This information is useful in the design of industria power distribution
systems,

INTRODUCTION

KNOWLEDGE of the causes and types of failures of

electrical equipment is useful in the design of industrial
power distribution systems. In addition it is also useful to
know the failure repair method, whether or not the repair was
urgent, and how long it had been since the previous mainte-
nance had been performed. During 1972 the Reliability Sub-
committee of the IEEE Industrial and Commercial Power
Systems Committee completed a reliability survey of industrial
plants. This is the third paper reporting results from the survey.
Included in this paper are the results for 14 main classes of
clectrical equipment on

1} failure repair method;

2) failure repair urgency;

3) failure, months since maintained;
4) failure, damaged part;

5) failure type;

6) suspected failure responsibility;
7) failure initiating cause;

8) failure contributing cause;

9) failure characteristic.

The failure repair method includes either the repair of the
falled component or the replacement of the failed component
with 2 spare. This can have a significant effect on the average

downtime per failure, and thus is an important factor in re-

liability and availability calculations.

Paper TOD-73-158, approved by the Industrial and Commercial
Power Systems Committee of the IEEE Industry Applications Society
for presentation at the 1973 Industrial and Commercial Power Systems
Technical Conference, Atlanta, Ga., May 13-16, Manuscript released
for publication November 5, 1973.

Members of the Reliability Subcommitiee of the IEEE Industrial and
Commercial Power Systems Committee are W, H. Dickinson, Chair-
man, P.E. Gannon, M. D, Harris, C. R. Heising, D. W. McWilliams, R. W,
Parisian, A. D. Patton, and W. J. Pearce.

242

The failure repair urgency also has a significant effect on the
average downtime per failure and thus is an important factor in
reliability and availability calculations.

A preventive maintenance program can have an effect on the
failure rate of electrical equipment. Thus a knowledge of
whether or not maintenance has been performed recently prior
to the failure is a significant factor in helping to determine
whether or not the maintenance program is adequate.

The damaged part from a failure is of interest. In addition, a
knowledge is also desirable of the type of failure, initiating
cause, contributing cause, and suspected responsibility. This
information is useful for correcting deficiencies in electrical
equipment and electrical systems.

The failure characteristic can be defined as the effect that
the failure has on the electrical system. Thus this information
is very important.

SurRvEY Form

The survey form used is shown in Appendix A of Part ]
[11. All of the information reported on in this paper came
from card type 3, columns 30-46. The definitions of faflure
and repair time are given in Part 1 [1].

RESPGNSE TO SURVEY

A total of 30 companies responded to the survey question-
naire, reporting data on 68 plants from nine industries in the
United States and Canada. Every failure report on card type 3
did not have filled in all the information called for in columns
30-46. Tables 31 and 32 give the data for each main equip-
ment class on how many failures had the information called for
in columns 30-46, Each main equipment class contains 18 or
more failures; this is believed to be an adequate statistical
sample size.

STATISTICAL ANALYSIS

The results were compiled for {4 main equipment classes.
The number of failures were tabulated for each category of
each column (30-46, card 1ype 3). This was then divided by
the total failures in each column so as to give the percentage
for each category for each column (for each main equipment
class),

Copyright © 1998 IEEE. All rights reserved.,
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SURVEY RESULTS
The results are tabulated for the 14 main equipment classes
in Tables 33-41. Each table represents one column (of 30-46,
card type 3).

SUMMARY OF CONCLUSIONS
Transformers

In the cases reported, there were approximately an equal
number of incidences of repairing the failed transformer and
replacing it with a spare. The repair urgency slightly favored a
round-the<lock repair over the regular work-day schedule.
Inadequate preventive maintenance did not seem to have much
influence on the reported failures since no preventive mainte-
nance was reported on only 5 percent of the failures; 11 percent
of the failures were blamed -on inadequate maintenance.
Damaged insulation both in the windings and bushings ac-
counted for the majority of the transformer damage, with the
majority of failures being flashovers involving ground. 24
percent of the reported cases considered normal deterioration
from age as the contributing cause of the failure, yet 39 per-
cent reported that they felt the manufacturer was primarily re-
sponsible. Transient overvoltages, from lightning or switching
surges, and other insulation breakdown account for 41 percent
of the reported failures. In 50 percent of the reported cases
the transformers were removed from the system by automatic
protective devices; only 7 percent had manual removat.

Circuit Breakers

About the same number of circuit breakers were repaired in
place as were replaced by spares. The relative importance of
circuit breakers was indicated by 73 percent of the survey re-
spondents making repairs on a round-the-clock basis. The bulk
of the reported failures involved flashovers to ground with
damage primarily to the protective device components and the
device insulation. Transient overvoltages, insulation break-
downs, and protective device malfunctions were considered a
major initiating cause with normal deterioration from age and
misoperation or testing errors considered as contributing causes.
However, 33 percent of the respondents could not classify the
initiating cause into any of the survey classes, and 55 percent
could not classify the contributing cause into any of the survey
classes. In addition, 36 percent of the suspected causes of
failure were blamed on “other.” 42 percent of the reported
failures involved circuit breakers opening when they should not;
it is possible that several of these failures were external to the
circuit breaker and of unknown cause and were blamed on the
circuit breaker. 32 percent of the reported failures involved
circuit breakers that failed during a load-carrying condition.

23 percent of the failures were blamed on the manufacturer
and another 23 percent on inadequate maintenance, but 36
percent were blamed on “other.” [Inadequate preventive
maintenance (PM) could be a factor of some significance since
no PM was reported on 16 percent of the failures,

Motor Starters

Of the reported motor starter failures, about two thirds were
repaired by replacing the starter with a spare and two thirds
were repaired on a round-the<lock basis. About half of the
cases reported indicate that the damage was other than the
classes listed in the survey, primarily resulting from flashovers
or electrical defects. 64 percent felt that a malfunction of a
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protective relay control device initiated the failure with 40
percent of the respondents reporting that normal detetioration
from age was a contributing cause. Over half of the respondents
felt that improper application was primarily responsible for the
failure. In the cases reported 36 percent had been discovered
during testing or maintenance, and 20 percent were only partial
failures. Lack of preventive maintenance was not a big probiem.
Those starters that had been maintained less than 12 months
prior to the failure accounted for 67 percent of the cases
reported.

Motors

Of the reported motor failures, about three quarters were re-
paired versus about one fourth being replaced by a spare.
About three quarters were repaired on a regular work-day
bagis, The types of failures varied from flashovers to electrical
defects, to mechanical defects, with winding insulation and
bearings sustaining the majority of the damage. Insulation
breakdown, overheating, and mechanical seizing were blamed
a3 the primary initiating causes with normal deterioration from
age, loss or deficiency of lubricant, exposure to abnormal
moisture, and exposure to aggressive chemicals ranking high on
the list of contributing causes. 30 percent of the failures were
discovered during testing or maintenance, which probably
resulted in less actual damage in those cases. Inadequate
maintenance, improper application, and defective equipment
were listed as having primary responsibility. However, over
half of the respondents could not assign responsibility into one
of the survey classes. The motors that had been maintained be-
tween 12 and 24 months prior to the failure accounted for
57 percent of the reported cases with less than 12 months and
more than 24 months accounting for 22 percent and 19 per-
cent, respectively. No preventive maintenance accounted for
only 2 percent, yet this does not correlate well with inadequate
maintenance being listed as having primary responsibility in
17 percent of the reported cases.

Generators

Of the reported generator failures 84 percent were repaired
in place. About the same¢ number were repaired on a round-
the-clock basis as were repaired on a regular work-day basis.
69 percent of the respondents reported damage other than the
survey classes with electrical auxiliaries, winding insulation, and
moving parts sustaining some damage. Mechanical breaking,
transient overvoltages; and about half unciassified items were
considered the primary initiating causes with normal deteriora-
tion from age and persistent overloading considered contribut-
ing causes. Responsibility was spread between inadequate
maintenance and defective components with about half of the
respondents unable to piace primary responsibility into any of
the survey classes, Infrequent or no preventive maintenance
were not involved in any of the reported cases, a point that
does not correlate with the fact that some of the respondents
felt inadequate maintenance was the primary responsibility.

Disconnect Switches

Of the reported disconnect switch failures, 70 percent were
repaired by replacement with a spare, with work in 80 percent
of the cases being performed on a regular work-day schedule.
Electrical defects, mechanical defects, and flashovers to ground
resulted in damage to mechanical components and insulation.
Some form of mechanical breaking or contact from foreign
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TABLE 31 - NUMBER OF FAILURES FOR ELECTRIC UTILITY
POMER SUPPLIES THAT CONTAINED THE
INFORMATION CALLED FOR IN COLUMNS 30-46,

CARD - TYPE 3

Card Number

Type 3 of

Column Title Failures
0 Failure Repair Method............. 28
32 Failure Repair Urgency............ k
34 Failure, Months Since Maintained.. 25
3% Failure, Damaged Part.......... ves ki)
38 Failure Type......cvvunss veeresran 49
40 Suspected failure Responsibility.. 43
42 Failure Inftiatin? Cause.......... 53
44 Faiture Contrfbuting Cause........ 53
46 Failure CharacteristicC....ovveress 145

TABLE 32 - NUMBER OF FAILURES. FOR EACH MAIN EQUIPMENT
CLASS THAT CONTAINED THE INFORMATION CALLED
FOR IN COLUMNS 30-46, CARD-TYPE 3

Main

Equipment

Class Maximum Minimum Avg.
Transformers 101 97 100

Circuit Breakers 176 161 M

Motor Starters 88 88 88
Motors 561(co1.36) 493(col.40) 517

Generators 83(c01.36) 31(all other) 37
Disconnect Switches 101 100 101

Swgr. Bus-Insulated 20 20 20

Swgr. Bus-Bare 24 20 23

Bus Duct 20 18 20

Open Wire 109 104 108
Cable 223 21 218
Cable Joints 45 43 45

Cable Terminations 51 47 50
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sources accounted for about half of the initiating causes, with
exposure to dust and contaminants and a large number of un-
classified items considered contributing causes. Inadequate
operating procedures, inadequate maintenance, and defective
components were considered primarily responsible, which
seems to correlate with over 66 percent of the reported cases
not having any preventive maintenance and 21 percent not
having any preventive maintenance 24 months prior to the
failure.

Swirchgear Bu.@, Bare

Of the reported uninsulated switchgear bus failures, about
two thirds were repaired in place, with a littie more than half
of them being repaired on a round-the-clock basis. 79 percent
of the respondents report some form of insulation damage all
resulting from flashovers either to ground (79 percent) or be-
tween phases (21 percent). Mechanical failure, shorting by
metal objects, and insulation breakdown wete the predominant
initiating causes with exposure to abnormal moisture, exposure
to dust, exposure to aggressive chemicals, and normal deteriora-
tion due to age listed as contributing causes. Interestingly,
15 percent of the respondents listed misoperation or testing et-
rors as a contributing cause. 39 percent felt that an outside
agency was responsible for the failure, while 22 percent blamed
inadequate maintenance.

Switchgear Bus, Insulated

Of the reported insulated switchgear bus failures, essentially
all were repaired in place with over two thirds of the repairs
being completed on a round-the-clock basis. 90 percent of the
respondents reported insulation damage resulting primarily
from flashovers to ground and between phases. Insulation
breakdown was considered to have initiated the failure in about
half of the cases, with exposure to contaminants, moisture,
severe weather, and normal deterioration from age being con-
sidered as contributing factors. Improper application (45

Copyright © 1998 IEEE, All rights reserved.
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percent) and inadequate maintenance (35 percent)} were held re-
sponsible for the failures.

Bus Duct

Of the reported bus duct failures, 65 percent were repaired in
place with the majority of them being repaired on a round-the-
clock basis. 90 percent of the respondents reported some form
of damaged insulation resulting from a flashover to ground.
Mechanical failure, insulation breakdown, and overheating were
blamed as initiating factors, with normal deterioration due to
age being listed as a contributing factor in half of the cases.
Responsibility for the reported failures varied from defective
components (26 percent), improper application (16 percent),
to inadequate maintenance {16 percent).

Open Wire

Of the reperted open-wire failures, 70 percent were repaired
in place with a little over half involving a round the clock ef-
fort, About half of the failures involved flashovers either to
ground or between phases and about 25 percent involved other
electrical defects. In the reported failures, transient overvolt-
ages, overheating, or shorting by metal objects were con-
sidered the most significant initiating causes, with severe
weather and exposure to aggressive chemicals being the pre-
dominant contributing causes. 81 percent of the respondents
indicated that no preventive maintenance had been performed
in over two years, which supports the fact that over a third of
them blamed inadequate maintenance as being responsible.

Cables

The relative importance of primary cable was again indicated
by about two thirds of the reported cases making repairs on a
round-the<clock basis. There were a few more reported cases
where repairs to cables were made by complete replacement
rather than by in-place repairs. About three quarters of the
failures involved flashovers to ground, resulting in insulation
damage.
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TABLE 39 - FAILURE INITIATING CAUSE

SWITCHGEAR BUS-

ELECTRIC UTILITY
INSULATED

POWER SUPPLIES
TRANSFORMERS
CIRCUIT
BREAKERS

MOTOR

STARTERS
MOTORS
GENERATORS
SWITCHES

SWITCHGEAR BUS~

BARE
BUS
TERMINATIONS

DucT
CABLE
CABLE
JOINTS
CABLE

OPEN
WIRE

Table, Title, Category

| TABLE 39 - FAILURE INITIATING CAUSE{Col. 42)
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0 o olo 0 01 2. Overvoltage

5 13 |21 11 0 2{ 3. Overheating

18 | 20 8 (29 40| 51| 4. Other insulation breakdown

23 | 45 7 124] 31| 24| 21. Mechanical breaking, cracking, loosening,
abrading or deforming of static or
structural parts

1 Q 6|0 0 0| 22. Mechanical burnout, friction, or seizing
of moving parts.

0 6|10 |7 0 41 23. Mechanically caused damage from foreign
source {digging, vehicular, accident,etc.)

23 5114 2 0 2| 41. Shorting by tools or metal objects

9 1] 310 0 2| 42. Shorting by birds, snakes, rodents, etc.

0 0 0l 0 0 0| 51. Loss of control power

0 0 0t 0 0 0| 52. Malfunction of protective relay control
device, or auxiliary device,
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TABLE 40 - FAILURE CONTRIBUTING CAUSE

e
- 1 '
Ll s w wy
ad o) = =
— | D @ o v
| i N - =
Dol w " o -3 o
o) E [~ 4 < Q) o —
LoD o v (72 o Oyl bl [ aad
—un O |- - 4 - Wl =1 O =L
o [P TV ] Wi v | T|EXT=x}| T 0 =
]| DM &l & {o Lo al O ad | Ll e—
QW | Q] Oox| O | =2 —w =l =Z=uw ] ST |LE
- R R R S PR I EE = R B
dg p ug_g; g5 pinjne|nalob|lox] o|ds|o- Table, Title, Category
bbb bbb b1 rapie a0 - FAILURE CONTRIBUTING CAUSE (Col. 44)
2 |13} 4 0| 5|10 8 0 a 6 0] 2 0 0f 1. Persistent overloading
4 [ o} 1 0| 1] 6] 3 5 0 0 oo 2 0| 2. Above-normal temperatures
~ojor ol ojol 1y ol 0y 01 0)of Of Of 3. Belownormal temperature
0] o] 2 0] 77 ol o g} 10 0|28 |14 13| 10| 4. Exposure to aggressive chemicals or solvents
21 6] 3 0|10| 6 4|15 20 | 17 1| 8 22| 12| 5. Exposure to abnormal moisture or water
0|0 O 0¢: 0] 30 0 5 0 3| 2 0 0] 6. Exposure to non-electrical fire or burming
0o} 0 0 2| of 0 0 0 0 0|1 0 0| 8. Obstruction of ventilation by foreign
objects or material
4 124| 17 | 40 (34| 32| 5] 20| 10 | 50 3130 29| 24] 9. Normal deterioration from age
38| 6 01 2] 302 5 [11 |30 (|15] 2] 16| 10. Severe wind, rain, snow, sleet, or other
weather conditions
2|1 0] 2 0! 0| 6] 0 0 0 0 1(0 0 O 11. Protective relay improperly set
0] 0§ 1 2115 0| 0 0 0 0 0|0 0 0] 12. Loss or deficiency of lwricant
0fo) o of1f ofoj o 0| 0f 00| 0| _90]13. Lossor deficiency of oil or cooling medium
00 3|00 D o5 | 6 [ 2] 3[ 0 8] 14, Misoperation or testing error
41 3t 3 T 5] ol2e}] 40| 20 0 211 0 0| 15. Exposure to dust or other contaminants
45 144} 55 | 53 [18) 32/53] 0] 15 {11 | 31 {24 31 ] 29| 99. Other

V¥ XION3IddV

L66}-E26F PIS

3331



(A4

‘paatesal syybu v "3331 8661 © ubuAdon

TABLE 41 - FAILURE CHARACTERISTIC
- e
— Y oy [T4]
- L oD -
ot et L] [-+] [+4] vy
| & =
ma | W v |- o o (=]
o X e o o =« —
o] e« v vy o | W”uu tut |
—tn| © Fa o - |= Wo-| v -t
o e | oo w Nl ea |z ElXex] x= 73] =
x| N oawjxr-|lelxl|lo 2o al v i | R e
vw| Z2lox|ox|o|w|o FlFFD] W po| ZWf |l dE| 2 E
wx| L xwfjr-x| =} = |t == n] =] o] we] m{im—| e
wo| Ejmeior|olw|— Elxzx|zg] DD o] LaCO| W
wal| Hlos]lEZwn|Ejv o=l oolox| oDV Table, Title, Category
% % ¥ 21 %1 2 % 1 % 1% 3 3 TABLE 41 - FAILURE CHARACTERISTIC (Col. 46)
Utility Power Supplies (Select code)
|1 0 ol 0f 0| O 30| 8|10 0 17] of 12 1. Fallure o?) sﬁngh cireuit {no redundant
supply
| o 1 0| 0] 0| O 5] 0 0 077 0 2 2. Failure of one circuit of a double-circuit
redundant supply
1510 0 o| 0] 0| O Q| 0 0 0ol O 0 3. Failure of both circuits of a double-
circuit redundant supply
210 3 0] 0] 0} O 0] 8 0 0301 O ] 4, Failure of all circuits of a three or more
circuit redundant supply
o0 0 0| 04 3] O 0] 0 0 0{0}) 0 0 5. Partial failure of a three or more circuit
redundant supply
Transformers {Select Code)
0|90 0 0| 0f 0| 4 0 o 0 0 {4 0 2 §. AUtomatic removal by protective equipment
0] 1 0 0] 0 0] O el 0 0 0|0] O 0 7. Partial failure reducing capacity
0|7 0 o|ol0] O 0] 0 0 0|0|] O 0 8. Manual removal
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An interesting point is that in over two thirds of the failures
there had been no preventive maintenance, yet inadequate
maintenance was only listed in 10 percent of the cases as being
responsible for the failure. 16 percent placed the responsibility
with the manufacturer, 14 percent with inadequate installation
and testing prior to start-up, with 38 percent of the cases re-
porting reasons for the failure in classes other than those listed
in the survey.

The initiating causes varied from transient overvoltage
disturbances to insulation breakdown, to mechanical failures,
with 30 percent reporting normal deterioration from age as a
contributing cause.

Cable Joints

Of the failures reported, 87 percent were repaired in place,
with just over half being repaired on a round-the<lock basis.
Almost all of the failures resulted in damaged insulation, pri-
marily from flashovers to ground, which were initiated by in-
sulation breakdowns, transient overvoltages, or mechanical
failure.

29 percent of the respondents felt that normal deterioration
from old age contributed to the fajlure, while 35 percent
blamed abnormal moisture or exposure to aggressive chemicals.
Inadequate installation and testing were considered responsible
for 50 percent of the failures. 60 percent of the respondents
reported that no preventive maintenance had been performed,
but only 18 percent blamed the failure on inadeguate
main{enance.

Cabie Terminations

Of the reported cable termination failures, 60 percent were
repaired in place with just over half of the repairs being made
on a round-theclock basis. The primary damage was insulation
involving either a flashover to ground or other electrical de-

APPENDIX A

initiated by an insulation breakdown, with normal deterioration
due to age, severe weather, and exposure to abnormal moisture
or aggressive chemicals contributing significantly to the prob-
lem. 39 percent felt that inadequate installation and testing
prior to start-up was primarily responsible, while 22 percent
felt that inadequate maintenance should be blamed. This also
seems to correspond to the reporting that in 40 percent of the
cases no preventive maintenance had been performed in over
two years.

GENERAL CONCLUSIONS
Electrical Equipment

The general picture from Tables 38 and 35 spotlights in-
adequate maintenance as a significant factor in the suspected
responsibility for failures. Yet the owner appears willing to
work round the clock to fix failures after they have occurred.
Lack of cleaning and lubrication is apparent on disconnect
switches, buses, open wire, cable, cable joints, cable termina-
tions, and motors.

Electric Utility Power Supplies

Many of the results shown in Tables 33-38 are not really
applicable for electric utility power supplies because the
questions asked are not well suited. The importance of the
utility supply was indicated by 91 percent of respondents
making repairs on a round-the-clock basis. The failures were
predominantly flashovers involving ground, caused by lightning
during severe weather or by dig-ins or vehicular accident. Qut-
side agencies, probably the local utility, were predominantly
responsible for the failure with preventive maintenance having
no apparent effect on the cases reported.

The data reported under “failure characteristic” in Table 41
are of special significance in the case of double- or triplecircuit

fect. About half of the respondents felt that the failure was  electric utility power supplies. In particular, the failure rate can
TABLE 42 - SIMULTANEOUS FAILURE OF ALL CIRCUITS
IN ELECTRIC UTILITY POWER SUPPLIES
% of 145
Failures | Number Utility Power Supplies -
from of Failure Characteristic
Table 41 | Failures from Table 41
15% 22 3. Failure of both circuits
of a double-circuit
redundant supply
2% 3 4, Faflure of all circuits of
a three or more circuit
redundant supply
17% 25 Total number of simul-
taneous failures of all
circuits in a double or
more circuit redundant
supply
254
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be calculated for the simuitaneous failure of all circuits in 2
double- or triple-circuit electric utility power supply.

From Table 3 of Part 1 [1] the sample size is 210.7 unit-
years for a double- or triple-circuit electric utility power supply.
A double- or triplecircuit supply operating for one year is
counted as one unit-year. It is possible to calculate a failure
rate from these data as follows:

25
2107 = 0.119 failures per year for simultaneous failure
210. of all cireuits in a double- or triplecircuit
electric utility power supply.

Soms: discrepancies were found in the data on the number of
installed units for double- and triplecircuit electric utility
power supplies. See the discussion in Part I [1] on this point.

Discrepancies

A survey such as this one often obtaing some data that ap-
pear to contain errors. Sometimes the results look ridiculous.
However, some of the ridiculous looking results may actually
be correct. Some of the errors are believed due to a mis-
interpretation of the question by the respondent.

The data in Tables 3141 have been published without at-
tempting to correct discrepancies or errors. A brief list of
some possible discrepancies is given.

IEEE
Std 493-1897

Table 36; The damaged part of one percent of failed circuit
breakers is a tap changer. The damaged part of three percent
of failed cables is a bearing. Winding insulation is shown as the
damaged part in failures of cables, bus ducts, and motor
starters.

Table 39: Three percent of the failures in disconnect
switches were initiated by low voltage.

REFERENCES

[1} IEEE Committee Report, “Report on reliability survey of industrial
plants, Part I: Reliability of electrical equipment,” this issue,
pp. 213-2135.

Discussion

J. Krasnodebski, N, M, Thompson, D. H. Cooke, A. W. W, Cameron,
8. Basu, and T, J. Ravishanker (Ontario Hydro, Toronto, Ont., Canada):

1} Quality of Input Data: The confidence level of data in a survey
of this kind cannot be assessed by mathematics only. One key prob-
lem is the adequacy of records and completeness of data. Some of the
apparent discrepancies noted in the paper seem 1o indicate quite sub-
stantial omissions in records. Unless the industries involved keep much
better failure records than we have done to date, this is not surprising.
The first requirement of a useful reliability program is an adequately
complete and accurate system for recording failures and consequences
{in outage terms).

TABLE A
GENERATORS

Forced Qutages

EEI Report

Number of
Qccurrences QOutage Hours
per Unit-Year  per Occurrence

Sample Size
(unit-years)

204 0.142 91.8

404 0.839 126.5

708 0.521 544

483 0.393 1256

IEEE Reliability Survey
Number of
Sample Size  Occurrences Qutage Hours

Type of Drive (unit-years) per Unit-Year  per Occurrence
Steam turbines* 761.8 0.032 165.0
Jet engines
Gas turbines 89.4 0.638 23.1
Diesel engines 59.4 0.067 127.0

*EEI results are for generators 60-89 MW.
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The requi ts for better ¢ ds, along with the detail involved in
the report forms, indicate that acquiring useful data of this kind is time
CORRLAING.

It is suggested that, if a choice is necessary, it might be preferable to
have a limited {but statistically adequate) number of plants establish a
reliably compiete recording and reporting system rather than increase
the size of the sample under current record systems.

2) Survey Results on Equipment Failures: The failure rate is given in
failures per unit-year. Is year in this context a calendar year or 8760
hours of plant or equipment operating time? If the failure rate is given
per calendar year, were adjustments made for plants operating for 40
hours per week against those operating for up to 168 hours per week?

3) Discussion of Equipment:

Motors: It is susp d that the discrepancy in failurs rates results
from the different application of the two types of motors. Synchronous
mators are usually applied only in engineered situations and are care-
fully designed for the application. Large synch motors ase
usually slow speed. Induction motors are mass produced, purchased off
the shelf at the lowest cost, and usually operated to take advantage of
any service factor. The survey figures are probably correct but cannot
be used for comparison of reliability, jeading to a conclusion that
synchronous motors are more reliable. 1t is a comparison of apples and
oranges.

Switchgear Bus: The paper states that the repeorted data are the
opposite to what they should be. The reported figures may be correct.
Manufacturers regularly reduce the spacing between buses and the
spaces between phases and ground when they use insulated bus. As the
conductor insulation is usually also reduced by design and occasionally
by inferior material standards compared to that on insulated cables. and
workmanship is {requently less than perfect, failures on this type of
gear are probably at least as common as those on air-insulated
equipment,

Circuit Breakers: The failure rate for circuit breakers appears much
too low. It must of course be a function of the frequency of opera-
tion as well as lapsed time. We did not find a definition of circuit
breaker failure, which we believe should differ from cable, transformer,
or other static device failures. Circuit breaker faidlures should be based
on failure to operate satisfactorily either to remain closed or to open
or to close when called upon. [t should be clear whether these figures
include failures caused by auxiliaries such as instrument transformers,
telays, and control switches. Since any calculation of the reliability
of 2 power system would be made nably plex by at p
to treat all these devices individually, a figure for circuit breaker failures
which includes them is usually required by the designer.

Generators: For the generators in the electrical power industry a
good source of daia exists in the EE] “Report on Equipment Avail-
ability for Twelve-Year Period 1960-1971." The comparison between
the failure rates and average repair time contained in that report and
the survey discussed are shown in Table 43. EEI data quoted for
steam turbine driven generators are for the size class 60-89 MW, which
is probably larger than the average size of a corresponding generator in-
cluded in the industrial survey.

‘It can be seen that the EEI failure rate for steam turbine driven gen-
erators based on forced outages is higher by a factor of 5 than in the
industrial survey. For gas turbines, failure rates contzined in both
reports are of the same order, while the outage duration quoted in the
EEI report is higher. 54 failures in 5.5 unit years in the petroleum in-
dustry can probably be explained by the stari-up troubles.

In summary, experience in the utility industry seems to explain
results obtained in the industrial survey to a large degree,

4) Causes of Failure:

a) How important is the age of equipment? [t is mentioned only
as a “conuributing cause,” second in frequency only to “other™
Are there economic replacement tinmes, or does obsolescence usuzlly
come first? '

b) Should the inference be drawn that reliability of industrial
equipment, which is reasonably well suited 1o its job, depends mainly
on 1) stringent acceptance testing, especially overvoltage testing,
2) adequate cleaning, and 3) proper lubrication of bearings?

5) Additional Suggestions for Analysis: Consideration should be
given to add the manufacturer of the main class of equipment to pro-
vide information on reliability of different manufacturers.

Carl Becker (Cleveland Electric Illuminating Company, Cleveland, Ohio
44101): The Reliability Subcommittee did an outstanding job in as-
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sembling and correlating the mountainous volume of data in a simple,
eaty to understand tabulation. 1 would like to add some discussion
that i feel would help the value of thase 1ables and add to the accuracy
of future studies. My two main points are 1) the downtime per failure
on a single-circuit utility supply is exuemely high {possibly by & factor
of five), and 2) the equation for the dollars lost per interruption may
be improved by using other than the kilowatt demand and kilowatt-
hour usage as bases.

My company gathers, codes, and analyzes by computer all inter-
Tuptions to our three quarter million customers. The average down-
time per customer on our distribution system (which is a tingle-circuit
radial supply) has boen between 51 and 61 min for five of the past
six years. Our service srea experi d a cat: phic storm during
1969 which cauted the average downtime per customer to jump to 124
min. In addition, my company is of the opinion that no piant
thould be down for more than 4 h (barring major catastrophies). A
report is therefore written for each intermuption excesding 4 h in dura-
tion, and these reports arc extremely few in number, Furthermore, 13
utilities have polled their reliabitity statistics for customers fed from the
distribution system and found the average downtime per interruption
for 1971 to be spproximately 1% h long. The average downtimes
ranged from 0.75 to 3.2 h. ‘

This information shows that the downtime per failure for industrial
plants is probably outside the predicted tolerance on the IEEE data.
This variance may be due to either a major long disturbance affecting
a majority of those industrial plants participating or to misinterpreta-
tion of the information required.

For over five years T have worked with our customers in regard to
relizbility probiems. My experience has shown that the plant invest-
ment, labor cost, and value of product is z better gauge of the cost per
minute down than would be cither maximum kilowatthour demand or
usage. For example, 1 worked with a manufacturer of magnesium parts
for military aircraft (1 will call this plant 4) and another manufacturer
of parts for conveyor systems (plant B). The dollar loss for A per
minute down was 100 times greater than that for B. Howewver, plant
B's demand is 2500 kW and A's demand is 500 kW, which is an in-
dication that the kilowatthour consumptions in these particular cases
ure not related at all to the economical loss due to a power interruption.
In general ! find that the cost of downtime is tied heavily to one of the
foliowing: 1) the number of employees, 2) the cost of the product in
production (piecework), or 3) the dollar output per hour (high produc-
tion). A combination of these three items would indicate that loss is
tied to the dollars out of the plant per unit of time. Therefore 1 feel
that future studies shouid relate downtime to dollars per minute of
plant production, gross plant, etc.

J. W. Beard (Union Carbide Corporation, South Charleston, W. Va.
25303): The report format and the manner in which the information
is presented is generally quite adequate. Appendix A (Part 1) is some-
what difficult to read because of the reduced print, but | am not sug-
gesting it be upgraded for this report. Because of the many and various
pieces of data used for the report, it is understandable that the reader
must spend a great deal of time in studying and analyzing the informa-
tion in order to properly apply it. The “readily " understandable factor
should perhaps be given more consideration in defining the criteria for
future surveys.

It is my opinion that the most useful types of information presented
are:

1} failure rate and failure rate confidence Limits;
2} failure, damaged part;

3} (ailure type;

4} failure initiating cause;

35} failure contributing cause;

6) failure characteristics.

I believe it is a good assumption that the raw data submitted for
nuny of the other types of information represented were of much lesser
accuracy than for these. For example, most plants reporting data
for information types such as plant outage cost, critical service loss
duration, and loads lost versus time of power outage probably had to
draw on someone’s memory of each failure and then apply the “best
estimate™ principle. This factor alone raites the question as to whether
these types of information can ever be constructed to have useful
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megning. Except for near catastrophic failures, which result in heavy
financial losses, it is doubtful that most plants will spend the money
to decument this type of data. Furthermore, in % practical sense, when
configuring systems and appiying electrical equipment, the reliability
requirement must be carefully considered for each producing unit
served inssmuch as there are many variables that enter into the cal-
culstion of downtime losses.

The following suggestions are offered for consideration in any future
surveys.

1) Basically concentrate on failure rates and failire causes.

2) Simplify and reduce scope of the survey questionmaire forms
(present {orms tend to scare users from contributing).

3) Omit asking for types of information such as cost of outage, repair
time, plant start-up time, etc.

4) Instruct users not to report failures of equipment where reasonable
preventative maintenance is not performed.

5) Instruct users nor to report failures of misapplied equipment.

6) Instruct users mot fo include equipment installed prior to Jan-
uary 1, 1968,

Ty Instroct users 1o give “in-service” date {energized) of all equip-
ment units, not just on the reporied failures.

8) Define “failure™ as “‘damage to equipment sufficiently severe to
force an outage by either manuai or automatic removal of voltage.”
(Keep in mind that failures caused by the conditions in 4) and 5) are
not to be reported.)

Part I: There seemed to be a great deal of confusion by the respon-
dents on the information desired for electric power supplies. Thus the
published failure rates may be questionable. 1t is my opinion that the
gquestionnaire form for this was too nondescript. Perhaps one way to
cleatly describe the power supplies on which information is desired
would be to include on the form simple single-line diagrams of the more
comimon types of utility services,

It is my opinion that the lack of response by many companies was
due primarily to poor and/or nonexistent records. A major contribut-
ing cause may have been the massive amount of information asked for.

The Reliability Subcommittee’s judgement that & minimum of 8 to 10
observed failures was required for “'good™ accuracy when estimating
equipment failure rates seems reasonable.

The value chosen for the confidence interval (0.90) was a good
choice, The inclusion of confidence limits curves (Fig. 1) adds mea-
surably to the report,

I generally concur with the Subcommittee’s discussion comments.
Their discussion of some of the results presented in the tables rein-
forces my feeling that the survey was too broad in scope, and the in-
formation submitted by the plants 100 ambiguous for meaningful
interpretation.

While the sample sizes would be made smaller, as 4 general rule 1 feel
that equipment should b# grouped by voltage class. For exampie, in
Table 2 one grouping of cable terminations is for 601-15 GO0 V. In
this instance it would be etpecially helpful to know the failure rate on
15KV cabie terminations alone.

Pare JI. As stated in my general comments, I feel that it is not prac-
tical 10 generate reasonably accurate information of these types.

The bases for the units used in cost calculations, dollars per kilowatt
plus dollars per killowatthour, are somewhat confusing. Clarification
of this would be helpful.

In the Subcommittee's discussion of the cost of power outages,
itemt 2), I must disagree with their thought that electrochemicat of
heating processes tend to have low outage costs because heat not sup-
plied now can be supplied later.

In the discussion of loads lost versus time of power outage the “time”
factor is questionable. Most plants are not equipped to measure short-
duration power outages (cycles or even seconds).

Part I1I: Many of the information types in this part are very impor-
wnt. Some, I feel, are not. [ suggest that the questions on Failure
repair method; failure repair urgency; failure, months since mainte-
nance; and suspected failure responsibility be omitted from future
surveys. The remaining types of information may be refined using
knowledge gained from this survey.

In the Subcommittee’s Summary of Conclugions they report that
transient overvoltages wert 4 major cause of failure in equipment such
as, for example, transformers and circuit breakers; but [ got the im-
ptession that much of this was speculation on the part of those re-
sponding. The possibility of transient overvoltage should be considered

Copyright © 1998 IEEE. All rights reserved.
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in the investigation of most equipment failures, and IEEE could per-
form an important service to industry by developing a socalled “‘evalua-
tion of possibility of transient overvoltage contribution to cquipment
failures” guide.

Stanley Wells (binion Carbide Corporation, Port Lavaca, Tex. 77979):
The Relisbility Subcommittee should be congratulated for performing
such a comprehensive reliability survey of industtial plants and for pro-
viding a very thorough report.

I would like to limit my discussion to Part 3 and, in particular, the
preventive maintenance effect on the failure rate. A preventive main-
tenance program can very deflnitely have a direct effect on the failure
rate of electrical ¢equipment. In the modetn automated plant of today,
production 4 and losses jated with downtime influence
maintenance schedules. Equipment is often allowed to remain in op-
eration for periods that exceed desired p i int time

hedules, It is i ing to note that the survey indicates that pre-
ventive maintenance can be performed, yet equipment failures occur
within a time period which is less than 12 months since preventive
maintenance way performed. Our first attempt at 2 preventive main-
tenance program met with the same results. The program was reviewed
in depth and it was found that it was insdequate and that the preventive
maintenance procedures and time schedules should be reviewed and
correlated with our failure experience, As experience was gained, the

ip tp tive i program developed into a very
useful tool to practically eliminate electrical equipment failure. We
s0n recognized that where preventive maintenance periods were over
24 months or where no preventive maintenance at all was performed,
thances of failure wete extremely high, This fact is born out in the
tesults of this survey. Table 35, “Failure—Months Since Maintained,”
has been reatranged to show that a lage reduction in failures may be
possible if preventive maintenance periods are on a 12- to 18-month
basis (Tzble B).

Let's define praventive maintenance. Preventive maintensnce is a
system of routine inspections designed to minimize or forestall future
equipment operating problems or failures, and which may, depending
upon equipment Yype, Tequire equipment exercising o1 proof testing,
From this definjtion, the four following items listed under Table 38,
“Suspected Failure Responsibility,” can be considercd a definite part
of & maintenance program:

1) manufacture, defective components (locate by inspection or test);
2} application engineering, improper application;

3} inadequate installation and testing prior to start-up (proof test);
4) inadequate maintenance.

1t is interesting to note that the survey indicates that these four items
are responsibie for a very large percentage of fsilures. The toul for
each category is listed below.

Percent
Transformers 55
Circuijt breakers 53
Motor starters 77
Motors 42
Generators 41
Disconnect switches 52
Switchgear bus insulated 95
Switchgear bus uninsulated 52
Bus duct 63
Open wire 41
Cable 48
Cable joints 68
Cable terminations 79

To increase the electrical system relisbility, each faiture should be
very carefully analyzed to determine the failure cause, and corrective
action to prevent additional failures should be applied to all spplicable
equipment.
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TABLE B
FAILURES
e —————
Less than 12 Months or More
12 Months Ago or No
Preventive Preventive
Maintenance Maintenance

Transformers 34 65
Circuit breakers 18 81
Motor starters 67 13
Motors 22 78
Generators 58 42
Disconnect switch 8 92
Switchgear bus insulated 10 90
Switchgear bus uninsulated k1] £5
Bus duct 25 75
Open wire | 98
Cable 11 89
Cable joint 18 82
Cable terminations 12 88

R. E. Koohn (IEEE Reliability Group): The reliability, inability,

and downtime logistics in the power area is very important and should
lend itsell to cost analysis, which is the ultimate judge of the value of
reliability and maintainability programs. A great deal of data have boen
analyzed with all the obwious advantages and disadvantages that are
entailed in such a data base, Parts | and 2 present me with a severe
probletn as a reliability professional and mansger. In both papers a
large effort was spent indicating that the survey results do not agree
with what the engineering judgment says the results should be; for
example, the discussion of Part 1 on motors, generstors, cable, and

switchgear bus. My quandary is that if I accept your judgment in all
logic, | must question the validity of all the data collected, not just {or
motors, generators, ~abie, and switchgear bus. A pomible procedure
would have been to test the hypothesis that a part of the data was
significantly different enough from the tots} grouped data to justify its

rejection as part of the group dats.
1 would like to d analysis of vari or multiple regression
in analyzing the data. It would appear that a number of possible

variables exist and their effects are suitable for quantization. These
procedures are covered in [1]-[4].

REFERENCES

[1] R. G. Stokes and F. N. Sehle, “Some life<cycle cost estimates for
clectronic equipments,” in Proc. 1968 Annu. Symp. on Reliability,

pp- 169-183.
2]

B. L. Retterer, “'State of art assessment of reliability and maintain-

ability as applied to ship systems,” in Proc. 1969 Annu. Symp. on

Reliability,
H. Dage
Relighility,” pp. 51-58.

pp- 133-145.
3]

{4}

n, “Multiple regression,” in Proc. 1972 Annu, Symp. on
“Cost effectiveness evaluation procedures for shipboard electronic

equipment,” ARINC Research Publ. 509-01-2-564 and 541-01-

1-766.

258

Copyright © 1998 IEEE. All rights reserved.



APPENDIX A

Tai C. Wong (American Electric Power Service Corporation, New York,
N.Y. 10004): The members of the Reliability Subcommitiee are to be
commended for conducting and analyzing the results of a survey that
covers so many elements in industrial power systems,

Perhaps the authors want to clarify why the chi-squared distribu-
tion was used in fitting the data and what kind of statistical testing
technique was employed to ensure the adequacy of the distribution
chosen, The authors did compare the results of the recent survey
against those obtzined in 1962, The readers should be warned that
this is only an observation based on empirical data and that any in-
ference of a trend in the equipment reliability may not be valid,. The
paper indicates that many of the reported data cover more than one
year of operating experience. Becazuse the first survey was conducted
twelve years ago, it is felt that the number of years that the different
equipments were in service should be published (or the data coilected
during the next survey if they are not yet available) so that the reader
can have a better understanding of the data background when he has to
draw further conclusions, beyond the tables presented.

The authors indicated that the purpose of this survey is to make pos-
mibie the quantitative reliability comparisons between alternative designs
of new systems and then use this information in cost-reliability tradeoff
studies to determine which type of power distribution system to use.
It appears that the authors focus on making the economic tradeoff
comparisons based on the available system components at a given time.
However, the authors pointed out that the product of failure rate times
the average downtime per failure is almost the same in 1973 as in §962.
Perhaps the equipment manufacturers and the industries can establish
more dialogues, leading to an answer to the following two questions.

1) Should the equipments have a lower failure rate, but when failing,
take longer to repait? or

2) Should the equipments have a highsr failure rate, but when failing,
need shorter repair time?

in a few instances during the survey, the respondents misinterpreted
either the question(s) and/or the definition of the terms, thus leading
to unreliable or biased results. This is especially true in the ares of
preventive maintenance. I might suggest that during the next survey
1) the definition of all terms that are likely to cause confusion in the
questionnaire be included, 2) a pilot survey be instituted and any neces-
wry modifications pe made to the questionnaire before a full-scale
survey it launched, or 3) the survey form be sent out without request.
ing data, but instead requesting the respondent’s interpretations of the
questions and the terms used. Then the survey form may be redesigned
and data requested.

1. 0. Sunderman (Lincoln Electric Systém, Lincoln, Nebr.): The au-
thors have presented an interesting cross section of costs involved with
industrial electric equipment downtime as accumulated by the com-
puter. The data are to be utilized by interested parties in the choice
of a reliability design for industrial power distribution systems. The
wide range of costs as split into the two parts over 1000 kW and under
1000 kW suggests consideration of othet kW brackeis at 500, 2500,
5000, 7500, 10 000 kW, etc. The sufficiency of data will dictate
breaking points, as the author already questions the cost data below
1000 kW.

In Part 3 the authors have reviewed and presented in excellent tables
the results of electric equipment outage reports and repair. It must have
been disturbing to note the numerous “other than categories classified.”
Perhaps further reporting on the “other” category comments, if avail-
able, would bring additional results to light.

IEEE Relisbility Subcommitiee: The authors wish to thank those who
presented discussions on these three papers. Some of the suggestions
given can be considered for incorporation into future surveys and they
can also be used in the anatysis of the results.

Several discussers have raised the guestion about the effect of “in
setvice date” or age on the reliability of electrical equipment, Popula-
tion datz were collected on the average age of equipment in service;
these will be published in Part 4. However, the Reliability Subcom-
mittee did not request these data in the survey questionnaire on equip-
ment failures. This subject was considered by the Subcommittee when
waking up the guestionmaire; it was not included because this would
have added sdditional complications to a questionnaire that was al-
ready considered too long. This meant that the assamption was made
that the failure rate was constant with age. Thus a chi-squared dis-
tribution is appropriate for use in calculating the confidence limits of

Copyright © 1998 IEEE. All rights reserved.

IEEE
Std 493-1997

the failure rate. The assumption of a constant failure rate with age can
be justified for most electrical squipment based upen reliadility surveys
made by others.

Mr. Becker and Mr. Beard have raised questions about the accuracy of
the cost of power outage data gnd the attemp! to relate it to kilowatts
and kilowatthours. Information was collected but not published on the
estimated plant outage costs 1) per failure and 2) per hour of down-
time. The authors consider that the cost of power outages is an im-
pottant factot that should be congsidered in the desigh of power
distribution systems for industrial plants. Since power distribution
systems are designed on the basis of kilowatt capacity and kilowatthour
of delivered energy, it was felt that it is necessary to attempt to relate
the cost of power outages to these two parameters. The approach used
by the Reliability Subcommittee is the same as that which has been
used by electric powet companies in several Eurcpean countries. The
survey tesult of the median cost of B3¢ per kilowatthour of unde-
livered energy is in the same range as values obtained from surveys that
have been made in Sweden, Norway, France, Italy, and West Germany,
The awthozs agree that the published data of the cost of power outages
are more meznpingful if related to specific types of plants.

The authors acknowledge Mr. Beard's suggestion that a one-line
diagram should be used in the survey of the electric utility supply. A
new survey of the electric utility supply is being started, and Mz. Beard’s
suggestion will be included, This new survey should clear up the prob-
lem of the questionable accuracy mentioned by Mr. Beard. The au-
thors acknowledge Mr. Beard’s comment questioning the accuracy of
the *“time™ factor in loads last versus time of power outage in Tatle 30.

1n answer to several questions raised by Mt. Krasnodebski, the au-
thors make the following comments.

1y The failure rates are based upon a calendar year of 8760 h,
not upon an operating time, which could be less and would thus result
in a higher failure rate than reported in the survey,

2} The failures of circuit breakers ate meant to include the auxiliaries,

3) The failure modes of circuit breakers are included jn Table 41;
this includes “fail to close,” “fail to open,” etc. However, data wete
not collected on the number of circuit breaker operations.

4) The Reliability Subcommittee does not consider that it would be
appropriate for a technical saciety such as IEEE to collect and publish
reliability data by name of manufacturer.

5) The authors agree that better record keeping of failures would
improve survey results. It is expected that future surveys will cover
only a few categoties of electrical equipment that are considered
trouble areas.

6) The authors acknowledge the logic in the very interesting com-
ments made on synchronous motors and switchgear bus and generators.

7) The steam turbine generators in industrial plants probably have
constant operation and thus could be expected to have a much lower
failure rate than 60-89 MW units in utility applications wheré the
operation was ¢yclical.

The authors wish to thank Mr. Kuehn for his suggestions in 2nalyzing
the data. These suggestions included 1) test hypothesis that part of
data can be rejected, and 2} znalysis of variance or multiple regression.
Mr. Becker has raised a point where this approach for analyzing the data
could possibly be tried. Mr. Becker feels that the survey results are too
high on the downtime per failure of a single-circuit electric utility
supply. This may be true for his system, but perhaps other utilities are
not as good as his company's system.

Mr. Wong has raised a waming about drawing the conclusion that
equipment reliabdity has improved since the previous survey con-
ducted 11 to 12 years earlier. A separate paper has been prepared on
this subject and will be published in the near future. This paper con-
tins the conclusion that the failure rate of electrical equipment has
shown a definite trend of improvement during the 12-year interval.

The authors wish te thank Mr. Wells for his discussion on preventive
maintenance. A lot more datu on préventive maintenance are being
processed and wilf be included in Part 4. Mr. Wells® Table B shows
more failures in the 12 months or more” category than for the “less
than 12 months ago” category. The authots would like to point out
that the electrical equipment has more unit-years of exposure in the
“12 monihs or more” category and thus could be expected to have
more failures. Thus it is not possitie to conclude that more frequent
preventive maintenance will reduce the failure rate. The Reliability
Subcommittee is investigating this subject in further detail and will
publish the results in Part 4.
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Report on Reliability Survey of Industrial Plants, Part V-
Additional Detailed Tabulation of Some Data Previously
Reported in the First Three Parts

IEEE COMMITTEE REPORT

Abstract—An TEEE sponsored retiability survey of industrial
placts was completed during 1972. This survey included 30 com-
panies covering a total of 68 Industrial plants in the United States
and Cunada, Additional detailed resuits are reported on some dats
that were previously reported in the first three parts. This includes
failure modes of circuit breakers, cost of power outages, critical
service loss duration time, loss of motor load versus time of power
outage, and the effect of failure repair method and repair urgency
on the average downtime per failure of electrical equipment. This
information is useful in the design of industrial power distribution
systems.

INTRODUCTION AND RESULTS

URING 1972 the Reliability Subcommittee of the
Industrial and Commercial Power Systems Com-
mittee completed a reliability survey of industrial plants.
This paper presents Part IV of the results from the survey.
The first three parts [11-[3] were published previously.
Some of the data in the first three parts caused questions
to be raised about the possibility of obtaining additional
details. These additional details are being reported in this
paper and include the following results.
Table 43 gives failure modes of ecircuit breakers, in-

cluding

1) metalclad drawout
a) 0600 V
b} 601-15000 V
¢) all voltages
2) fixed type (includes molded case)
a) 0-600 V
b) all voltages.

Tables 44, 45 give cost of power ocutages, adding 25
and 75 percentile data to what was previeualy published.

Table 46 gives critical service loss duration time (maxi-
mum length of power failure that will not stop plant
production), adding 10, 25, 75, and 90 percentile data to
what was previously published.

Paper TOI)-74-33, approved by the Industrial and Commercial
Power Syatems Commitiee of the IEEE Indwstry %Ppliutionu
Society for presentation at the 1974 Induatrial and Commercial
Power Systems Technical Conference, Denver, Colo., June 2-6.
Manuscript released for publication April 15, 1974.

Members of the Reliability Subcomntmittee of the IEEE Industrial
and Commercial Power Systems Committee nre A. 1). Patton,
Cha C. E. Becker, W. H. Dickinson, P. E. (tazman, C. R
Hetaing, D. W. McWillikms, R. W. Parisian, and B. Wells.
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Table 47 lists loss of motor load versus time of power
outage, adding the following length of power outage
categories:

1) 10 to 15 cycles
2) 154 to 30 cyeles
3) 0.5+ w0 20s

4) 2+ to40s

5} »>4.0s.

Tables 48 throuyh 56 report the effect of failure repair
method and failure repair urgency on the uverage down-
time per failure for the following equipment categories:

1) transformers—Ttiquid filled
a) 601--13 000 V
b} above 15000 V
2) cireuit breakers——metalclad drawout
a) 0-600 V
b) above 600 V
3) motors
a) induction, 0- 600 V
b) induction, 601-15 000 V
¢} synchronous, 601-15 000 V
4) cable
a) above ground and aerisl, 601-15 000 V
b} below ground and direct burial, 601-15 000 V

In each of the Tables 43 through 56 reference is made
to the tables in Parts I, I1, and III where previous results
had been reported.

DISCUSSION—FAILURE MODES OF
CIRCUIT BREAKERS

The data on failure modes of circuit breakers given in
Table 43 show some very interesting results.

Circuit Breakers, 0600 V

71 percent of the failures of metalclad drawout circuit
breakers were “opened when it shouldn't” versus 5§ percent
of the failures for fixed-type circuit hreskers (includes
molded case}. 77 percent of the failures of fixed-type
cireuit breakers (includes molded case) were “failed while
operating (not while opening or closing),” and only 10
percent of the metalclad drawout failures included this
failure mode.

None of the failures reported for either type of circuit
breaker were “‘failed while opening.”” Only 9 percent and
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TABLE 43 - FAILURE MODES OF CIRCUIT BREAKERS - Percent of Total Failures in Each Failure Mode
Reported in Tables 5 and 41}

{Data Previousl

Metalclad Metalclad *Fixed
All Metalclad Drawout- Drawout- Type *F1ixed
Circuit Drawout- 601-15,000 0-600 Volts | 0-600 Volts | Type-
Breakers All Volts All Sizes All Sizes All Card-Type 3, Col. 46
% 3 % % % F FAILURE CHARACTERISTIC
5 5 2 7 8 6 Failed to close when it should
9 12 21 0 0 2 Failed while opening
| 42 58 49 n §__ _1 4 __ |_Opened when it shouldn't __ __ _
7 6 4 9 5 4 Damaged while successfully
opening
2 1 0 0 o 4 Damaged while closing
32 16 24 10 77 73 Fatled while operating (not whilg
opening or closing)
1 0 0 0 o 2 Failed during testing or main-
tenance
1 2 0 3 0 0 Damage discovered during testing
or maintenance
1 0 0 0 5 5 Other
100% 100% 100% 100% 100% 100% Total Percent
- n7 53 59 39 48 Number of Failures in Total
Percent
- 7 0 7 1 1 Number Not Reported in Col. 46,
Card-Type 3
124 - 66 .14} 49 Total Faflures in Table 5

*Includes molded case
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5 percent, respectively, of the failures were “damaged
while suceessfully opening.” Only 7 to 8 percent of the
failures were “failed to close when it should.”

It appears that the dominate failure mode for metalelad
drawout circuit breakers, 0-600 V, is “opened when it
shouldn't.” It is possible that some of these failures were
external to the breaker and of unknown cause and were
blamed on the breaker. Some of these may have been due
to improper-setting of the trip current.

The dominate failure mode for fixed-type cireuit breakers
(includes molded case), 0-600 V, is “failed while operating
{not while opening or closing).”

Metalclad Drawout Circust Breakers, 601-15 000 V

Aletal drawout ecircuit breakers, 601-15 000 V, had 21
percent of the failures classified as "‘failed while opening”
and 4 percent classificd as “damaged while successfully
opening.” Another 24 percent of the failures were classi-
fied as “failed while operating (not while opening or
closing).” 49 percent of the failures were classified as
“opened when it shouldn’t;” it is suspeeted that some of
these may have been due to improper setting of the trip
current.

It appears that metalelad drawout circuit breakers,
601-15 600 V, have about half of their failures as “opencd
when it shouldn't” and the other hall as “failed while
operating or while opening.”

DISCUSSION—LOSS OF MOTGOR LOAD
VERSUS TIME OF POWER OUTAGE

The data on loss of motor load shown in Table 47
indicate that for power outages greater than 10 cvcles
duration most of the plants lose the motor load, However,

Copyright € 1998 {EEE. All rights reserved.
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for power outages between 1 to 10 cycles duration, only
about half a3 many lose the motor load. Thus, power
outages of less than 10 cycles duration may often not
result in losing the motor load.

There were many power outages of more than 4.0 s
duration, and 35 percent did not lose motor load. It is
suspected that many of these did not have a motor load.
Some may have had a duplicate feed and thus did not lose
the motor load.

DISCUSSION—EFFECT OF FAILURE REPAIR
METHOD AND FAILURE REPAIR
URGENCY ON AVERAGE HOURS

DOWXTIME PER FAILURE

Data were given in Part I on the average hours downtime
per failure for 74 categories of electrical equipment. It is
known that the downtime after a failure can be affected
to a large extent by the failure repair method and the
failure repair urgency. The failure repair method includes
either repair of the failed component or else replacement
with a spare, Some data were given in Tables 33 and 34 of
Part III on the failure repair method and the failure repair
urgency for whole classes of electrical equipment.

A more detailed study is reported in Tables 48-56 of
this paper on the cffect of the failure repair method and
the failure repair urgency on the average hours downtime
per failure. This is only reported for 9 electrical equipment
categories, rather than the 74 categories given in Part I.
These 9 electrical equipment categories were selected be-
cause an adequate sample size existed of the number of
faillures and because the average downtime per failure
was effected significantly by the failure repair method
and/or the failure repair urgency.
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TABLE 44 - PLANT OUTAGE COST PER FAILURE PER kW OF MAXIMUM DEMAND ($ per kM)
A1l Industry - USA & Canada
{Data Previously Reported in Tables 22, 24 and 26)

Number
of

Plant Plants 25% 75%

Size Reporting Min{imum Percentile Median Percentile Maximum Average
A1l Plants 42 .002 7 .69 2.55 10.00 1.89
Plants > 1000 kW 32 .002 .09 .32 1.3 7.50 1.05
Max. Demand
Plants < 1000 kW 10 .50 1.1 3.68 8.27 10.00 4,59
Max. Demand

TABLE 45 - PLANT OUTAGE COST PER HR. DOWNTIME PER kW OF MAXIMUM DEMAND ($ per kwh}
A1l Industry - USA & Canada
{Data Previously Repaorted in Tables 23, 25 and 27)
Nunber
of

Plant Plants 25% 75%

Size Reporting Minimum Percentile Median Percentile Maximum Average
A1l Plants 4] .0009 .18 .83 2.N 27.00 2.68
Plants > 1000 kW 3 .0009 A2 .36 1.20 5.77 .94
Max. Demand
Plants < 1000 kW 10 .86 1.83 4.42 12.50 27.00 8.11
Max. Demand
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TABLE 46 - CRITICAL SERVICE LOSS DURATION {Maximum Length of Power Failure

that Will Not Stop Plant Production)
(Data Previously Reported in Table 29)

Number
of
Plants 10% 25% 75% 902
Industry Reporting Average Percentile Percentile Median Percentile Percentile
A1l Industry - 55 12.6 min, 5.0 cycles 10.0 cycles 10.0 sec. 15.0 min. 60.0 min.
USA & Canada
Chemical 20 4.56 min. 3.2 cycles 8.5 cycles 1.25 sec. 5.0 min. 28.5 min.

TABLE 47 - LOSS OF MOTQOR LOAD VERSUS TIME OF POWER OUTAGE
Tabulation of the Percentage of Equipment Faflures
for Which the Motor Load was Lost

{Data Previously Reported in Table 30)

TYPE OF

Length Number LOAD LOST

of of tor
Equipment Failures ~ Not
Failure Reported Yes No Known
1 cycle or less 0 0% 0% 0x
1+ to 10- cycles - kk:4 674 174

|10 to 15 cycles _| 7 . | 8% __14% . _ 0% _|

15+ to 30 cycles 28 96% 4% 0%
0.5+ to 2.0 sec. 30 77% 13% 10%
2.0+ to 4.0 sec. 10 100% 0% 0%
>4,0 second 998 64% 35% 0%

g XIGN3ddY

1661-26v PIS

3331



89C

‘pansesal siybu iy "333 8661 @ WBUAdOD

TABLE 48 TRANSFORMERS-LIQUID FILLED, 601-15,000 VOLTS
EFFECT OF FAILURE REPAIR METHOD AND FAILURE REPAIR URGENCY
ON THE AVERAGE HOURS DOWNTIME PER FAILURE
(Previous Data Given in Tables 4, 33 and 34)

FAILURE REPAIR METHQD

FAILURE REPAIR METHOD

Replace Replace
Repair with Spare Total Repair with Spare
Average Hours Downtime
Nunber of Failures per Failure FAILURE REPAIR URGENCY
4 22 26 * 130 1. Requiring round-the-clock all out efforts
10 3 13 342 * 2. Requiring repair work only during regular
workday, perhaps with some overtime
a 0 0 - - 3. Requiring repair work on a nen-priority
basis
14 25 39 Average 174, Hours Total

*Small Sample Size

TABLE 49 - TRANSFORMERS-LIQUID FILLED, ABOVE 15,000 VOLTS
EFFECT OF FAILURE REPAIR METHOD AND FAILURE REPAIR URGENCY
ON THE AVERAGE HOURS DOWNTIME PER FAILURE

(Previous Data Given in Tables 4, 33 and 34)

FAILURE REPAIR METHOD

FAILURE REPAIR METHOD

Replace Replace
Repair with Spare Total Repair with Spare
Average Hours Downtime
Number of Faflures per Failure FAILURE REPAIR URGENCY
2 5 7 * * 1. Requiring round-the-clock all out efforts
12 4 16 1842 * 2. Requiring repair work only during regular
workday, perhaps with some overtime
0 1 1 - * 3. Requiring repair work on a non-priority
basis
14 10 24 Average 1076, Hours Total

*Small Sample Size
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TABLE 50 - CIRCUIT BREAKERS - METALCLAD DRAWOUT, 0-600 ¥OLTS
EFFECT OF FAILURE REPAIR METHOD AND FAILURE REPAIR URGENCY
ON THE AVERAGE HOURS DOWNTIME PER FAILURE
Data Given in Tables 5, 33 and 34)

{Previous

FAILURE REPAIR METHOD

Replace

FAILURE REPAIR METHOD
Replace

Fgggir with Spare Total

Average Hours Downtime

Repair __ with Spare |

Number of Fallures per Failure FAILURE REPAIR URGENCY
n 19 50 3.3 kN ] 1. Requiring round-the-clock all out efforts
6 1 7 * * 2. Requiring repair work only during regular
workday, perhaps with some overtime
8 1 9 had * 3. Requiring repair work on a non-priority
basis
45 21 66 Average 147, Hours Total

*Small Sample Size

TABLE 51 - CIRCUIT BREAKERS - METALCLAD DRAWOUT, ABOVE 600 VOLTS
EFFECT OF FAILURE REPAIR METHOD AND FAILURE REPAIR URGENCY
ON THE AVERAGE HOURS DOWNTIME PER FAILURE
{Previous Data Given fn Tables 5, 33 and 34)

FAILURE REPAIR METHOD

FATILURE REPAIR METHOD

Replace Replace
Repair with Spare Total Repair with Spare
Average Hours Downtime
Nurber of Fajlures per Fallure FAILURE REPAIR URGENCY
M 12 46 83.1% 2.1 1. Requiring round-the-clock all out efforts
3 9 12 * * 2. Requiring repair work only during regular
workday, perhaps with some overtime
0 0 0 - - 3. Requiring repair work on a non-pricrity
basis
37 21 58 Average 106, Hours Total

*Small Sample Sfze
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TABLE 52 - MOTORS - INDUCTION, 0-600 VOLTS
EFFECT OF FAILURE REPAIR METHOD AND FAILURE REPAIR URGENCY
ON THE AVERAGE HOURS DOWNTIME PER FAILURE

{Previous Data Given in Tables 7, 33 and 34)

FAILURE REPAIR METHOD

Replace Replace
Repair with Spare  Total Repair with Spare

FAILURE REPAIR METHOD

Number of Failures

verage Hours Downtime
per Failure

FAILURE REPAIR URGENCY

12 19 k| 44.7 6.6 1. Requiring round-the-clock al) out efforts
175 2 177 123 * 2. Requiring repair work only during regular
workday, perhaps with some overtime
0 3 [ - * 3. PRequiring repair work on a agn-priority
basis
187 26 213 Average 114, Hours Total |

*Small Sample Sfze

TABLE 53 - MOTORS - INDUCTION, 601-15,000 VOLTS
EFFECT OF FAILURE REPAIR METHOD AND FATLURE REPAIR URGENCY
ON THE AVERAGE HOURS DOWNTIME PER FAILURE
___(Previous Data Given in Tables 7, 33 and 34)

FAILURE REPAIR METHOD

Replace
Repair with_Spare Total

Number of FafTures

FAILURE REPAIR METHOD

Replace
Repatir with Spare

Average Hours Downtime
per Failure

FAILURE REPAIR URGENCY

14 10 24 88.1 * 1. Requiring round-the-clock all out efforts
93 48 14 83.6 3.7 2. Reauiring repair work only during regular
workday, perhaps with some overtime
6 ¢ 6 * - 3. Requiring repair work on a non-priority
basis
113 58 m Average 76, Hours Total

*Small Sample Size
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TABLE 54 - MOTORS - SYNCHRONOUS, 601 - 15,000 VOLTS
EFFECT OF FAILURE REPAIR METHOD AND FAILURE REPAIR URGENCY
ON THE AVERAGE HOURS DOWNTIME PER FAILURE
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(Previous Data Given in Tables 7, 33 and 34
FAILURE REPAIR METHOD FAILURE REPAIR METHOD
Replace Replace
| Repair with Spare Total Repair with Spare
Average Hours Downtime
Nurber of Failures per Failure FAILURE REPAIR URGENCY
28 2 30 198 * 1. Requiring round-the-clock all out efforts
55 8 63 201 * 2. Requiring repair work only during regular
workday, perhaps with some overtime
1 0 1 * - 3. Requiring repair work on a non-priority
basis
a4 10 94 Average 175,Hours Total

*Small Sample Size

TABLE 55 - CABLE - ABOVE GROUND & AERIAL, 601-15,000 VOLTS
EFFECT OF FAILURE REPAIR METHOD AND FAILURE REPAIR URGENCY
ON THE AVERAGE HOURS DOWNTIME PER FAILURE
(Previous Data Given in Tables 13, 33 and 34)

FAILURE REPAIR METHOD FAILURE REPAIR METHOD

Replace Replace
| Repair with Spare Total Repair wit# Spare__|

Average Hours Downtime

Number of Failures per Failure FAILURE REPAIR URGENCY

ILe

46 4 50 9.0 * 1. Requiring round-the-clock all out efforts
1 8 19 * * 2. Requiring repair work only during regular
workday, perhaps with some overtime
2 pa 4 * * 3. Requiring repair work on a non-priority
basis
59 14 73 Average 40,4 Hours Total

*Small Sample Size
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‘TABLE 56 - CABLE - BELOW GROUND & DIRECT BURJAL, 601-15,000 YOLTS
EFFECT OF FAILURE REPAIR METHOD AND FAILURE REPAIR URGENCY
ON THE AYERAGE HOURS DOWNTIME PER FAILURE
(Previous Data Given in Tables 13, 33 and 34)

FAILURE REPAIR METHOD

Replace

| Repafr with Spare Total wi

FAILURE REPAIR METHOD
Replace

Average Hours Downtime

FAILURE REPAIR URGENCY

Rusber of Failures per Failure
112 ILS 26.5 00 T. Requiring round-the-clock all out efforts
2 33 35 » 77.8 2. Requiring repalr work only during regular
workday, perhaps with some overtime
3 3 6 * * 3. Requiring repair WOTKk on a non-priority
basis
22 93 115 Average 95.5 Hours Total

*Small Sample Size

In several cases there is a disparity in the downtime
between the “average’” and the cases where work is done
“round the clock.” When making availability calculations,
this should be considered when deciding what value to use
for the downtime after a failure,

Transformers, Liquid Filled

Transformers, above 15000 V, had an average down-
time per failure of 1842 h when sent out for repair without
round-the-clock urgency. This compares with an overall
average of 1076 h for. all outage times, which included
several cases of replacement with a spare. Thus it can be
concluded that repair gives a much longer outage time
than replacement with a spare for transformers, above
15000 V.

Transformers, 60115 000 V, had an average downtime
per failure of 342 h when sent out for repair without
round-the—clock urgency. This compares with 130 h for
replacement with a spare while working round the clock.
Thus it can be concluded that repair gives a much longer
outage time for transformers, 601-15 000 V, than replace-
ment with a spare while working round the clock.

Circuil Breakers, Metalclad Drawout

Metalclad drawout circuit breakers, 0—600 V, had an
average downtime per failure of 3.3 h o 3.8 h when fixing
the failure with round-the-clock efforts. This compares
with an overall average of 147 k for all outage times. Thus
it can be concluded that 24 pereent of the outages of
metalclad drawout cireuit breakers, 0600 V, had low
urgency for fixing the failure, and that these 24 percent
of the failures resulted in increasing the average downtime
per failure from 3.8 h to 147 h,

Metalelad drawout circuit breakers above 600 V, had
an average downtime per failure of 109 h for all outages.
However, when round-the-clock effort was applied it only
took 83 h for repair and only teok 2.1 h for replacement
with a spare. This shows that it is possible to reduce the
downtime by having a spare and working round the clock
when fixing metalclad drawout circuit breakers, above
600 V.

272

Motore

Moat users of synchronous motors, 601--15 000 V, did
not have a spare. Thus the average downtime per failure
was 175 h for all failures.

Induction motors, 601-15 000 V, had an average down-
time per failure of 35 h for replacement with a spare,
compared to 84 to 88 h for repair. Induction motors, 0~
800 V, had an average downtime per failure of 6.6 h for
replacement with a spare while working round the clock.
This compares with 123 h for repair and net working
round the clock.

Cables

Cables, above ground and serial, 60t-15 000 ¥, had an
average downtime per fallure of 9 h for repair when
working round the clock. This compares with 40 h for all
failures, This shows that it is possible to reduce the down-
time by working round the clock when fixing cables, above
ground and gerial, 601-15 000 V.

Cables, below ground and direct burial, 601-15 000 V,
had an average downtime per failure of 96 h for all failures.
However, thizs was only 19 to 27 h when working round the
ctock. This shows that it is possible to reduce the down-
time by working round the clock when fixing cables, below
ground and direct burtal, 601-15 000 V.

DISCUSSION—COST OF POWER OUTAGES

Data are given in Tables 44 and 43 on the cost of power
outages to industrial plants. This has added 25th and 75th
percentile data to what had previously been reported in
Part II. These were added because of the wide spread in
the cost of power outages to industrial plants.
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Report on Reliability Survey of Industrial Plants, Part V-
Plant Climate, Atmosphere, and Operating Schedule, the Average
Age of Electrical Equipment, Percent Production Lost, and the

Method of Restoring Electrical Service after a Failure

IEEE COMMITTEE REPORT

Abstract—An IEEE gsponsored reliability survey of indwstrial
plants was completed during 1972. This survey included the plant
climate, atmosphere, and operating schedule, the average age of
electrical equipment, percent production loat, and the method of
restoring electrical service after a failure. The results are reported
from the survey of 30 companies covering 68 plants in nine industries
in the United States and Canada. This information is useful in the
design of industrial power distribution systema.

INTRODUCTION AND RESULTS

DURING 1972 the Reliability Subcommittee of the
Industrial and Commercial Power Systems Com-
mittee completed a reliability survey of industrial plants.
This paper presents Part V of the results from the survey.
The first three parts {1 }-[3] were published previously;
some of the data of lesser importance were not published
at that time but are presented in this paper. Included in
Part V are

Table 57— Fatlure Forewarning for Publie Utility

Power Interruption Only.

Table 58—Percent Production Lost,
Table 50— ethod of Service Restoration,
Table 60—Average Age of Electrical Equipment,
Table 61—Plant Climate,
Table 62—Plant Atmosphere,
Table 63—Plant Operating Schedule.

These data sare useful when using the results published in
Parts I, I, III, IV [4], and VI [5]. This information is
also useful in the design of industrial power distribution
systems. The data on average age of electrical equipment
and plant operating schedule provide answers to some
points raised in the written discussion to Part L.

Paper TOD-74-33, approved by the Industrial and Commercial
Power Systems Committee of the IEEE Industry Applications
Society for presenistion at the 1974 Industrial and Commercial
Power Systems Technical Conference, Denver, Colo., June 2-6.
Manuscript relessed for publication April 15, 1974, .

Members of the Reliability Subcommittee of the IEEE Industrial
and Commercial Power Systems Committee sre A. D. Patton,
Chairman, C. E. Becker, W. H. Dickinson, P. E. Gannon, C. R,
Heising, ). W. McWilliams, R. W. Parisian, and 8. Wells.
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TABLE 57 - FAILURE FOREWARNING for PUBLIC

UTILITY POWER INTERRUPTION ONLY
Col, 25

Percent Card-Type 3

974 1. 1f no forewarning was given

3% 2, If forewarning was given

—_ For other types of failure, Teave blank
100% Total Percent

172 Total Interruptions Reported

SURVEY FORM

The survey form is shown in Appendix A of Part I [1].
The information reported in this paper came from 1) card
type 3, columns 253, 53, and 58; 2) card type 2, column 33;
and 3) card type 1, columns 9-11 and 13. The definition
of failure is given in Part 1.

RESPONSE TO SURVEY

A total of 30 companies responded to the survey
questionnaire, reporting data covering 68 plants in nine
industries in the United States and Canada. For the
purpose of reporting results in this paper, Part V, the
number of industries were reduced from nine down to five
plus an “all other” category. The five industries selected
were the ones for which equipment failure rate data were
reported in Tables 3 through 19, Part I. All of the remain-
ing industries were combined into an ‘‘all other” category
in Tables 61-63 on plant elimate, plant atmosphere, and
plant operating schedute.

DISCUSSION—FOREWARNING FOR PUBLIC
UTILITY POWER INTERRUPTION

Only 3 percent of the time was a failure forewarning
given for a public utility power interruption to the indus-
trial plant. Data from Table 3, Part I, and Table 57,
Part V, indicate that a large percentage of these interrup-
tions were on double- or triple-circuit supplies. Forewarn-
ing can be important to plants with a single circuit. It can
also be important to plants containing a double circuit
with manual switchover.

273



APPENDIX B

pa340day saanjie4 |e201 Sh 0z | L0l |S8 891 202
JuadJadg4 |e3j0) 001 L |00l | 001 001 0oL
juaddad Qf sAoqy ¢ 6 02 |§ 6l 4 L2
Ju3d3dd 0E-0 L 85 09 | &L |S £l c€
uoN O €€ 02 (02 |08 58 (]

1507 UO3ONPOUY % LR LR | ¥ LR
Jue2ig &2 Fezlesla EIEEIEE
—~m O o | oo W =% v o=
w X | X == m ) =
0 | —&D m= — = S | e
m M (=] v =5

> % O | 0 W -]
£ adk] pae) = & R =t
£S5 102 Ll v Sm

IEEE
Std 493-1997

1S07T NOILONAOWS IN3J¥Id - 85 378Vl

Copyright © 1998 |EEE. All rights reserved.

274



‘pesleses SIYBY iy '3331 8661 © WBuAdeD

SLT

TABLE 59 -

METHOD OF SERVICE RESTORATION

b ) L)
[
=i (%2} [72]
d i) 2 =1
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= d o =
o Ll 74 - - 4 [+ 4 (=]
[~ x oc (&) = —
(S = o 1] %] o [TTY. ) L [
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=T oW = = | O [=] wl O | =2 |~ | =t - S| JE
5 N1 2 128 |55 B 3 |23 |52 83|k & |25|3E
= |} - |om gm 2i{s o | = 7t mpox | O g-—; 3= )
Give method of restoring service
4 % z 2 3 4 4 % ¥ % % % % % % to plant
AR 3] 6] O 51 207 0O 58 137 V47 Z81 18 TV Primary selection - manual
2 8 0 1 0 0 0 0 0 5 0 4 5 8 0 {2 Primary selection - automatic
14 14250 61 _0p 141 331 _ 01173104 _10) _2].201_32] _23_1.3_Secondary selection - manual _ _
2 1 3 8 0 0 o 4] 0 0 0 1 0 8 4 | 4 Secondary selection - automatic
0+ 0 0 0 0 g 0 0 0 5 0 0 0 0 0 15 HNetwork protector cperation -
automatic
22 &1 251 11| 12| 307 20 3| 17| 20| 35| 31| 42| 24| 27 |6 Repair of failed component
22 21 39 38)] 10} 29 14) 77 0] 10| 35 6 2 0| 12 | 7 Replacement of fajled component
with spare
12 | 8] 0 1 0 o} 13 0 0 0 0 1 1 0 0 | 8 Utility restored service
22 1 51 29| 78] 22| O} 20 8| 25| o0f 42| 16{ 0| 15 |9 Other - explain in remarks
100 100 {1004 1004 100} 100 | 1004 100 {100 110G | 100! 700 | 1001 100} 100 | Tota} Percent
1204 ({171} 750160 681318 15| 69| 12| 20| 20 103| 122| 25} 26 | TOTAL NUMBER REPORTED
TABLE 60 - AVERAGE AGE OF ELECTRICAL EQUIPMENT
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TABLE 61 - PLANT CLIMATE (for entire plant site)
TABLE 62 - PLANT ATMOSPHERE {for entire plant site)

USTRY
CHEMICAL

Table, Title, Card-Type 1 Column No.

METAL
PETROLEUM
RUBBER AND
PLASTICS
TEXTILE
ALL

OTHER

NUMBER O

-,

PLANTS TABLE 61 - PLANT CLIMATE {Col. 9)

f

oocl-m.:-cwoo
rl i
1

D000 w00 —

Average of Daily Maximums for Hottest Month

Temperature Relative Humidity (RH
measured at noon to ¢ PM ST)
1 Hot (D 90F) High (> 55 RH)

2 Hot (> 90F) Moderate { 50-55 RH)
__3Hot (>90F) __ __ Low (€ 50 RH}__
4 Moderate (80-90F) High (> 55 RH)

5 Moderate SO-QOFg Moderate ( 50-55RH)
_ 6 Moderate (80-90F) __ Low }( SORH)__

7 Low (€80F) High {955 RH

8 Low (€ 80F) Moderate (50-55 RH)

9 Low (¢ 80F) Low (€ 50 RH)

)
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TABLE 62 - PLANT ATMOSPHERE (Col. 10}
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1 Clean to slightly polluted air

2 With salt spray and corrosive chemicals
. __3 With salt spray and dust or sand _____

4 With salt spray only

5 With corrosive chemicals and dust or sand
__ __6 With corrosive chemicals only ___

7 With dust or sand only

8 With conductive dust

9 Other

|
|
|

H
!
COO0O0O0OO —~4
|
I

i

COO0OO—mODOoOMN

OoOMNOO—=0o0Oo0
— et NOWoOOOoOMN

L661-E6¥ PIS
3331

9 XIONIddY



IEEE

APPENDIX B Std 493-1997
TABLE 63 - PLANT OPERATING SCHEDULE
[an]

. = =

ol —d o=} =

o -9 L [ [ ¥¥]

B2 o al &l 2 o Title, Card-Type 1 Column No,

=2 = < ax I -7, - ()

—Sa d - — o > PR

-l x= wl w = d L d

L — [ ] x (-9 [--4-9 [ = O

NUMBER OF PLANTS HOURS PER DAY (Col. 1)
0 0 0 0 0 0 0 Less than 8
9 2 0 1 0 0 ) 8
0] o4 0l Ol 0 O0)_0{ 9toT5 __ __ _ ___ __ _|

19 0 2 0 0 gl 17 16
0 0 0 0 0 0 0 17 to 23

4 1 19 1 7 3 3 7 24

DAYS PER WEEK {Col. 13)
33 ? (2) ? g g 0 Less than 5
| 3o 142} 1 2 o284 5 __ _ __ _ ___

3P T ool oTol 2T 6 ]
B 19 1 7 1 3 4 7

DISCUSSION—PERCENT PRODUCTION LOST

The most severe category of failure in an industrial
plant ia where above 30 percent of the production is lost.
Data from Table 58 show that the following percent of
equipment class failures resulted in losing above 30 percent
of the production.

Switchgear bus—bare 30 percent
Electric utility power supplies 27 percent
Switchgear bus—insulated 20 percent
Cable terminations 18 percent
Bus duct 15 percent
Transformers 15 percent
Generators 15 percent
Open wire 13 percent
Cable 13 percent
Cable joints 9 percent
Cireuit breakers 8 percent
Motors 3 percent
Motor starters 2 percent

It can be seen that failures of switchgear bus and clectric
utility power supplies often result in losing above 30
percent of the production.

DISCUSSION—METHOD OI' SERVICE
RESTORATION

The data on method of electrical service restoration to
plant is shown in Table 59. A percentage breakdown of the
total shows the following results.

Copyright © 1998 IEEE. All rights reserved.

Replacement of failed component

with spare 22 percent
Repair of failed components 22 percent
Other 22 percent
Utility service restored 12 percent
Secondary sclectinn—manual 11 percent
Primary selection—manual 7 percent
Primary selection-—sutomatic 2 percent
Secondary selection—sautomatic 2 percent
Network protector operation—automatice 0+ percent

The most common methods of service restoration are
replacement of failed component with a spare or repair
of failed component. Only 22 percent of the time is primary
selection or secondary selection used; this would indicate
that most power distribution systems are radial.

DISCUSSION—AVERAGE AGE OF
ELECTRICAL EQUIPMENT

Aany respondents to the reliability survey of industrial
plants submitted data covering a ten-year period. Thus it
is not surprising to see that Table 60 shows a large popula-
tion that is more than ten years old. The following percent
of installed units are classified as more than ten years old.
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Bus duct 92 percent
Open wire 92 percent
(Generators 90 percent
Motors 63 percent
Cable 64 percent
Cable joints 63 percent
Cable terminations 63 percent
Transformers 34 percent
Switchgear bus—insulated 52 percent

Motor starters, disconnect switches, switchgear bus—bare,
and circuit breakers had over 30 percent of the installed
units one to ten years old.

15 percent of the circuit breakers were less than one
year old. All other equipment classes had less than 6 per-
cent of the installed units less than a year old.

DISCUSSION—PLANT CLIMATE
AND ATMOSPHERE

Data on plant climate and plant atmosphere are given
in Tables 61 and 62. 43 percent of the plants were in a
hot climate, 53 percent in a moderate climate, and only
4 percent in a low climate (cold climate). 43 percent of
the plants had high relative humidity, 31 percent had
moderate relative humidity, and 26 percent had low rela-
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tive humidity. 53 percent of the plants had a plant
atmosphere classified as “clean to slightly poelluted air.”
The other 47 percent had an atmosphere with some
contamination.

DISCUSSION—PLAXNT OPERATING SCHEDULE

The data on plant oprrating schedule are given in Table
63, 52 percent of the plants operated 7 days per week,
4 percent for G days, and 44 porcent for 5 days. 59 percent
of the plants operated 24 h per day, 28 pereent for 16 h,
and 13 percent for 8 h,
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Report on Reliability Survey of Industrial Plants, Part VI:
Maintenance Quality of Electrical Equipment

IEEE COMMITTEE REPORT

Abstract—An TEEE sponsored reliability survey of industrial
plants was completed during 1972, This included maintensnce
quality, the frequency of schedule msintenance, and the failures

d by inadeq maitit The results are reported from
the survey of 30 companies covering 68 plants in nine industries i
the United States and Canada. Thiz jnformation is usefu!l in the
design of industrial power distribution systems,

INTRODUCTION

KNOWLEDGE of maintenance quality of electrical

equipment in industrial plants is useful information
when planning the maintenance program of industrial
power distribution systems. In addition it is useful to
know how this correlstes with the normal maintenance
cyele and the failures blamed on inadequate maintenance.
During 1972 the Reliability Subcommittee of the Industrial
and Commercial Power Systems Committee completed s
reliability survey of industrial plants. This paper presents
Part VI of the results from the survey. The first three parts
[13-[3] were published previously. Table 38 from Part I1]
reported that inadequate maintenance was blamed for
between 8 to 30 percent of the failures of electrical equip-
ment. This information has caused the Reliability Sub-
committee to make a further study of the failure data;
the results from thig study are being reported in this paper.
Ineluded in Part VI are the results for 12 main classes of
electrical equipment, on

1) equipment population versus a) maintenance quality
and b} normal maintenance ¢ycle;

2) failures due to all causes versus a) failure, months
gince maintained, and b) maintenance quality;

3) failures due to inadequate maintenance versus a)
failure, months since maintained, and b) mainte-
nance quality.

The “maintenance quality” is an opinion that was
reported by each participant in the survey. The four
classifications used were “excellent,” “‘fair,” ‘poor,” and
“none.” The “normal maintenance” ¢ycle is the frequency
of performing preventive maintenance.

Paper TOD-74-33, approved by the Industrial and Cormmercial
Power Systems Committee of the IEEE Industry Applications
Soviety for presentation at the 18974 Industrial and Commercial
Power Systems Technical Conference, Denver, Colo., June 2-6.
Masanuscript released for publication April 15, 1974.

Members of the Reliability Subcommittee of the IEEE Industrial
and Commercial Power Systems Committee are A. D. Patton,
Chnirman, C. E, Becker, W. H, Dickinson, P. E. Gannon, C. R.
Heising, D. W. McWilliams, B. W, Parisian, and 5. Wells.

Copyright © 1998 IEEE. All rights reserved.

SURVEY FORM

The survey form is shown in Appendix A of Part I (1],
The information reported in this paper came from 1) card
type 2, col. 3¢ (maintenance, normal cyele); 2) card
type 2, col. 36 (maintenance quality); 3) card type 3,
col. 34 (failure, months since maintained); 4) card type
3, col. 40 (suspected failure responsibility). The definition
of failure is given in Part L.

RESPONSE TO SURVEY

A total of 30 companies responded to the survey ques-
tionnaire, reporting data from nine industries in the United
States and Canada. Every plant did not report all the
information called for in card type 2, columns 34 and 36.
Every failure report did not have filled out all of the
information called for in card tvpe 3, columns 34 and 40;
a total of 1469 failures had this information filled in and
are reported here in Part VI, and 240 of these failures
were blamed on inadequatc maintenance. Differences in
the number of failurcs and unit-years reported here in
Part VI and those previousty reported in Part I and Part
III can be expisined from the preceding.

STATISTICAL ANALYSIS

The subject of statistical analysis of equipment failures
is discussed in Part I {17 Confidence limits for the failure
rate are shown in Fig. 1 of Part I. The Reliability Sub-
committee concluded that eight failures is an adequate
sample size for reporting failure rates in the summary in
Table 2, Part I. In a few cases, failure rate data were
reported in Tables § through 19; Part [, where there were
less than eight failures,

In this paper several cases are reported in Tables 67
through 78, where the failure rate contains less than eight
failures; these cases have been marked *“small sample size.”

SURVEY RESULTS

Results are tabulated for 12 main equipment classes in
Table 64 where the equipment population is given versus
1) maintenance quality and 2) normal maintenanee cycle.

Table 65 summarizes the percent of each electrical
equipment class population versus the maintenance qual-
ity. Table 66 summarizes the percent of each electrical
equipment class population versus the normal maintenance
cycle.

Results are tabulated for each of the 12 main equipment
classes in Tables 67 through 78, where the number of
failures is given for 1) failures due to all causes and 2)
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failures due to inadequate maintenance, versus 1) failure,
months aince maintained, and 2) maintenance quality.
Failure rate calculations are also given in Tablea 67 through
78; these calculations used the population data from
Table 64.

Table 79 summarizes the number of failures for all
equipment classes combined versus the meintenance qual-
ity. Table 80 summarizes the number of failures for all
equipment classes combined versus the months since
maintained.

GENERAL CONCLUSIONS—MAINTENANCE
QUALITY

The maintenance quality is an opinion that was reported
by each participant in the survey. The major portion of
the electrical equipment population in the survey had a
maintenance quality that was classified as excellent or

IEEE
Std 493-1997

fair, Less than 5 percent of the population in each equip-
ment clase (except for motor starters) were classified as
poor. Four equipment categories had between 24 percent
to 43 percent of the population classified as ‘‘none” under
maintenance quality; this included cable termination (43
percent), disconnect switches (40 percent), cable (35 per-
cent), and cable joints (24 percent).

Maintenance quality had a significant effect on the
percent of all failures that were blamed on inadequate
maintenance. In the “poor” category 33 percent of all
failures were blamed on inadequate maintenance. This
compares with 18 percent for fair maintenance and 12
percent for excellent maintenance. The ‘‘none” category
for maintenance quality also had 12 percent of all failurea
blamed on inadequate maintenance; but 82 percent of these
failures were for equipment classes that do not require
much maintenance (cable, cable terminations, cable joints,

TABLE 65 - PERCENT OF ELECTRICAL EQUIPMENT
POPULATION YERSUS MAINTEMANCE QUALITY

A11 Data Taken from Table 64)

w1
2 =
7 o @ w
[ 4 =
ad wy - o o (=
= al| w S |lon|S8 5 e
MAINTENANCE o - ac - = Zw| o=@ <
QUALITY Y| oY | |2 |2 |ES|523 w | wl | ws
are-pez | 285|182 |5 |u | BE B3 Ew |5y |3 |22 |52
Col. 36 & | | |© |w [ —=x|Fxr|xa |o= | @€ |0 |cw
- |va[fn | X |o |an]|n=]libe|lox |o|css|ur
X % x 3 % % % x % % 3 4
Excellent 54 33 24 41 | 58 47 79 56 49 5 20 26
| Fair 84 L 48 | 66 | 59 ; 82 VR L VUL &2 L a1 g 5B 531 M0
Poor 2 4 10 [ B 2 0 1 1] 2 3 1
None g+ | 15 Q 0+] 0O 40 10 1 10 35 24 43
Total 100 [ 100 {100 100 J100 | 00 | 100 [ 100 [ 100 106 100 ] 100
TABLE 66 - PERCENT OF ELECTRICAL EQUIPMENT
POPULATICH VERSUS NORMAL MAINTENANCE CYCLE
{AT} Data Taken from Table 53)
v |a
wn a |a » “
B s =
3 =z |5 (<o |= w z =
= n v =] W | el | w o =3 —
o - e = Ew | D= | —_ - T
e — L ul L) - . XL x x =
2 |8%|s5 |8 15 18E|5218, |2 |y |y ek
MATNTIMANCE, E 25 E‘ I x Vi | i | w = @ @
NORMAL CYCLE EICE|RG 2 (B [GR|3E|AS (s /S [5 |s¢
Card-Fype 2 5
Cal, 34 H 3 3 X I % % % % 3 % %
Less than 12 Months 1 1 2 ¥ |2 O+ G 0 0 14 o+ 2
12-Z4 Months . L S6|. . 47 ) 651 55079 38) 13, a2 [ 3L 290 25, 13|
Hore than 24 Months 4] 37 2 [+ 0 22 bi 57 54 34 51 41
|No Preventive Maintenance| 04 15 1 o+l 0 A 1¢ 1 10 35 24 4
Total 100 100 | 100 [ 100 (100 | 100 | 100 | 100 {100 | 100 |100 { 60
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TABLE 67 - NUMBER OF TRANSFORMER
FAILURES YERSUS MONTHS SINCE MAINTAINED AND MAINTENANCE QUALITY

FAILURE, MOKTHS SENCE MAINTAINED
Card-Type 3, Col, 3
Less More Failures
MAINTENANCE Than 12 12 - 24 Than 24 No per
QUALITY Months Months Months Preventive Unit-Year
Card-Type 2 Ago A_?g Ago Maintenance Total ALL
Col. 3 Nuber of Faflures Due to ALL CAUSES CAUSES
Excellent 22 n ] 0 38
| Fadr | __ 00 _1 __26 3 _w __ 1 ___1v__ + .83 ___ | _ _ _|
Foor 2 1 H 1 5
None 4] ] i] 3 K]
Total 34 38 22 5 99 00473
[ ]
| Humber of Fallures Due to [NADEQUATE MAINTENANCE 1 INADEQUATE
| | (Card-Type 3 Col. 40} | MAINTENANCE
Excellent 0 1 2 o] 3 .opgz7r
| Faie L Vv __| 0 _1 6 __ 1 _.0._ | __7_ ] .o0675% _
Foor 0 0 Q 1 1 .00294%
Kone 4] 0 i] ] i) *
Total 1 1 B 1 T .00053

* Small Sample Sfze

TABLE 68 - NUMBER OF CIRCUIT BREAKER
FAILURES YERSUS MONTHS SINCE MAINTAIMED AND MAINTEMANCE QUALITY

FAILURE, MONTHS SINCE MAINTAINED
Card-Type 3, Col. 34
Less More No Fallures
MAINTENANCE Than 12 12 -24 Than 24 Preventive per
QUAlfITY 2 Months Months Months Meintenance Total Unit-Year
Card-Type Ago Ago A ALL
Col. 36 umber og Fallures Eue to ALL CAUSES CAUSES
Excellent 13 50 2 1 77
| Fagr ____ | 18 _ | _ 4 _} _ & | __1v _ | ___8 | _ _|
Poor [ 2 2 Q 4
| Hone 1 9 Q 26 21
Total R 104 9 28 173 L00H0
r 1
! Number of Fajlures Due to INADEQUATE MAINTENANCE INADEQUATE
| ] (Carc-Type 3 Col. 49} MAINTENANCE
Excellent 2 1 3 1 7 .00041*
LFade L 2 4 18 {4 _ 2 _1 ____ 6 ___{ _._.22 _|_ .00090 __]
Poor !} 1 2 4 3 .00166*
| Nane 0 I 0 3 q
Total 4 20 7 5 k. -00071

* Small Sample Stze

TABLE &% - MUMBER QF MOTOR STARTER
FATLURES YERSUS MONTHS SINCE MAINTAINED AND MAINTENANCE QUALITY

FAILURE, MONTHS SINCE MAINTAINED
Card-Type 3 Col. 34
Less More Failures

MAINTENANCE Yhan 12 12 - 24 Than 24 No per

QUALITY Months Months Months Pr:venti ve Unit-Year
Card-Type 2 Ago A Ago Maintenance Total LL

Cel, 3% Humber of Eaﬁures Bue to ALL CADSES CAUSES
Excellent 13 1 4 0 1L
Fale ___ |4 __ 1 __13 1 _ 8 _L __.0 _._|__ 6 _} ___ _]
Poor 1 1 2 o} 4
|None 1] Q g v} 0
Total 59 15 14 0 ] L0074

i 1 1
: Nurber of Failures Due to INADEQUATE MAIHTENANCE j INADEQUATE
| | {Card-Type 3 Col. 40) MAINTENANCE

Excellent 1 0 0 0 1 00036
Fair PR R I 1 _ | 3 __ 0 _ 4 __§ 00081
Poor 1 4] 1 0 Z L0070
None 0 1] 0 ] 0 —_—
Total 2 1 4 Q 7 . 00059*

* Small Sample Size
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TAELE 70 - NUMBER OF MOTOR
FAILURES VERSUS MONTHS STNCE MAINTAINED AMD MAINTENANCE QUALTTY
FATLURE, MONTHS SINCE MAINTAINED
Card-Type 3 Col. 34
Less More Failyres
MAINTENANCE Than 12 12 - 24 Than 24 No per
QUALITY Months Months Preventive Unit-Year
Card-Type 2 A Ago Maintanance Total - ALL
Cot. 36 r of Failures Due t0 CAUSES
;xcnllent 56 2;3 93 I? ‘3;;
air 1 58 __ 1 __ -1 Lo — -1 .
Poor 0 o 2 1 g 2
| one Q Q '] [
Total 114 294 99 M 518 LOT3eT
1 1 |
‘ Numbar of Failures Due to INADEQUATE MAINTEMANCE IXADEQUATE
\ (Card-Type 3 Col. 40), MAINTENANCE
Excellent 8 1 0 1¢ Q0058
Fair b _ | s L & _1 2 _ 0 _| .ocze0 ___|
Poor 0 0 2 0 2 .Q1390*
None 0 9 0 Q 4] . 00000*
Tota¥ 19 26 LL Z BZ RukL)
* Smatl Sample Size
TABLE 71 - RUMBER OF GEMERATOR
FAILURES VERSUS MONTHS SINCE MAINTAINED AMD MAINTENANCE QUALITY
FAILURE, MONTHS SINCE MAINTAINED
Card-Type 3 Col, 34
Less More Failures
MAINTENANCE Than 12 12 - 24 Than 24 Ho par
QUALITY R Months Months l‘:nths Preventive Unit-Yesr
Card-Type Ago A in nce Total LL
Col. 3% Nurber of Tailtures gue to ALL HU%E! CAUSES
Excellent 14 9 ¢ 0 23
| Fasr _ 4 VvV _ .t ___ 4 _| 0 1 __0 ___|___§ .1 .
Poor i} 0 ¢ 0 0
Q 0 ] i) g
Total 15 13 0 0 28 .03360
] ! ] I
i Number of Faitures Due to INADEQUATE MAINTENANCE | INADEQUATE
) ' ' {Card-Type 3 Col. 40) | MAINTEMANCE
Excellent 3 Q a ] k] 00618
{ _Fafr | O ___|__2 __} ¢ __1 ___ 0 __ | 2. |_ .0055% |
Poor Q Q o 0 [
None 0 Q L1} _9 1]
Total 3 2 [{] 0 H . 00596*
* Small Sampla Size
TABLE 72 - NUMBER OF DISCONNECT SWITCH
FAILURES -VERSUS MONTHS SINCE MAINTAINED AND MAINTEHANCE QUALITY
FAILURE, MONTHS SINCE MAINTAINED
Card-Type 3 Col. 34
Less More Failyres
MAINTENANCE Than 12 12 - 24 Than 24 No per
QUALITY Months Months H't:\n ths Pr:unti ve -
Card-Type 2 Ago A 0 Matntenance Total ALL
Col. % Nomber of ?lTTure"s Due to ALL CAUSES CAUSES
Excellent 4 1] 1 1] H]
| Falr _ | 4 __ | __5 ] _#4 _‘I_ P RV S I T I _
Poor Q ] 15 0 16
4 4] ] 57 82
Total [ 5 H 67 101 00542
| v T [ ]
| Kumber of Failures Due to INADEQUATE MAINTENANCE | INADEQUATE
i . {Card-Type 3 Col. 40) MAINTEMANCE
Excellent 0 1] 1 i} 1 .00013
| _Fair | 1. 0 4 _ | v __ 0 | -5 _]_ .o01s0"
Poor 0 0 0 0 0 . 00000
1] 9 Q Fi 7 *
Total 0 4 2 7 13 00070

* Small Sample Size

Copyright @ 1998 |EEE. All rights reserved.
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JABLE 73 - NUMBER OF SWITCHGEAR BUS-INSULATED
FAILURES YERSUS MONTHS SINCE MWAINTAINED AND MAINTENANCE QUALITY

FAILURE, MONTHS SINCE MAINTAINED
Card-Type 3 Col. 34
Less Mare Failures
MAINTENARCE Than 12 12 - 24 Than 24 No per
34""#[" ) Hgnths Mo:ths Mo:ths ar?venﬂve Totat **Un{t-Year
Card-Type go g% o afntenance ota L
€ol. 36 urber o ures Due to ALL CADSES CAUSES
Excellent 2 3 10 0 15
|_Fadr | 0 ¢ _ & __} _ VvV ___ | .0 _ g5 _ 1 __ ]
Poor Q o] 0 0 0
None 4] Q Q g 0
Total 2 7 11 0 20 .02z
N i I
! Number of Failures Due to [NAGEQUATE MAINTENAKCE : INADEQUATE
! ) ' {Card-Type 3 Col. 40) | MAINTENANCE
Excellent 0 0 [ 0 6 00048+
| Fair | N B B I 1 .0 ) .00059*
Poor 0 ] 0 0 Q
None o] ] Q Q g 00000+
Total 0 0 7 1] 7 . 00044*

* Small Sample Size
**nft = Nurmber of Conpected Circuit Breakers or Instrument Transformer Compartments

TABLE 74 - HUMBER OF SWITCHGEAR BUS-BARE

FAILURES VERSUS MONTHS SINCE MAINYAINED AND MAINTEMANCE QUALITY
FAJLURE, MONTHS SINCE MAINTAINED
Card-Type 3 Col. 34
Less More Failures
MAINTENANCE Than 12 12 - 24 Than 24 Ne per
QUA#ITY 2 Months Months Months Preventive **Unit-Year
Card-Type Ago | Agg | .. Ago Maintenance Total ALL
Col. 36 Nurber of Failures Due to ALL CAUSES ~ CAUSES
Excelient 2 1 1 ] 4
| Ffale __ 1 4 _ | __6__|__ 2 __| 2 ___ |}—"w_ 3 ___ __]
Poor 2 0 0 ] 2
Nona i) Q Q 3 3
Total [ 7 3 5 23 00044
i 1 i 1
' Number of Failures Due to INADEQUATE MAINTENANCE { INADEQUATE
b 1 {Card-Type 3 Col. 40) | MAINTENANCE
Excellent 9 Q 0 [H 0 Re i elog
| Fair P v Y 2 | _— e__ | 4 _41 o008 __|
Poor 0 0 o] ] [ , 00000+
| None [4] Q 1] 1 1 *
Total 1 1 2 1 5 -00009*
* 5mall Sample Size
**iinit = ¥umber of Connected Circult Breakers or [nstrument Transformer Compartments
TABLE 75 - NUMBER OF OPEN WIRE
FAILURES VERSUS MONTHS SINCE MAINTAINED AND MATNTENMANCE QUALITY
FAILURE, MONTHS SINCE MAINTAINED
Card-Type 3 Col. 34
Less More Failures
MATNTERANCE Than 12 12 - 24 Than 24 No per
QUALETY Months Months Months Preventtve **Unit-Year |
Card-Type 2 Ago Ago Age Maintenance Total ALL
Col, 36 urber of Fa¥Tures Due to ALL CAU CAUSES
Excellent Q 1 3 4 4
_ Fair 4o 8 _\ 8 ___{___ 0 |_9¢& __3 ___ _|
Foor +] 1] o] ¢ Q
| None Q 2 Q 10 10
Total 1 9 a8 10 108 .B1628
1 1
[ Number of Failures Due to INADEGUATE MAINTENANCE ! INADEQUATE
) | | {Card-Type 3 Col. 40) | MAINTENANCE
Excellent 0 1 1 o] 2 0006 2*
| Fair | 0 | —1 W ___ | .. 0. -3 1 .enaz
Foor 0 1] 4] o 1] *
Hone 0 ] 9 .. 0 0 ——.00000 |
Total Q 2z 3 [1] 33 00457

* Small Sample Size
* unit = 1,000 Circuit Feet

284 Copyright @ 1998 IEEE. All rights reserved.



IEEE

APPENDIX B Std 493-1997
TABLE 76 - NUMBER OF CABLE
FAILURES VERSUS MONTHS SINCE MAINTAINED AND MAINTENANCE QUALITY
FAILURE, MONTHS SINCE MAINTAINED
Card-Type 3 Col. 34
Failures
MAINTENANCE 12 - 24 No per
c QUALLTY 2 o Hoxths Preventive **Unig-Vear
ard-Type g % Ago Mafntenance '"_U—FIEL_“_—
Col. 36 Number of Fallures Due to ALL CAUSES CAUSES
Excellent ] 2 21
| Fair N S | 16 — — b _t — -
Poor 3 2 21
| Nons 0 2 95
Totsl 28 143 00755
r of Fiilures Due to TNADEQUATE MAINTENANCE ' ' INADEQUATE
i | {Card-Type 3 Col. 40) | MAINTENANCE
Excellent o ] 1] 1] o] -00000*
| Fair ___ 0 | 2 ___ 0 ___ ! .._o0 2 | 00032 |
:mr g 00 2 ]6 18 01290
one Q 2 2 00119
Total [1] H H 18 22 .00077
* Smal) Sampie Size
M+ Unft = 1,000 Circuit Feet
77 - NUMBER OF CABLE JOINT
FAILURES ‘IERSUS NHTHS SINCE MAINTAINED AND MAINTENANCE GUALITY
FAILURE, MONTHS SINCE MAINTAINED
Card-Type 3 Col, .
Failures
MAINTENANCE Than 12 12 - 24 No per
QUALITY Months Preventive unit-Year
Card-Type 2 Aao Ago Maintenarce LL
Lol. K r of Failures Due to ALL CAUSES CAUSES
Excellent 2 4 0 0 [
| Fair _____ § | _. 5 _| ) 5 | - 4 ]
Poor 0 0 [} J;
Hone g 0 [} 15
Total 8 g 1 i 45 00091
] I [
Number of Fai'lulles Due to INADEQUATE MAINTENANCE I INADEQUATE
! 1 {Card-Type 3 Col. ) MAINTERANCE
Excellent 0 0 ¢ 0 0 .00000*
| Fatr 1 _a 0 | __. o0 ___ 1 .00004*
Poor Q 0 0 3 6 .00405*
| None Q 0 0 1 1 000
Total 1] 0 0 7 8 00016
* Small Sample Size
TABLE 78 - NUMBER OF CABLE TERMINATION
FAILURES VERSUL MONTHS SINCE MAINTAINED AND MAINTENANCE QUALITY
FAILURE, MONTHS SINCE MAINTAINED
Card-Type 3 Col, 34
More Failures
MAINTENANCE Than 12 12 - 24 No per
Months Preventive Unit-Year
Card-Type 2 Ago Ago intenance
Number of Failures Due to ALL CAUSE CAUSES
Excellent 3 3 4 0
L Fair 3 _I 3 1 e _L 3 —tm e ]
Poor Q 4] 4] 1
1} 2 16
Total [} 6 20 . 00040
Number of Faﬂures Oue to [MADEGQUATE HA[NTENANCE ' INADEQUATE
] {Card-Type 3 Col. i MAINTENANCE
Excellent 3 1 1 0 3 . 00009*
[ Falr ____ 0__|.._ v __‘ 5 1 0 __ 5 _ ] .00013*
Poor ¢} [} 0 1] 0 . 0000
9 4] Q 3 3 ~00006* |
Total 1 1 € | 3 11 -00008

* Small Sample Size
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TABLE 79 - NUMBER OF FAILURES VERSUS
MAINTENANCE QUALITY FOR ALL EQUIPMENT
CLASSES COMBINED
PERCENT
MAINTENANCE Number of Failures of Failures
QUALITY in Tables 67 thru 78 Due to
Card-Type 2 ALL INADEQUATE Inadequate
Col, 36 CAUSES MAINTENANCE Maintenance
Excellent mnm 36 11.6%
| Fair 853 14 1 ___ 181% ___ |

Poor 67 22 32.87

Hone 238 28 11.8%

Total 1,469 240 16.4%

TABLE 80 - NUMBER OF FAILURES VERSUS
MONTHS SINCE MAINTAINED FOR ALL
EQUIPMENT CLASSES COMBINED
PERCENT
Number of Failures of Failures
FAILURE, MONTHS in Tables 67 thru 78 Due to
SINCE MAINTAINED ALL INADEQUATE Inadequate
Card-Type 3, Col. 34 CAUSES MAINTENANCE Maintenance
Less than 12 Months Ago 310 23 7.4%
| 12-24 Months Ago 535 60 ] 11.2% |

More Than 24 Months Ago 308 113 36.7%
No Preventive Maintenance 316 44 13,9%
TJotal 1,469 240 16.4%

and disconnect switches}. Thus this 12 percent for “none”
is explainable and is not inconsistent with what could be
expected.

As maintenance quality decreases from ‘‘excellent” to
“fair” to "'poor,” the following equipment classes showed
an increasing failure rate from failures blamed on inade-
quate maintenance: transformers, circuit breakers, motor
starters, motors, disconnect switches, switchgear bus—
bare, open wire, cable, and cable joints. In some of these
cases the rample size is smaller than desirable {less than
eight failures) in order to conclusively prove this general
statement.

OTHER CONCLUSIONS

Clircuit Breakers

Approximately 15 percent of the circuit breaker popula-
tion had a maintenance quality classified as “‘none.” This
compares with leas than 1 percent of the population for
transformers, motors, and generators.

It is of interest to note that data from Table 60, Part V
also show that 15 percent of the circuit breaker population
was Jess than one year old; this compares with less than

286

3 percent of the population for transformers, motors, and
generators, This may possibly account for some of the
listings of ‘““none” under maintenance quality reported for
failures of circuit breakers.

Motors

Motors with a maintenance quality of “fair” had a
failure rate due to inadequate maintenance that was five
times higher than motors with excellent maintenance
quality,

Open Wire

Open wire with a maintenance quality of “fair” had a
failure rate due to inadequate maintenance that wag more
than ten times higher than open wire with exeellent
maintenance quality.

DISCUSSION—MAINTENANCE QUALITY

From Table 79 it is possible to calculate for all equip-
ment classes combined the ratio of the number of failures
from inadequate maintenance to the number of failures
from all other causes. This ratio versus maintenance
quality is as follows: poor--0.49, fair—0.22, excellent—

Copyright © 1998 |EEE. All rights reserved.
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(.13, Thia is & measure of how much improvement can be
obtained by upgrading the maintenance quality [rom
poor to fair to execllent. An excellent maintenance program
has only 13 percent more failures added by inadequate
msintenance, while a poor maintenance program has 49
percent more failures added by inadequate maintenance.

It is apparent from the data that excellent maintenance
quality is very important on open wire and on motors.

It would also appear from the data in Tahle 65 that
essentially everyone in the survey did excellent or fair
maintenance on transformers, generators, and switchgear
bus—bare. However, on circuit breakers 15 percent of the
population had “none” and 4 pereent had “poor” om
maintenance quality. On motor starters 10 percent had
“poor” on maintenance quality. Thus, it would appear
that everyone did not maintain cireuit breakers and motor
starters a8 well as transformers, generators, and switch-
gear bus—bare.

One of the drawbacks to the results reported under
maintenance quality was that there was no objective
definition of “excellent,” “fair,” or “poor.” There are no
standards for maintenance quality, and thus this data
must be considered to be individual judgment. However,
data reported under “failure, months since maintained”
does not have this same drawback; this data ean he con-
sidered factual.

IEEE
Std 493-1997

DISCUSSION—FAILURE, MONTHS
SINCE MAINTAINED

The data in Table 80 show for all equipment classes
combined that there is a closc correlation between the
percent of failures due to inadequate maintenance and the
failure, months since maintained,

Failure, Months
Since Maintained

Pereent of Failures Due
to Inadequate daintenance

Less than 12 months ago 7.4
12-24 months ago 11.2
More than 24 months ago 36.7

Data from Tables 67 through 78 can also be used to caleu-
late similar correlations for several equipment categories;
however, in some cases the sample size is smaller than
desirable for adequate statistical confidence.

COMMENTS—-NORMAL MAINTENANCE CYCLE

A detailed analysis has not been made of the “mainte-
nance, normal cycle’” data in Tables 64 and G6. It is
possible that some interesting conclusions could also be
drawn from an analysis of this data.
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COST OF ELECTRICAL INTERRUFTIONS
IR COMMERCIAL BUILDINGS

by

Power Systems Reliability Subcommittee ReYon:
Philip E. Gannon, Coordinating Authorl/

Abstract

An 1EEE sponsoved relisbility survey to deter-
mine the cost of electrical Interrvptions in commer—
¢ial buildings was completed In 1974, The survey
form was & simplified version of forms used {n 1972
reliability study of {ndustrial plants. The survey
included building types and locaclions, and lemgth and
cost of electrical service {nterruptions. The survey
results reflect daca from 48 compenies covering
55 bulldings in the United States. This information
is useful in the design of electrical systems for
comnerclal buildings,

Introduction

Knowledge of the cost of power outages, both for nor-
mal and critical services, ig useful in the design of
commercial building power systems, allowing cost-
affective judgements to be made with respect to the
installation of a second utility company service, an
epergency generator, or possibly an uninterruptible
power supply.

During 1974, the Relifability Subcommittee of the
Industrial and Commercial Power Systems Committee
completed a survey of the cost of electrical inter-
ruptions in commercfal buildings in the United States.
Included in this paper are the following yesults:

1 Cost of power outages to commercial butldings
{$ per KWH of undelivered energy).

2 Cost of power outages to commercial bulldings
($ per square foot/hr and § perv employee/ht).

3 Critlcal service loss duration time (length of
time before an intetruprion cauges & signif-
icant loas).

5 Miscellaneous {tems relative to provision of
auxiliary generators, types of electrical ser-
vice, and other physical data.

Survey Porm

The survey forw is shown in Appendix A (two pages).
A simple multiple cholce or single line f{ll-in
form was utilized in an attempt to reduce the time
of the responders, but still provide pertinent data
for a meaningful analysis.

Responise to Survey

A total of 48 companias reporting on 55 bufldings re-
sponded to the survey with complete data. Incomplete
dats, omitting the critizal outage cost information
was received on 121 additional buildings. Unfortu-
nately, this data was of no value In the present
survey., Vali{d data was submitted almost equally for
bulldings located in the eastern, central, and western
reglions of the U.S.A,; with 43 percent of the bulld-
ings {n downtown areas, 17 percent in urban areas, and
40 peycent in suburban aress. Forty-six percent of
the bulldings were uged 5 days per week; 39 percent,

& days per week; and 15 percent, 7 days per week,

Copyright @ 1998 IEEE. All rights reserved.

Survey Data Preparation

All of the returned survey forms were reviewed, Use-
able data was punched onto computer cards for use in
data processing.

Survey Results -~ Cost of Power Qutages

Each respondent was asked to report on the cost of
power outages as follows:

1 Dollars per fallure == 15-minute duration, one-
hour duration, and greater than one-hour dura-
tion; total value of lost operation including
wages , damages for delays, loss of computer time,
and loss of recail si&les minus cost of goods not
sold was to be included.

2 Critical service loss duration time —- length of
time before an interruption causes a signiffcant
loss.

3 Building maximum power demand, and usage, as well
#9 area and number of employees.

The data made it possible to calculate the cost of
power outages in terms of dollars per kilowatt-hours
of undelivered energy at building pesk load.
The sverage cost of power outages from the survey for
the bufldings surveyed {s given in Table 1.

TABLE 1

AVERAGE COST OF POWER OUTAGES
FOR BUILDINGS IN THE UNLTED STATES

All commercial buildings $7.21/KWH not delivered

Office buildings ouly $6.86/KWH not delivered

1/ Other members of Sub-Committee:

The average maximum demand was 3,095 KW for all com
mercial buildings reporting outage costs. The maxi-
mm demand for the office bulldings was only 3,035 KW.

Additional details of the cost of power cutages are
given in Tables 2, 3, and 4. The tables present addi-
tional data including:

1 Outage costs for "office bulldings” as a function
of duration of outage [or three time periods.

2 Effect of computers on outage costs.

3 Relationship of outage costs to: KWH not deliv-
ered, to cost per 1,000 square feet per hour of
building affected, and to cost per emplayee per
hour affected.

A.D. Patton Chalr-
man; C.R. Helsing, Vice Chalrman; C.E. Becker;

M.F, Chamow; W.H, Dicki{ngen; M.D. Harris; R.T.
¥ulvicki; D.W, McWilliams; R.W. Parisian; Stanley

Wells
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TABLE 2

OUTAGE COSTS FOR "OFFICE BUILDINGS"
AS A FUNCTION OF DURATION
(WITH AND WITHOUT COMPUTERS)

TABLE 3

APPENDIX C

OUTAGE COSTS FOR "OFFICE BUILDINGS™
AS A FUNCTICON OF DURATION
(WLTHOUT COMPUTERS)

Saaple S;-pl .
Size |Maximum|Minimum|Average| ize | Haxinus|MiniounjAverag
15-Minute Duration 15-Hinute Duration
Cost/peak KW hr. Cost/pask KW hr.
not delivered 25 |§ 22.221% 1.50ls 7.s4 not deliverad 11 | $10.70(§ 1.50|% 5.84
Cont /1,000 sq. fr. of Cost/1,000 sq. ft. of J
bldg. /hr. 26 247.6 10.5 63.8 bldg. /hr. 11 107.4 10.54( 49.5
Cost/employee /hr. 26 52.0 3.0 16.0 Cio.t/uploylcfht. 11 28.5%6 3.00 12.56
1-Hour Duration 1-Hour Duration
Cost/peak ¥W hr. Gost/peak KW hr,
not dalivered 29 |$ 24.93|8 0.645 ¢.74 not delivared 13 (% 13.33|§ 0.91}% 5.30
Cn e e 3 fee ot co;;?.g:o I | 100 | s as.ez
bldg. /hr. 32 | 125.00f 5.24| s53.12 §- /e . . .
Cost/employee/hr, 32 34.30 .28 12.22 Cost/employee/hr. 15 26.57 1.25F 10,64
|Duration 1 Hour Duration 1 Hour
Cost/peak KW hr. Cost/pesk KW hr. 3 | $100.008§ 1.97}% 36.66]
not delivered 13 |$100.00f5 O, . Cost/1,000 sq. ft, of
Cost/1,000 sq. ft. of $ s 1613 16.16 bidg./hr. 3 320.00| 48.00] 156.09
bldg. /hr. 14 320.00 1.05] 68,06 Cost/esployee/hr. 3 50.00 4.00| 27.32
lCcat/ewloyeefhr. 14 75.80 0.48) 16,41
TABLE 4
OUTAGE COSTS FPOR “OFFICE BUILDIKGS"
AS A FUNCTION OF DURATICN
(WITH COMPUTERS)
Sample
Size |Maximum|Miniwmum|Average
15-Minute Duration
Cost/peak KW hr, nor
net delivered 14 1% 22.22{§ 1.88)% 8.89
Cont/1,000 sq. ft. of
bldg. /hr. 15 250.00] 16.57] 718.21
Cost/employee/hr. 15 52.00 4,00] 18,33
1-Hour Duration
Cost/pesk KW hr.
not delivered 16 1§ 26,935 1.88(5 8.30
Cost/1,000 sq. ft. of
bldg./hr 17 125.00| 15.88| 54.5%2
Cost/employee/hr. 17 34,30 4.00] 13.62
Duration 1 Hour
Cost/peak KW hr.
not delivered W 1% 67.66(% 0.1615 9.81
Cost/1,000 8q., fr., of
bldg. /hr. 11 226.19 1.05| 44.08
Cost/employee/hr. 11 75.82 0.48 12.70!
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TABLE 5

CRITICAL SERVICE LOSS DURATION TIME
FOR "ALL BUILDINGS"

Service Lows Duration Tiee

1 1

Cycle [Cyclas|Cycles|Sec. [Sec, 1 Min.|Min.  Hour |Hours

3 1 3 3 I% 1 17

Parcent of buildings

with rritical service lose
durstion less than or squsl n L
te the tiwe iadicared.

92 |15 118D 36X |eaz | 795 | 1003

TABLE &

CRITICAL SERVICE LOSS DURATION TIME
POR “OFFICE BUILDINGS"

Servies Loss Buraciow Timg

1 1 a
CEycla Kycles [Cyclvsfbon. fSoc. [Nin, | M. Seur [bours

1 33 |3 |» 11 1

Poreant of bulldings

with sritical sarvice less
dmtetion lusn than or equal
5 tha tind indieated.

3T | w2

15K 231 |30 |MOT | 308 1731 (1002

TABLE 7

RELATIONSHIP OF AUXILIARY GENERATORS
AND SINGLE FEEDER SERVICE TO "ALL BUILDINGS"

Buildings |No Auxiliary
Humber with Generation
of huxiliary and Only
Responses {Generation|Single Feeder
Buildings with
computars 23 15 1
Buildings with-
out computers 32 13 7
TOTAL 55 28 8

Burvey Results «- Critical Service Loss
Duration Time

The amount of time an alactrical service can be inter-~

rupted before it causes significant losses is a ques~
tion which cur profession has not been able to suit-

Copyright © 1998 IEEE. All rights reserved.

ably define. The results of the survey indicate that
individual requirements for electrical energy are such
that it is probably not possible to establish a gen-
eral critical service loss duration time. The survey
results are shown in Tables 5 and 6.
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TABLE B

TYPE OF ELECTRICAL SERVICE
TO "ALL BUILDINGS"

APPENDIX C

TABLE 5

PHYSICAL DATA -- "ALL BUILDINGS"

Saxple
Nusb Type of Service Item Size |Maximum|Minimum|Average
er
of Single Multiple

Responses| Feader |Network| Feeder jOther hraa, sg. ft. x 103 54 2,085 3 400
Buildings Mumber of floors 5% 52 1 12
:i:ul:eu B ! s 1 2 Huber of employees 5l 7,000] 12 1,384

Buildings Annusl usage -
:::;:::rs - - 10 ’ 3 Magawatt hours 52 {101,349] 210 11,973
Peak Kilowatr demsnd 52 12,250 95 3,095

TOTAL 55 13 18 u 5
TABLE 11
AVERAGE OF PUYSICAL DATA
TABLE 10 FOR “ALL RUILDINGS"

PHYS1CAL DATA -~ "OFFICE BUILDINGS"

Sample
Itea Size [Maxious|Minimum|Aversge
Ates, 2q. ft. x 103 35 1,600 38 371
Husber of flaors as &4 2 13
Nusbay of smployees as 71,0005 150 1,651
Annual usage -
Magmvatt hours 1 51,046 BAO 9,444
Peak Kilowatt demand a2 17,000 270 3,035

AND FOR "OFFICE BUILDINGS"™

All Office

Item Buildings[Buildings
Megawatt hours/1,000 sq. ft,
ef buildings area/year 35.5 s
Megavatt hours/employee/yaar 20,2 1.5
Pesk Kilowstt demand/1,000 aq.
ft. of building area 1.3 11.5
Paak Kilowatt demand/employes 5.0 2.5

Employees /1,000 nq. ft. of
building area 3.9 4.7

Thirty-six percent of "all buildings’ veporting could
be without electrical energy for 5 minutes before the
lack of energy was considered to be critical, while

6 percent could be without energy for only 2 cycles
and 3 percent for only one cycle before significant
losses were incurred.

Fifty percent of the "office buildings” reporting
could be without electrical energy for 5 minutes
before the lack of energy was considered to be crici-
cal, while 10 percent could be without energy for only
2 cycles, and 5 percent for only one cycle before sig-
nificant logses vers incurred.

Precautionary measures taken to minimize ecvitical out-
ages in buildings where computers are installed are
indicated in Table 7, where 65 percent {15 of 23) of
the buildings reporting have auxiliary generating
tmits. Only 4 percent {1 of 23) of the buildings re-
porting have no auxiliary generation snd are smerved by
a single feeder from the utiliry company. A like coo-

294

parison is shown for buildings not having computers;
in these instances, 41 parcent of the bulldings have
suxiliary generation and 22 percent sre served by sin-
gle feeders from the utility company.

Table 8 shows thi type of slactrical service to sll
buildinga reporting. Eighty-seven percent of the
buildings wich computers have network or muleiple
feeder service, vhile 53 parcent of the bufldings
without computers have network or multiple feeder
service.

Survey Resultg ~- Demand snd Usage Data

Each respondent was asked to report gross floor area,
nunber of floors, number of employees, and electrical
anergy wsage and dewand, While not directly related te
the subject of this paper, the date is of interest, and
will perhaps allew the reader to make a better judge-
ment of the validity of the deta presented previously.
The detsils are given in Tables 9, 10, and 1l1.

Copyright © 1998 IEEE. All rights reserved.
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It 1s belleved chat the employea dats for the "All d A comparizon of the aversge costs of outages
Buildings" category may not be velid, sinca it appears for commarcial buildings uith that for indus-
that oot all employees vere reported for some multi- trial plants (Reference i’ii shown in Table
function buildings, the office/retail catsgory im 12. The data is interpreted to mean that
particular. short-term cutages in industrial plants could

be more costly than thosa in commarcial build-

1 Cost of Power Cutmges (Tables 1, 2, 3, and 4)

4 There is a wide spread in the cost of power

outages (KWH not delivered) in commercial
buildings. Even within like types of build-
ings, with or without computers, there is a
great difference in the costs assignaed.

The cost per KWH not delivered increases
greatly vhen the outage duration time excsads
one hour. An axception to this is buildings
with computers.

It is probable that for outages of less than
one hour, smployees may remain partially pro-
ductive and the temperature of their environ-
mant remaing tolerable. For longer outages,
atployesas may have to be furloughed for the
remainder of the day.

The cost of power interruptions for buildings
with computers varies from $8.89/KWH average
for outages of }5-minutes duration to $9.81/
KWH for outages of greaater than one hour. It
is suspected that the small differential is
due to the fact that a short duration as well
as & long outage renders the computer inoper-
able, and the employees are either non-produc-
tive during this period or repairing possibls
damage caused by the outage.

Conclusions and Discussion of Results ings, while long-term outages are more costly

in commarcial buildings.

& Additional information on the cost of power
outages in Sweden, Norway, and the United
States is contained in Reference 3.

2 Cricical Service Loss Duration Time
Tables 5 and 6)

& As would be expected, thare is & wida spread
in the critical time of a power interruption.
This is probably due to the wide varfations of
typa of work being accomplished, the type of
equipsent involved, and the generel work envi-
ronment. For example, s windowless building
in vhich a sensitive computer operation is
performed would be more rapidly affected tham
& window-wall building performing normal of-
fice functions.

b It iz suggested that a future survey attempt
to define the reasons for the wide variances.

3 Demand and Usage Data (Tables %, 10, and 1l)

a 0f the "all building" data veported, the areas
averaged 400,000 square feet, 12 floors {n
height, with an annual usage of almostr 12,000
nagavatt hours, and a4 demand of 3,095 KW,
Minimun and maximum data were not svailable.

TABLE 12

COMPARISON OF AVERAGE COSTS OF PFOWER OUTAGES
IN COMMERCIAL BUILDINGS AND INDUSTRIAL PLANTS

Type

Cost

All commercial buildings

$7.21/¥8H not delivered

Office buildings

$8.86/KWH not delivered

Industrial plants — all

$1.89/¥W interrupted +
$2,68/XWH not delivered

The data for "office buildinga” indicate aver-
age values within 10 percant of that for "all
buildings,” except for the nusher of employees,
which is 16 parcent greater.

The average slectrical usage for all buildinge
and for office buildings only is nearly equal
when placed on & par unit basis (33.5 KwH/

S8q. Ft.) &3 {s the peak demand (11.3 Watts/
Sq. Ft. to 11.5 Watts/Sq. Ft.). The relacion-
ship of usage and demand to employees does not
correlate for all buildings and office byild-
ings only. As mentioned hevetcfore, the va-
1idicy of esployee data with regard to the
Office/Ratail category of buildings is ques-
tichable. On this basis, no attempt to draw
conclusions has been wade.

Copyright @ 1998 |EEE. All rights reserved.
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SURVEY FOR ON COST OF ELECTRICAL INTERRUPTIONS IN COMMERCIAL BUILDINGS
™EINSTITUTE OF
ELCCTRICAL AND
@ ELECTRONICS
ENGINEERS, ING.

INDUSTRY AND GENERAL APPLICATIONS GROUP

RELIABILITY SUBCOMMITTEE OF THE INDUSTRIAL
& COMMERCIAL POWER SYSTEMS COMMITTEE

TTTTTTess- L Please address rxeply to:

1 Electricity is an {ntegral pard of A. D. Patton

¢ our cvery day Eife. Tf it dan't Texas A & M Universit

¢ available -- what &s its ceoncmic Electric Power [nstitﬂte
v effect? Please help us fo find College Station, TX 77843
1 oul by §illing out this foum. : '

L e st e e ec e - Date

Y. COMPANY MAME (F{11 in 3-letter abbreviation of name)

2. BUILDING NO. (Fi11 in sequence number 1, 2, 3, etc.
for building(s) reported on) TeeT

3, BUILDING TYPE (Check type which best describes your building):
[ otfice [ office/Retail Sales [ office/Retait Sales/Apartment
[ Retait sates [ other (describe)

4. BUILDING LOCATION {Check applfcable f{tems):
O ovowntown; O urban; [ suburban;
[J usA: Eastern; 3 usA: central; 0] usA: Western

§. BUILDING DATA - GEMERAL

6ross Area, square feet
Rumber of Floors
Average Usage of Building: Hours/Day Days/Week
Estimated Number of Office Employees (if any)
Estimated Annuz) Retai) Sales (if any)

Is Auxiliary or Emergency Generation Provided; O Yes [ ne

296 Copyright © 1998 IEEE. All rights reserved.
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SURVEY FORM - COMMERCIAL BUILDINGS IN USA

7.

BUILDING ELECTRICAL USAGE DATA

Electrical Energy Usage for 12-month Period

Electrical Maximum Demand for this Period

Type of Service: [ Single Feeder; [ Network; [ Multiple F

IEEE
51d 493-1997

Page 2 of 2

K
Ko

eeders With

Automatic Transfer

3 other (Explain)

COST OF A TOTAL THTERRUFTION OF EiCTRECAL SERVICE TO YOUR BUILDING
DURTIG_PEAX PERIOD: sest Opinion - no interryptions have

occurred, assume hypothetical instances)
a) 15-Minute Duration $
b} 1-Hour Duration $

c) Hours Duration $

Does &, b, or ¢ include losses from
an "on-line" electronic computer? O ves O xe

For "Office Buildings” loss should include wages of all employees affected,

plus any other direct costs incurred including delays, and dama
ment. This would include any losses from an “on-1ine" electron

ge to equip-
ic computer.

For "Retail Sales“ cost should include estimated Toss of sales minus cost

of goods not sold, plus cost of any damage incurred.

LENGTH OF INTERRUPTION OF ELECTRICAL SERVICE

1f there a definitive length of time bafore

an fnterruption causes a significant loss? [ Yes O Ko
If "Yes", what is maximum time before
significant losses will be incurred? Hours Minutes

Copyright @ 1998 {EEE. All rights reserved.
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RELTABILITY OF ELECTRIC UTILITY
SUPPLIES TO INDUSTRIAL PLANTS

by
Power Systems Reliability Subcommittee
Industrial and Commercial Power Systems Committee
A. D. Patton, Coordinating Authorl/

ABSTRACT

The paper summarizes the resulcs of a 1974 survey
af the reliability of eleceric utllity supplies to in-
dustrial pltants. Resulrs include the average tates of
cccurrence and durations of power interruprions as a
funceion ef type of electric utllicy supply., This fn=
format {fon should help industrial plant operators choose
the types of vlueceric utility supplies besr suited to
their plants.

INTRODUCTION

The elestric wtility supply teliabilizy surver re-
poried here 1% a Followup to the 1972 survey of the re-
liabillty of electrical equipment in Industrial plants.
L2 he 1972 survey showed chat the electric utility
supply is the most falllble "component" of an industri=~
al plant system and therefore deserves careful consid-
eration,

Certain af the data in the earlier survey were
subjece ro possible error due te misiaterpretation of
the survey form. HKence, a prime objective of the pres-
ent aurvey wasd Lo lmprove the accuracy of dats on ¢lee—
tric utilicy supplies. A second objecrive was to pro-
vide more detalled and definitive data on electric
ucility supply iatervuption rares and average durations
as a funcrion of the number of supply circuits, the
type of switching scheme, and the voltage of the aup-
ply circuita., A third cblectifve was to obtasin data
from a larger number of plants than in che 1972 survey
thereby permitting interruption rates and average dura-
tiong to be determined with greater precision. A total
of 87 plants provided usable data, almest triple the
numbar of plants providing data on electyic utility
supplies in the 1972 survey. Survey response broken
down by industry 1s as follows: cement = 2, chemical =
1%, meral = 4, patrolewm w 30, pulp and paper = 1, ruh-
ber and plascica = 4, and other manufacturing = 32.

It should be emphasized that eleccric utility sup-
ply reliabilicy is a function of a number of factor=
not directly identified in the dats presented here.
Included in these reliability-influencing fartors are
line exposure, weather and other environmental condi-
tionn, and utility operating and maintenance practice,
Thus, the electric utility supply reliahility daca giv=
en in this paper represents average performance and
should not be used in preference to specific data when
this is available. Methods are available for cowmputing
the reliabificy performance of an elaceric utility sup-
ply when the reliability performance paramecers of u-
tility aystem components are known.

SURVEY QUESTIONHAIRE

The survey quescicnnaire requested the following
data for each electric utiiiey supply.
1. Type of industry
2. Type of electriec urtlity aupply
4. Numher of utilicy clreuirs supplying the
- plant
l} Members of the Power Sysrems Relisbiliry Subcom-
mittee are: A. D. Patton, chalrman, C. F. Becker,
M. F. (hamow, W. H. Dickinson, P. E. Gannon, M. D. Har-
rig, C. R. Heising, R. T. Kulvickl, D. W. McWilliams,
R. W. Parisian, and 5. Wells.

Copyright © 1998 |IEEE. Alf rights reserved.

b. Mode of operation if more than one supply
cirewit: all circuit breakers normally
closed, manual throw-over scheme, or augo-
matic throw-over scheme .

c. Volrage of wtility circuits supplying the

plant

d. Type of supply circults: overhead or
underground

e. A sketch of the electric urility supply
system

3. The period of time covered by the survey re-
port. (Respondents were asked to limit thelr
rasponse ta the period January 1, 1968 to the
present.}

4. The number of interrupticons to the plant due
to loss of the electric utility supply during
the time peried of (3).

5. The duration of each electric urility supply
interruption, an indication whether service
was regrored to the plant by a switching oper-
ation or by repaitr ov replacement of failed
equipment, and, 1f known, the equipment which
failed causing the interruptien.

SURVEY DATA SUMMARY AND_DISCUSSION

Some respondents to the Survey listed volrage dips
which cauged disruprion of plant production as well as
complete interruptions of electric utility service.
Gther respondenrs commented on production disruptions
due to voltage dips without giving derails. However,
most respondents reported only on complete lnterrup~
tions of gervice and chis was the intent of the survey.
The Subcommictee feels that the sensitiviry to voltage
dips 1 a racher unique characteristic of each plant
and process and that average interruption rates includ-
ing volrage dips would not be very meaningful. There-
fore, all voltage dip events were removed from the sur-
vey data leaving only those interruptions due to com-
pletc lesa of electric urility service, Hence, the
interruption rates gilven in the summary cables reflect
complete loss of electric urility service only. 1If a
plant {5 gensitive to voltage dips, the rate af such
events muat be added to the reported interruption rates
to cbtain the total rate of production disruption due
to utility supply troubles.

Almost all respondents indicared thar utility sup-
ply vircuits are overhead rather than underground.
Hence. no effort was made to separate supplies with
overhead and underground circuits. The data given in
the aumsary tables easentially reflects overhead sup-
ply circuits due to the preponderance of such clrcults
in the survey Teupanse.

Preliminary analyses of utiliry supply interrup~
tion rates by induscry category indicated no signifi-
cant differences between industries. Further, there
se¢m: to be no good reason why utilicty supplies of the
same type and voltage should differ beiween induscries.
Metefore, the data presented in the summary tables is
not broken down by industry.

The survey response broken down by  pumber of
utllity supply circuits, voitage of utilicy supply cir-
cuits, and mode of cperation of multiple supply ecircuit
utility supplies is given in Table I.
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Table 1
Number of Responding Plants
With Electric Utiiity Supplies

of Various Types

Number of Supply Circuits

1 circuit - 20 plants
2 circuits - 56 plants
3 or more circuits - 11 plante

Supply Circuit Voltage

voltage < 15 KV - 22 plants
15 KV < voltage < 35 KV - 17 plants
volrage >35 KV - 48 plants

Switching Scheme of Multiple Circuit Supplies

all breakers c¢losed ~ 45 plancs
manual throwover - +9 plants
automatic throwover - 13 plants

Table I shows that two-ciycuit supplies are the most
common among the responding plants. A much smaller
pumber of plants reported three or more supply cir-
cuits. ALl multiple-circuit supplies are combined in
the data tablas which follow because such supplles are
expocted to have similar interruption rates and be-
cause of the relatively small sample of supplies with
three or more circuirs. Responses have been broken
jinto thyee voltage categories correspending roughly to
distribution voltages, subtransmiasion voltages, and
cransmission voltages. This was done because electric
utility design and cperating practice is rather dif-
ferent at these three function levels. Hence, it can
be expected that utility supply veliabiliry will be 2
function of the system level at which service is pro-
vided.

Table I indicates that about two-thirds of the
responding plants having multiple circult wtilicy sup-
plies operate with all circuit breakers closed. That
is, servite is supplied simultanecusly over all supply
circuits. Service may also be lost, however, by fail-
ures in the plant substatiom or by a widegpread fallure
in the supplying urility's system, Plants having
throwover Schemes operate with a aingle circult pro-
viding normal service. Thus, such plants suffer an
interruption any time the normal supply circuit falls.
The dutation of interruption to such plants i$ usually
timited co the time required to reclose the normal
supply cifcuir or to switch to the alternate supply
citcult if the normal circuit is permanently faulted.

Table I1 summarizes interruption rate and average
interruprion duraction data for single-circuit utiliry
supplies hroken down by voltage level. Intevruption
rates and average durations are given separacely for
interruptions reported terminated by uriliry switching
operations and by repair or replacement of railed cam-
ponents. Also gilven are overall intetrruption rates
and average durations.

Tables III and IV show interruption rates and
average durations for multiple circuir utility supplies
broken down by switching scheme and by volcage level.
Table V shows intertuption rates and average durations
for multiple-circuit utillty supplies which operate
with ali circuit breakers closcd broken down by volr-
age levels. Similar breakdowns hy voltage for throw-

over switching schemes were not possible due to lack of

an adeguate dara hase.

Interrupticn rates and average durations ave yiven

in Tables Il through V tor interruptions where service
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in restored by: (a) some switching operation or ge-
quance of awitching cperations in the electric utilicy
system, and (b) repair or replacement cof components
which failed in the electric utility system. If serv-
ice can be restored by some automatic or manual switch-
ing action in the electric utility system, whether re—
mote or within the utility switchgear at the plant, in-
terruptions are usually much sherrer than if Tepair or
replacement of failed components is required to restore
service. The reason for providing data on both short-
duration switching-terminsted incerrvptions and on
long-duration repajir-terminated interrupctions is be-
cetuse of possible differences in impact on plant oper-
at:tons.

It should be mentioned here that interruption
rates and average durations computed from a small num-
ber of ohserved interruptions should be regarded as
less accurate than those computed from a larger sample
of observations. 1In particular, Reference [1] shows
that interruption rates computed from an observed num-—
ber of interruptions less than about 8 or 10 may well
b& in error by plus or minus 50 per cent or more due to
random variations alone.

The data of Tables I1 through ¥ show rhe expected

trends.

(1) Utiliry supply interruption rates are lowest
for multiple circuit supplies which operate
with all eitcult breakers ¢losed and highest
for single-circuit supplies. Tables TI and
IIi show that the interruption rate for sin-
gle-circuit =supplies is about six times chat
of multiple ecircuit supplies which operate
with all circuit breakers closed. Interrup-
tion rates for multiple~circuit supplies
which operate with a throwever scheme are
comparabie to those for single-circuit sup-
plies, but tnrowover schemes have a smaller
average interruption duratien than single-
clrcuit supplies.

(2) Enterruption rates are highest for utility
supply circuirs operared at distribution
voltages and lowest for circuits aperated ar
transmission wvoltages.

Direct comparisons between interruption rates de-
termined in this survey and in the 1972 survey are not
posaihle in every case, but where possible show some-
what higher values in the present survey. Since the
present survey is helicved to be more accurate, has a
larger data base, and is more up-to-date, the values
presented here are to be preferred over those presented
in 1972 survey.
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Table II

Single Circuit Utility Supplies

Average Interruption
Duration, Minutes**

Number of

Interruptions Interruptions
Reported® Per Year**

s o S S S
25 75 .905 2.715 3.621
0 21 - 1.657 1.657
37 60 .527 843 1.370
62 156 .556 1.400 1.956

Table III1

Multiple Circuit Utility Supplies

All Voltage Levels

Voltage Unit-years

Level of History

v<15KV 27.62

15KV<v«35KV 12.67

v> 35KV 71.16

all 111.45

Switching Unit-Years

Scheme of History

all breakers  246.17
closed

man. throw- 42.33
over

auto. throw- 64.36
over

all 352.86

Number of

Interruptions
Reported

i3 %
63 14
31 5
66 11
160 30

rg zg r

3.5 165 125
- 57 57
1.5 59 37
2.3 110 79

Interruptions Average Interruption
Per Year Duration, Minutes
. .
.255 .057 .312 8.5 130 31
.732 .118 .850 8.1 84 19
.025 171 1.196 ©.6 96 14
.453 .085 .538 5.2 110 22
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Voltage

Level

v<15KV
15KV<v<35KV

v>35KV

Voltage
Level

v<15KV
15KV<v<35KV

v>35KV

Unit-Years

of History

81.31
78.00

193.55

Unit-Years
History

45.61
52.61

147.95

Table IV
Multiple Circuit Utility Supplies
All Swiching Schemes

Number of

Interruptions

Reported

] s

52 12 .640

39 5 .500

69 13 .357
Table V

Interruptions
Per Year

R
.148
.064

.067

Multiple Circuit Utility Supplies
All Circuit Breakers Closed

Number of
Interruptions
Reported
Ns "R
8 4
18 1
37 9

Interruptions

Per Year
A X
_s _R
175 .088
.342 .019
. 250 .061

A
.788

564

424

A

.263

.361

.311

Average Interruption
VDuration, Minutes

zg ry r
4.7 149 3z
4.0 115 17
6.1 184 34

Average Interruption
Duration, Minutes

s r

0.7 335 112
7.0 120 13
11.0 203 49

PN, and N_ are, respectively, the number of service interrup}ions terminated by switch-
ing and by repair or veplacement.

**Interruption rates and average durations subscripted 5 and R are, respectively, rates
and durations of interruptions terminated by switching and by repair or replacement. Un-
subscripted vates and duration are overall values.
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Abstract—The Power Systems Relisbility Subcommittee of the
IEEE Industry Applications Society hias been eonducun: utveys
of the reliability of electricat equi in ind I plants and com-
mercial buildings. Switchgear bun wis included in a previous survey
published in 1973 and 1974 {1] and g d some col ¥ COn-
cerning bare and insulated bu.l.]-‘orthi:mwn,l.ndakofotmonpnu
effect to continually update the 1973 and 1974 survey [1}, switchgear
bus relisbility has been investigated in a new puzvey in 1977, and the
results are presented. Reference is made to a paper [2] given at the
1977 Industrial and Commercial Power Systems Technical Conference
on reagons for conducting the new survey,

INTRODUCTION

URRENT reliability data on failure rate of electrical equip-

ment can provide a valuable tool for the power systems
designer or planner. These data can also be a valuable tocl for
the manufacturer of the equipment concerned.

Many parameters were included in this new survey in an
effort to uncover the most influencing factors on the reliability
of bare bus and insulated bus and to allow any new obvious
and significant applications considerations to be identified,
The questionnaire submitted was condensed to a practical and
useful fortn to obtain optimum response in as short of time
period as possible.

Results of the survey are presented in tabular form, and
discussion is included primarily where adequate response and
population data were obtained. Many questions and uncertain-
ties stitl exist, and the intent of the following presentation is
to report the results of the survey with some discussion, but
drawing of definite conclusions is left to the reader.

SURVEY FORM

The questionnaire form (Fig. 1) and cover letter used in the
survey are included in the Appendix. Total populations data

Paper ISPD approved by the Power Systems Protection Committee
of the IEEE Industry Applications Seciety for presentation at the 1978
Industrial and Commercial Power Systems Technical Conference,
Cincinnati, OH, June 5-9. Manuscript rel d for publication Octob
25,1978,

The author js with El Paso Natural Gas Company, El Paso, TX
79978,

1 QOther members of the subcommittes are Phillip E. Gannon
(Chairman), J. W. Aquilino, Carl E. Becker, W. H. Dickinson, Bruce
Douglas, [an Harley, C. R. Heising, Don Kilpatrick, D. W. McWilliams,
R. N. Parisian, A. D. Patton, Dr. Chanan Singh, Wayne L. Stebbins,
Harold T. Wayne, and Stanley J. Wells.
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categorize information into major areas of application. An area
of primary concemn is maintenance because of its obvious rela-
tion to failure rate. However, this is the most difficult datum to
obtain in complete and uniform format for meaningful results.
Responses in this survey did not permit these results to appear,
partly due to the respondents’ failure to submit information
and partly due to the survey format.

Failed unit data were requested in the form shown in the
second portion of the questionnaire. The major categories are
causes of failure, types of failure, duration of failure, and
failed components. This form is less extensive, but more
specifically oriented for switchgear bus than in 1973 and 1974
survey [1].

SURVEY RESPONSE

Table | summarizes the survey response including number
of buses, companies, and plants. In this survey, bus “unit-year"”
is defined as the product of the total number of switchgear
connected circuit breakers and connected switches reported in
a category times the total exposure time. In the previous
survey, the unit-year did not include the number of ¢connected
switches; that is, only the connected circuit breakers were
counted. Table II shows the 1973 and 1974 [1] survey and is
included for comparison of responses. The total number of
plants in the new survey response is considerably greater than
in the 1973 and 1974 survey, but it is interesting to note that
unit-year sample size is slightly less. Also some discrepancy
appears in the total number of failures reported in Table 1 and
those of some subcategories in tables to follow. This is due to
all companies not responding to every category.

SURVEY RESULTS
Insulated and Bare Bus

A major controversy emerged in the results of the 1973 and
1974 survey [1] concerning bare and insulated switchgear bus.
Insulated bus, 601-15 000 V, showed a higher failure rate than
bare bus, above 600 V, but data were heavily influenced by
the chemical industry. The new survey shows the opposite of
this, as seen in Table I, with less chemical industry influence.
Bare bus, above 600 V, shows a relatively high failure rate, but
the sample size is not large, thus making this observation some-
what questionable. With more companies responding in the
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Company Name and Plant:

APPENDIX E

Industry Type:

Period Reported - From: Month
To: Month
Plant Climate: Temperature

Contamination Level and Type:

Total Population:

Year

Year

Relative Humidity

Maintenance Data

Extent of Maintenance

Failed Unit Data:

&/ TPee, 0L tore /
-] oy o
of & SUNE:
.
T R
I R 58] o
JoEasl FGf ) of L Se Failed Component
£ T8 TE ofw L, v T and Material
738 T8 s 8 5 5 E] 2k
3 EE £S5 558/ 8 3 £/ 2] s
Fig. 1. Switchgear bus reliability survey for metalclad and metal
enclosed switchgear bus.
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new survey but with less overall unit-year sample size, the
failure rate for all bus shows to be slightly higher than in the
previous survey. But on breaking this down further, bare bus
failure rate is higher and insulated bus failure rate is lower in
the new survey.

Table I shows the chemical industry data broken out since
it is believed to be a major contributor in the controversy of
the 1973 and 1974 survey [1]. In the new survey the chemical
industry dominated the number of failures in each category,
but did not dominate sample sizes. This supports the argument
of some that bus utilized in the chemical industry should have
a relatively high failure rate, especially in the use of bare bus.

Table I also shows median outage duration time after a
failure of each category, in hours per failure. It is important to
emphasize that these data are based on many factors, and

IEEE
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without sufficient supplement from respondents concerning
operating procedures, maintenance type, spare parts inventory,
etc., the data relate to a very general or all-inclusive type of
information,

Grounding Type

Survey results are shown in Tables III-V. Inadequate response
and the general nature of the questionnaire format prohibit
sufficient results for this category. It is believed that grounding
type related to failures is important data, but data should be
specific, for example, in types of failures in ungrounded sys-
tems and in impedance value of impedance grounded systems.
This category may be pursued in greater detail in the next
survey.

TABLE 1
SWITCHGEAR BUS: INDOOR AND QUTDOOR

NUMBER NUWBER OF NUMBER SAMPLE  NUMBER OF FAILURE RATE  MECIAN HOURS
OF PLANTS IN OF SIZE  FAILURES EQUIPMENT FAILURE DOWNTIME PRR
COMPANIES SAMPLE-SIZE BUSES  UNIT-YR REPORTED _ INDUSTRY SUB-CLASS PER UNIT-YEAR _ FAILURE
39 56 444 51391 54 ALL ALL .001050 28
INSULATED
28 36 245 24855 28 ALL ABOVE 600V .001129 28
BARE
25 35 199 26592 25 ALL (ALL VOLTAGES) 000877 28
BARE
17 23 132 22420 18 ALL 0-600V .000802 27
BARE
14 18 67 4172 8 ALL ABOVE_ 600V .001917 35
PETROLEUM  INSULATED
14 19 92 7425 15 CHEMICAL ABOVE 600V .002020 40
PETROLEUM __ BARE
11 13 135 7002 18 CHEMICAL [ALL VOLTAGES) 002570 28
PETROLELM  BARE
10 11 83 4707 13 CHEMICAL 0-600V . 002761 22
PETROLELM  BARE
7 8 52 2295 5* CHEMICAL ABOVE_ 600V * 48
* Small sample-size.
TABLE Il

RESULTS OF PREVIOUS SURVEY PUBLISHED IN 1973 AND 1974 [ 1]
SWITCHGEAR BUS: INDOOR AND OUTDOOR

NUMBER OF SAMPLE  NUMBER OF FAILURE RATE ACTUAL HOURS DOWNTIME/FAILURE
PLANTS SIZE  FAILLRES EQUIPMENT FAILURES PER  INDUSTRY MINIMUM  MEDIAN  MAXIMUM
SAMPLE-SIZE (UNIT-YEAR) REPORTED INDUSTRY SUB-CLASS UNIT-YEAR  AVERAGE PLT. AVG. PLT. AVG. PLT. AVG.
TNGULATED
12 11740 20 ALL __ 601-15000¥ _ 0.00170¢ 261 5 26.8 1613
BARE
12 32280 11 ALL  0-600V .000340 550 2 24 2520
BARE
5 20560 13 ALL »>600V 0.000630 173 6.9 13 48
PETROLEUM INSULATED
5 4003 15 CHEMICAL 601-15000V _ 0.003750 340 18 26.8 1613
PETROLEIM BARE
3 17270 10 CHEMICAL >600V 0.000580 19.3 6.9 42 48
Copyright © 1998 IEEE. All rights reserved. 309
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TABLE III
TYPE OF GROUNDING OVERALL, BUS INSULATED AND
BUS BARE
NOT

UNGROUNDED _ SOLID-GROUND _ IMPEDANCE-GROUND  REPORTED  TOTAL

{(Unit-Year)

Sample-Size 20262 9787 17280 4062 51391
# FAILURE 17 12 23 2> 54
FATLURE RATE . 000839 . 001226 .001331 - -001050

* Small sample size.

TABLE IV
BUS INSULATED
NOT

UNGROUNDED  SOLID-GRCUND IMPEDANCE-GROUND  REPORTED  TOTAL
{(Unit-Year)
Sample-Size 4626 4274 14270 1685 24855
# FAILURE 7* 4* 16 1* z8

N

FAILURE RATE .001121 - .001126

* Small sample size.

TABLE V
BUS BARE
. NOT
UNGROQUNDED _SOLID-GROUND _ IMPEDANCE-GROUND REPORTED _ TOTAL
{Unit-Year)
Sample-Size 15636 5513 3010 2377 26536
# FAILURE 10 8 7* 1* 26
FAILURE RATE . 000640 .001451 .000980

* Small sample size.
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TABLE VI
AVERAGE AGE OF SWITCHGEAR BUS
ALL INSULATED BARE
AGE 1-10 yTs. §526 upit-year 1899 unit-year 4627 unit-year
>10 yrs. 44596 unit-year 22887 un_i.ttyoar 21709 unit-year
Age of Bus

Tables VI-VIII illustrate how failures of insulated and bare
bus relate to age in this survey. An interesting observation here
is that newer bus appears to experience a higher failure rate
than older bus. This might be expected if one considers
improper installation, new components faifure rate, type of
construction of new switchgear, etc. As discussed below under
“causes” of failures, the logicality of this observation is not
consistent.

As incoming data were analyzed, it became apparent that
the period reported (it was assumed that the period reported
was the period of best kept records) and the age of bus did not
correlate as well as expected in every case, 2 fallacy in the
questionnaire format perhaps. Note that the older bus sample
size is much larger.

Indoor and Outdoor Bus

The results of this category are summarized in Tables IX-XI
below. Table XI shows an overall result of outdoor bus failure
rate versus indoor bus failure rate, Qutdoor bus shows a higher
failure rate than indoor bus, an observation not too surprising.

Failure Duration

Failure duration results are reported in Tables XII and XIII
below and categorized into repair on a round-the-clock emer-
gency basis and repair on a normal working hour basis. This
adds more meaning to the data in Table [, but would be more
meaningful if repair methods were known. Urgency of repair
as shown in Table XIV reveals that most repairs were made on
an emergency basis. The data of these tables compare very
favorable with those of the previous survey.
Type of Maintenance

Response was disappointingly low in this category and results
are presented in Tables XV and XVI. The tables show results
of maintenance cycles and time since last maintenance in three
groups: 1) less than 12 months, 2) 12-24 months, and 3) more
than 24 months. This is a very important category regarding
reliability, and hopefully the next survey will produce better
results.
Causes of Failures

Primary and contributing causes of failures are summarized
in Tables XVII and XVIHI. As might be expected inadequate
maintenance is a large contributor to failures. This does not
necessarily follow from the observation above on age of bus.
However, defective components are a large primary cause of
failures, which is logical for new installations. Correlation
between the two tables below is clearly evident from the con-
tributing cause of exposure to contaminants and the primary
cause of inadequate maintenance. Exposure to contaminants,
which includes dust, moisture, and chemicals, also supports
the data showing outside bus with a relatively high failure rate.
Inadequate maintenance was reported as the single largest
primary cause of failures in the 1973 and 1974 survey [1].
This prompted the effort to survey type of maintenance in the
new survey.

Copyright © 1998 |EEE. All rights reserved.

TABLE VII
NUMBER OF FAILURES VERSUS AGE

ALL INSULATED BARE

AGE 1-10 yrs. 15 5* 10

>10 yrs. 37 23 14

* Small sample size.

TABLE VIII
FAILURE RATE (FAILURE PER UNIT-YEAR)
ALL INSULATED BARE
AGE 1-10 yrs. 002298 . .002161

>10 yrs. .00082%  .001005  .000645
* Small sample size.

TABLE IX
SWITCHGEAR BUS INSULATED

QUTDOOR INDOOR

Smple-Size

Unit-Year 4275 20356
FAILURE 7 19
FAILURE RATE * 000933

* Small sample size.

TABLE X
SWITCHGEAR BUS BARE

QUTDOOR INDOOR

Sample-Size
Unit-Year 2750 22339
FAILURE [} 11

FATLURE RATE .002909% .000452
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TABLE X1
SWITCHGEAR BUS (OVERALL)
OUTDOOR INDCOR
Sample-Size
Unit-Year 7825 42695
FAILURE 15 30
FAILURE RATE .001917 . 000703
TABLE XII

FAILURE DURATION: ROUND CLOCK VERSUS NORMAL HOUR
{HOURS DOWNTIME PER FAILURE)

FAILURE

REPAIR BUS INSULATED BUS BARE
URGENCY MEDIAN AVERAGE MEDIAN AVERAGE
ROUND CLOCK 24 hr. 87 hr, 32 hr. 39 hr.

NORMAL HOUR 240 hr. 430 hr. 24 hr. 154 hr.

TABLE XIII

FAILURE DURATION: ROUND CLOCK VERSUS NORMAL HOUR
(HOURS DOWNTOWN PER FAILURE)

25 PERCENTILE

BUS INSULATED BUS BARE
ROUND NORMAL ROUND  NOI
CLOCK  HOUR CLOCK HOUR

8 hr. 8§ hr, 3 hr. 4 hr.

50 PERCENTILE

24 hr. 240 hr. 32 hr, 24 hr.

75_PERCENTILE

48 hr, 350 hr. 48 hr. 48 hr.

TABLE XIV

FAILURE REPAIR URGENCY

ROUND NORMAL SCHEDULE
CLOCK _ HOUR LATER

BUS INSULATED  64% 28% 8%
BUS BARE 53% 41% 6%
TABLE XV
NUMBER OF SWITCHGEAR BUS-INSULATED FAILURES VERSUS
MAINTENANCE CYCLE
LESS THAN MORE THAN

Sample-Size

12 MO, 12-24 MO, 24 MO,

{Unit-Year) 3563 8812 7253
¥ FAILURE 2* 13 6*
FAILURE RATE - 001475

* Small sample size.

Copyright © 1998 IEEE. All rights reserved,
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TABLE XVI
NUMBER OF SWITCHGEAR BUS BARE FAILURES VERSUS
MAINTENANCE CYCLE
LESS THAN MORE THAN
12 MO. 12-24 MO. 24 MO,

Sample-Size
(Unit-Year) 980 10,455 6312
# FAILURE 2* 12 4+
FAILURE RATE - 001147 -

* Small sample size.

TABLE XVII
SUSPECTED PRIMARY CAUSE OF FAILURE

BUS BUS
INSULATED BARE

264 17y 1. Defective Compoment
% 4\ 2. Improper Application
7% S\ 3. Improper Handling

i) 13% 4. Improper Installztion
194 224 5. [nadequate Mpist

- 18% 6. Improper Dperating Procedure
11% 4V 7. Outside Agency - Personnel

6% - 8. Outside Agency - Other
- 13% 5. Overheating

TABLE XVil
CONTRIBUTING CAUSE TQ FAILURE

Bus ws
INSULATED RARE

IEEE
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TABLE XIX
FAILURE TYPE

BUS BUS
INSULATED BARE

57% 33% 1. Short L-G

40% 60% 2. Short L-L

- 7% 3. Open
3% - 4. Other

Failire Type

The survey results an types of failures, shown in Tatle XIX,
show a surpriningly high peroentage of faiures line-to-dine.

GENERAL DISCUSSION

At this point it is weil to note the confidence intervals of
failure rate for bare and insulated bus. Table XX shows the
limits for a 93 percent confidence interval The table Husizates
the statistical mits within which 90 percent of the failures
could be expected 1o cocur

Lack of specific details limits the integrity of tome data.
and a3 previously indicated not ali categories suretyed were
reported in this paper. due primarily to small sample sizes and
numbers of failuces. As with most surveys, acourate data com-
bined with large response are difficult to obtain since response
definitely relates 1o simplicity in g ire format. Data of
the effect of maintenance on Maiture rate are highly desirable
for obvious reatens, and effore will be made ta acquire this
duta in the futuré in 2 meaningful and usable form

TABLE XX

CONFIDENCE INTERVALS FOR FAILURE RATE 2

$.8% -1 Thermocycling
n B\ 2. Mechanical Struceure Fatlurs
6.8t - 5. Wachanical Damage From Foreign
Source

15% 4. Smorting Py Toola or Netal

FALLURE RATE (1)

INSULATED BARE RIS PARE BUS

iy FAILURE PER WINIT-YR BUS >600V > 600V £ 600V
N mta ey eker Birds, AL 000779 000958 .000521

H4) 4% 4. Malfunction of Protective Davice

A

001129 (001917 . 000802

4% 7. Iwproper Setting of Protective
ice

Al 01569 .003488 .001203
3 - 8. Above Notmal smbisn: Tesperature
315 9. Exposurt to_Chemical of Solvents 5 DEVIATION - L 31% 50% 35%
w0 $5% 10. Eaposure to Moisturd % DEVIATION - U 304 8 50%

108 19 1. Exposure to Dust or Other
Contaminanty

6.6% - 12. Exposure o Non-Elsctrical Fire
or Burning

- B\ 135, Obsrruction of Ventilation

0% 4% 14, Normsl Deterioration from Age
i) 4% 15, Severe Weather ition

- 4% 16. Teating Errer

Copyright © 1998 [EEE. All rights resarved.

* Upper and lower limits of 90 percent confidence interval for A
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A. D, Patton

Texas A & M University

Department of Electrical Engineering
College Station, Texas 77843

Dear Sir:

RE: Switchgear Bus Reliability Survey for Metalclad and Metal
Enclosed Switchgear

The Reliability Subcommittee of the Indusirial and Com.
mercial Power Systems Commitiee requests your cooperation
in a survey to determine the reliability of metal-clad and
metal-enclosed switchgear bus in industrial plants. The survey
is a follow-up to the general reliability survey of plant equip-
ment in 1971 and is intended to provide more meaningful data
on switchgear bus. Attached for your information is a report
by the subcommittee on reasons for the survey.

The results of the survey will be published in an IEEE paper
and are expected to be of value to system planners and designers
in the reliability evaluation of alternatives. Individual responses
will be held in confidence and only summaries published.

SURVEY INSTRUCTIONS

It is hoped that the survey form is reasonably self-explana-
tory. Nevertheless, a sample filled-out data sheet is attached
for your guidance, and some brief instructions follow. We wish
to emphasize that all requested data are important, but it is
realized that some of the requested information may be un-
known. In such cases, simply provide the information which is
known and leave the other spaces blank. We also encourage
you to provide explanatory comments on any of your data as
you feel appropriate. If additional data sheets are needed,
please duplicate the data sheet provided.

General Data

1) Tt is vitally important that the period reported be given.
2) The plant climate and contamination data should be
your general estimates of the requested information.

Total Population Data

1} Using the total population data block, give requested
data for all buses in service during the period reported
whether or not failures have been experienced. (Note the
period reported may not exceed the age of a bus. Use
separate data sheets for newer busses.)

2) It is vitally important that the number of connected cit-
cuit breakers and switches be given for each bus.

Failed Unit Data

t) List each bus failure event separately,

2) ldentify the bus in each failure event by specifying the
bus number as assigned in the total population data
block.

3) Specify failure cause and contributing cause, where
known, using the code numbers on the attached sheet,

4) Specify months since bus was last maintained,

5) Check off urgency of restoration effort.

6) Specify time in hours from onset of failure until bus was
restored to service,

7) Describé component which first failed, including com-
ponent material.
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Our schedule dictates that responses be received no later
than April I, 1977, Your participation in this project will be
greatly appreciated.

Sincerely,

A. D. Patton
Chairman, Reliability Subcommittee

SURVEY QUESTIONNAIRE
Primary Cause of Faiture:

1} defective component,

2) improper application,

3) improper handling,

4) improper installation,

5) inadequate maintenance.

6) improper operating procedures,
7) outside agency —personnel,

8) outside agency —other,

9) overheating,

Contributing Cause to Failure:

1} persistent overloading,
2} transient overvoitage,
3} overvoltage,
4) thermocycling,
5} mechanical structural failure,
6) mechanical damage from foreign source,
7) shorting by tools or metal objects,
8) shorting by snakes, birds, rodents, etc.,
9) malfunction of protective device,
10) improper setting of protective device,
11) above normal ambient temperature,
12) befow normal ambient temperatures,
13) exposure to chemicals or solvents,
14) exposure to moisture,
15) exposure to dust or other contaminants,
16) exposure to non-electrical fire or burning,
17} obstruction of ventilation,
18) normal deterioration from age,
19} severe weather conditions,
20) loss or deficiency of cooling medium,
21) testing error.

Comments:

REFERENCES

[1] IEEE Committee Report, “Report on reliability survey of indus-
trial plant,” JEEE Trens. Ind. Appl. Mar.fApr., July/Aug., and
Sept./Oct., 1974. {Part 1 -Reliability of electrical equipment; Part
3-Causes and types of failures of elecirical equipment, the
methods of repair, and the utgency of repair; Part 5--Plant climate,
atmosphere and operating schedule, the average age of electrical
equipment, percent production lost, and the method of restoring
electrical service afler a failure; Part 6—Maintenance quality of
electrical equipment.)

[2] IEEE Committee Report, “Reasons for conducting a new relia-
bility survey on switchgear bus-insulated and switchgear bus-bare,"
Industrial and Commercial Power System Tech. Conf., May 1977,
Conf. Rec., p. 31-95.
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Working Group Procedure for Conducting an Equipment Reliability Survey
By
Power Systems Reliability Subcommittee
Power Systems Technology Committee
Industrial Power Systems Department
IEEE Industry Applications Society

Procedure 1
Compiled Dec. 8, 1980; Approved May 4, 1981
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Scope:

WORKING GROUP PROCEDURE FQR
CONDUCTING AN EQUIPMENT RELIABILITY SURVEY

POWER SYSTEMS RELIABILITY SUBCOMMITTEE
POWER SYSTEMS TECHNOLOGY COMMITTEE
INDUSTRIAL POWER SYSTEMS DEPARTMENT
TEEE INDUSTRY APPLICATIONS SOCIETY

Conduct an equipment reliability survey of industrial plants and
comrercial buildings., Keep anonymous the names of those who submit
data. Do not collect the equipment manufacturer's name. Publish

an [EEE Working Group report. Collect data that may be included in
future versions of IEEE Standard 493-1980, "IEEE Recommended Practice
for the Design of Reliable Industrial and Commercial Power Systems".
This will include failures, population and unit-years, outage
duration time after failure, and other information that are con-
sidered important.

Review Approval: The final IEEE Working Group report must be approved before

Steps:

pubTication by the Chairman, Power Systems Reliability Subcommittee
and anyone else that he delegates. Other members of the Power Systems
Reliability Subcommittee may ask to review the IEEE Working Group
report before the Chairman and/or his delegates give their approval,
but they do not have a veto over what is published.

1. The Power Systems Reliability Subcommittee {PSRS) will determine
the equipment category to be surveyed.

2. The PSRS Chairman will appoint a Working Group Chairman. The
Working Group Chairman (WGC) will select the members of the
Working Group, subject to approval by the PSRS Chairman,
Usually the WG will include a WGC from a previous survey
who is familiar with conducting a reliability survey. It is
expected that the WGC will do the most work, including survey
preparation, data collection, data analysis, and will be the
coordinating author of the final report and will present the
report at an IEEE technical conference. The PSRS Chairman
will compile a budget and submit it to IAS for approval.

3. The WGC will compile a schedule for steps 4 through 15.

4. The WGC will review previous reliability surveys (AIEE 1962 and
IEEE 1973/1974, etc.) on this equipment category, if available,
and will compile a report summarizing previous survey results
and why the new survey is being conducted. This report will be
used in the survey and will be sent out with the survey form to
the prospective participants. In some cases in the past this
report has become an IEEE paper at an IEEE conference (but this
is not encouraged).
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The WGC will compile a draft form for the survey and will send it
to the members of the WG. In general the new suryey wil] be a
refinement of the previous version, geared to resolving questions
raised by the past surveys. He will compile a second version,
third version, etc. as necessary and develop a final form in-
corporating comments received from Working Group members.

. The WGC will ask all members of the PSRS: 1) if they wish to

review the final form and, 2} if they wish to review the final
WG report after the survey is completed. He will send copies
to those who request it and should request comments back within
twelve days.

The final form should be approved by the PSRS Chairman and those
he has delegated. However, responses that take longer than two
weeks may be considered "“approval by default".

The WGC will have the material for the survey printed {cover letter
on TEEE stationery, form & definitions, reasons for survey). He will
obtain the mailing list from the Chairman, Mailing List Workimg Group.
He will review the 1ist and augment it if appropriate. The WGC will
buy postage stamps and send the survey material out for the survey.
A return envelope and postage will be included and a requested
return date will also be included.” The WGC will keep track of
negative, moved, or deceased responsesfor feedback to the Mailing
List Chairman.

A follow up letter will be sent out by the WG Chairman to all
participants about 8 weeks later. This always brings in additional
responses.

An oral pep talk (3 minutes long) should be given by WGC during a
technical session at the I & CPS Conference (if the timing 1s
convenient).

Afterthe "cut off" date, the WGC will analyse and tabulate the
results from the survey. (An attempt should be made to contact
respondents for clarification of incomplete or inconsistent data
They will be sent to the WG members for comments and suggestions
for additional analysis and for what should go into the WG report.

The WGC will compile a first draft WG report and will send a copy
to the members for comments. A second draft, third draft will be
compiled as needed. A final WG report will be compiled.

The final WG report will be sent to the PSRS Chairman and those he
has delegated for approval. Fourteen days will be allowed for their
review. The final WG report will also be sent to those PSRS members
whohave requested it in step 6, and comments should be requested back
within twelve days.
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14. The WG Chairman will have the approved final WG report typed on
mode) paper for presentation at an IEEE technical conference,
Only those who have contributed as Working Group members, or by
comenting on the survey or report drafts should be listed as
authors; the WGC will obtain written approval from each co-author
to use their names on the report. Approval of the final report by
those who request it to review should he adequate approval to use
names. A copy of this paper should be sent to all members of the
PSRS; written discussions should be invited back from them,
Other solicitations for discussions are alsc encouraged as deemed

appropriate by the WGC or the PSR Chairman.

15. The WG Chairman should present the final WG report at the IEEE
Conference. An alternate from the WG should be designated, by
the WGC, to present the paper in his absence,

It is believed that the total time cycle for steps 1 through 15 is
about two years.

Char]es R. He :

ising
Secretary
Power Systems Reliability Subcommittee

CRH:sk
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tHe INsTITUTE OF
ELecTricAL AND
EiecTronics
EnGINEERS, INC.

INDUSTRY APPLICATIONS SCCIETY

TYPICAL MAJOR MILESTONE SCHEDULE
for
EQUIPMENT RELIABILITY SURVEYS

YEAR 1:

1. May/June (I&CPS Conference) PSRSC Chairman appoints WG Chairman.

2. October {IAS Conference) WG Chairman presents first draft of
survey form to WG.

3. November/December. WG Chairman finalizes survey form and
obtains approval from PSRSC Chairman.

YEAR 2:

4, January/February. WG Chairman mails survey form to industries.

5. March/April. WG Chairman mails follow-up letter to industries.

6. May/June (I&CPS Conference) WG Chairman presents a pep talk to
Conference, outlining reasons for survey,

7. August/September. WG Chairman evaluates data received; compiles
first draft of report.

8. September/October (IAS Conference) WG Chairman reviews first
draft of paper with members of WG and P3RSC.

9. November/December. WG Chairman prepares number of drafts
required to satisfy need of WG.

YEAR 3:

10. January. WG Chairman sends finat draft to PSRSC Chairman for
approval.

11. February. WG Chairman prepares final manuscript and transmits
for publication in I&CPS Conference record.

12. May/June (I&CPS Conference) WG Chairman presents results of
survey at Conference.

Prepared by:

PH1'11;p%/;éannon Chairman

320 Copyright © 1998 IEEE. All rights reserved.




Appendix G
Report of Transformer Reliability Survey —
Industrial Plants and Commercial Buildings

By
J. W. Aquilino
IEEE Transactions on Industry Applications
Sep./Oct. 1983, pp. 858-866

Copyright © 1938 IEEE. All rights reserved. 321



This page is intentionally blank



Report of Transformer Reliability Survey—Industrial
Plants and Commercial Buildings

JAMES W. AQUILINO, MEMBER , IEEE

Abstract—The Power Systems Relisbility Subcommittee of the IEEE
Industry Applicstions Soclety has been conducting serveys of the
reliability of electricat equipment in industrial and commercial power
systems. A previous survey published in 1973 and 1974 [1] included
data on the reliability of transformers. Some of the guestions raised by
the previous results, logether with a general need for updated data,
prompied a new gurvey which was conducted In 1979. The resuits of
that servey are presented in this paper.

INTRODUCTION

CCURATE reliability data on transformers, together

with similar data on other types of electrical equipment,
are necessary for evaluating power system reliability. Informa-
tion of this type is often the only means of showing economic
justification for spares, redundancy, or improved maintenance
programs. The purpose of this 1979 transformer reliability
survey of industrial plants and commerciil buildings was
to improve upon the resuits of the previous survey published
in 1973-1974 [1] by answering some of the questions raised
and eliminating some of the controversy created. The major
reasons for conducting the new survey were outlined in a
paper presented at the 1979 Industrial and Commercial Power
Systems Technical Conference [2].

The most controversial items in the previous survey con-
cerned the average outage duration time after a transformer
failure in relation to the fajlure restoration method. Another
item which raised questions was the comparatively high
failure rate for rectifier transformers. The 1979 survey form
was condensed considerably from the 1973-1974 version.
Most of the jtems found to be of little significance in the
past have been omitted. The remaining survey items are
aimed at factors believed to have the most influence on the
important transformer reliability and availability parameters.

Another major consideration in preparing the new survey
form was simplicity. This was intended to enable the respond-
ent 1o reply with minimal effort, thereby assuring maximum
possible response. Obviously, the condensation could only be
carried {o & certain extent before the survey results would be-
come so general that they would be of little practical value.

Results of the 1979 transformer survey are presented in
this paper in tabular form. The discussion which follows under
Strvey Results attempts to expand upon some of the more

Paper IPSD 80-7, approved by the Power Systems Technologies
Commitice of the [FEE indusity Applications Seciety lor presenta-
tion at the 1980 Industtial and Commercial Power Systems Conference,
ltouston, TX, May 1 2-15 Manusctipt celeased for publication 'ebruary 2,
1981.

The author was with Northrop Corporation, 100 Morse Sticet,
Norwood, MA 02062, He is now with General Radio (GenRad), 170
Tracer Lane, Waltham, MA 02154,
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significant survey data obtained. In any survey of this type
there will undoubtedly be some new questions raised and
also some old questions and controversies left unresolved.
We feel, however, that this data wilt be of considerable value
1o system planners, designers, and users.

SURVEY FORM

The form used for the 1979 survey is shown in the Appen-
dix. As mentioned before, the Total Population form was
condensed to include data relating specifically to transformer
reliability, Important influencing factors were rating, voltage,
age, and maintenance. However, reporting the response to
maintenance quality is difficult. The 1973-1974 survey asked
the respondent to give his or her opinion of the maintenance
quality as excellent, fair, poor, or none. 1t is very difficult to
he completely objective in responding to this type of question,
The new survey, therefore, asked for a brief description of the
extent of maintenance petformed, the idea being to enable the
reader to judge for himself the benefits derived from a partic-
ular maintenance procedure. The failed unit data requested is
pasically the same as that in the previous survey. The most
important categories here are the causes of failure, the restora-
tion method, restoration urgency, duration of failure, and
age at time of failure.

SURVEY RESPONSE

The response to the survey is summarized in Tables I and
II. Responses were received from 25 different companies,
and in many cases several locations within the companies
were reported. Various types of industrial and commercial
facilities are represented including chemical and petro-chemi-
cal plants, steel mills, paper mills, manufacturing plants,
and hospitals, to name a few. Similar data from the 1973-
1974 survey are shown in Table 11l for comparative purposes.
A summarized comparison between the two survey results
appears in Table IV. Direct comparisons cannot be made in
some instances because of changes made in the sub-classes.
For example, the new survey broke the ratings down into
two groups, units 300-10 000 kVA and those greater thun
10000 kVA. The ratings in the previous survey were 300-
750 kVA,.751-2 499 kVA and 2 500 kVA and up.

One of the reasons for conducting this new sutvey was
the need for reliability data on arc-furnace transformers.
Unfortunately, the response to this category was very poor.
The sample size reported was too small to obtain reliable
results, therefore, the arc-furnace data were omitted. Hope-
fully, the response will improve in subsequent surveys. The
response 1o the latest survey did improve over the 1973~
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TABLE 1
POWER TRANSFORMERS 1979 SURVEY
Fallure Average Average
Rate Repair Roplacement
Number of Unit- Number of Eallurey Tine Time
Type Units Years Failures Unit-Year (Hours)} (Hours)
Al liquid 356.1 85.1
filled 1314 17 996 111 0.0062 N: 60 F3 N: 39 F2
Liquid 297.4 79.3
300-10 000 1750 17410 102 0.005% N: 56 F? N1 F?
kVA
Liquid 1178.51 1921
>10 000 64 586 9 0.0153 N:4 F2 N:2F2
kVA
Dry 61 -
300-10 000 159 1700 1 0.00061 N:1F2 N:0Q F2
1 Small sample size-less than eight failures.
1 F is failures.
TABLE il
RECTIFIER TRANSFORMERS 1979 SURVEY
Faflure Average Average
Rate Repair Replacement
Number of Unit- Number of Failures/ Time Time
Type Units Yean Failures Unit-Year {Hours) (Hours}
All liquid 2316 41.4
filled 85 841 16 0.01%0 N:8F2 N:8F2
Liquid 16641 38,71
300-10 000 61 644 10 0.0153 N:3 Fl N:7F?
kVA
Liquid 2707.24 60!
>10 000 24 197 51 0.03031 N:sF2 N:1F2
kVA
1 Small sample size-less than eight failures.
2 Fis fallures.
TABLE 111
ALL TRANSFORMERS!
Tumber Actual Mours
of Flants Downt ime/F sl lure
n Nomar of Failure Rate- LiLE Hedlan Moz i
Sasple  Semple Size Failuresy Fatlures por  Industry Flant Plant Flant
Size Unit-Yesrs Aeported Irdstry Unit-Year Average Aver gt Avirage Aversge
n 18,210 8 Liquid Filley - ALY,., 0.0041 129.0 2.0 219 e,
] 11,210 » #01.15,000 volts-all 0.0610 i, 2.0 a9, 840,
12 1,002 1 80 kYA 0.0037 6].0 4.8 0.} 336.
18 §,040 15 151.2,099 kith.. 0.0028 nr. 2.0 §4.0 840,
11 4,008 1 2,500 kYA & wp 0.0032 s, .0 0.0 401,
12 1,88 24 Above 15,000 volts., 0.0130 1076, 12.8 1260, EIITN
1 4,977 18 Dry Type: 0-15,000 vol 0.0036 153 0.4 2. 120,
b] an F. ) Rectifier; Above 600 vol . 0.0298 0 2.0 [ Mr,
1] 4,594 [}] Liquid Filled - ALY, ., . 0.0050 118, 8.0 148, 1800,
4 6,000 M $01-15%,00¢ voles-A11 § 0.0033% 52.1 a0 4.5 s,
1 ) 1] X0-J50 eva, ... 0.0001 19 1.0 e 120.
[ 1,601 1% Above 15,000 volts,... 0.0119 870 1.8 08, 3800,
H 862 1 Rectif ler; Above 600 wolts...... 0.0742 2% 9.9 e, L 1N
] 2,511 14 Liguid Filted - Ab), . .ouinninann 0.0056 M), Ly ", 1,
] 3,1 10 $01+15,000 volts-All Sires.... 0.0043 ., % FT 401,

| From IEEE Survey published in 1973-1974 [1].
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TABLE IV
ALL TRANSFORMERS!
Failure
Rate Average Hours
Sample Size Number of Failures/ Downtime/
Unit-Years Failures Type Unit-Year Failure
Power-
1979 179% 111 Liguid Filted 0.0062 2493
Survey 1700 12 Power-Dry 0.00062 6
841 16 Rectifier 0.0190 11787
15210 63 Liquid Filied 0.0041 529
1973/ 14 4937 18 Dry 0.0036 153
Survey 672 20 Rectifier 0.0298 380
1 Comparison of 1979 and 19731974 surveys.
2 Small sample size-less than eight faiturey,
TABLEV
FAILURE RATE VERSUS AGE
Power Transformers
Failure Rate
Agel Number of Sample Size Number of Failures/
Type (Yrs) Units Unit-Years Failures Unit-Year
Liquid
300-10 000 kVA 1-10 638 26255 19 0.0072
306-10 000 kV A 11-25 s 8846.5 47 0.0053
300-10 000 &V A >25 397 5938.0 36 0.0060
Liquid
>10 000 kVA 1-10 27 1440 03
>14 000 kVA 11-25 28 1835 73 0.02462
>10000 kKVA >25 9 158.0 »n 0.01263

t Age is the age at end of reporting pericd.

2 Relay or tap changer faults were not considered in calculations for failure rates or repair and replacement times,

3 Smail sample size-less than eight failures.

1974 survey as seen by comparing the total number of unit-
years for both the power and rectifier transformers. Not too
surprisingly, the largest sample size reported occurred among
the power transformers 300-10000 kVA which totaled
17410 unit-years.

SURVEY RESULTS

In Table 1V it is clear that the results from the largest
category, liquid filled power transformers, compared fa-
vorably between the 1973-1974 and 1979 surveys. This
table also confirms the high failure rates for rectifier trans
formers. Before a further discussion on the results of the
survey, in-general, it would be worthwhile to note how the
data compared with the controvetsial items in the previous
survey,

The total number of hours {130 h) to replace 2 failed
transformer with 2 spare appeared in Table 48 of the resuits
of the 1973-1974 survey, under units 601-15 000 volts
requiring a round-theclock all out effort, and was felt by
many to be too high. Units that were repaired showed an
average outage time of 342 h. The new survey shows a
considerable variation among power transformers depending
upon size. The higher voltage units, reported in Table 49
of the results published in the 197321974 survey, showed
an average repair time of 1842 h. This difference could be
due lo several factors, such as the transportation and han-

Copyright © 1998 IEEE. All rights reserved.

dling problems associated with the larger units and the greater
likelihood of having spares for the smaller units on hand at
the site.

The results of the new survey confirmed the long replace-
ment time after a transformer failure. The much longer times
needed to repair a failed transformer than to replace it with
a spare were zlso confirmed. The new survey also confirmed
the fact that the failure rates for rectifier transformers are
much higher than those for the other transformer categories.
This may be due to severe duties or the environments to which
they are subjected.

AGE

Table V contains data broken down into three age groups.
The failure rates for power transformers 300-10 000 kVA
were approximately equal in all three age groups. The slightly
higher failure rates for the units aged 1-10 years, and greater
than 25 years, can probably be attributed to the infant mor-
tality rate and units approaching end of life, respectively.

RESTORATION METHOD

Tables | and 11 also include data on restoration times versus
restoration method. The data clearly indicate that the res-
toration of a unit (o service by repair rather than replacement
results in a much longer outage duration in all cases. This
compares favorably with the previous survey which showed
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TABLE VI
FAILURE INITIATING CAUSE

Al Power Tramsformers

. of  Pers

Falleres  centige
Translent overvoltage disturbance
{awitching turges, arcing groued Tawdy, ste...} 18 14.4
Ovarheating b ] 2.7
Winding Ingulation bresudows 32 n.a
Insulating bushing breshdown 15 13.4
Other insulation brestdowm + 5.4
Mechanicsl bresing, cracking, loosening,
abrading or deforming of statie
or structurs] parts | 7.3
Mechanicsl burnout, friction or
seizing of moving parts, k] F
MWechanically caused diage From foreign source
{dlgg?ng, vehicular accldent, etc.) k) 2.7
Shorting by tocls or pther setal objects 1 t.3
Shorting by birds, snihes, rodenls, eic. 3 2.7
Hatfunction of protective relay control device
or auxiliary device 1 4.5
Improper operating procedure 4 1E
Losse connectlon ar termination 8 1.
Others 1 0.9
Continuows overvoltage '} 0
Low voltage 0 -]
Low frequency [} ]

1 Failure initiating cause not specified for two failures.

repair times considerably longer than replacement times.
Despite this fact, in most cases, a larger number of units was
restored to service by repair. Results such as these show the
obvious benefits in having spares at the site or readily available.
The data may also help system planners and users determine
the economic feasibility of purchasing spares. ln computing
the average repair and replacement times, those instances
in which the repair or replacement was deferred were excluded
to avoid distorting the averages. The averages shown represent
only those cases where restoration was begun immediately.

FAILURE CAUSE

Tables VI-XI summarize the causes which initiate and con-
tribute to the failure and the suspected failure responsibility
for both power and rectifier transformers. Tables VI and IX
show large percentages of failures initiated by some type of
insulation breakdown or transient overvoitages. Table IX,
however, shows a surprisingly large percentage of rectifier
transformer fajlures initiated by mechanical causes.

Tables VII and X, which show the failure contributing
causes, compare well with the 1973-1974 survey results,
Normal deterjoration from age contributed to a large number
of both power and rectifier transformer failures. As in the
past, Table VIII shows that respondents believed that manu-
facturer defects and inadequate maintenance were responsible
for the greatest numbers of failures of power transformers,
Table XI shows inadequate operating procedure was also a
significant cause of failures of rectifier transformers.

MAINTENANCE CYCLE AND EXTENT OF MAINTENANCE

The large percentage of failures which resulted from in-
adequate maintenance shows the jmportance of accurate
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TABLE VIl
FAILURE CONTRIBUTING CAUSE

ALl Powar Transformers

Mo, of Per-
Fallures' centipge
Pariistant overlosding 1 1.1
Abncrmal tempersture $ 5.5
Exposure Lo sggressive chemicals, tolesnts,
dusts, misture or other contaminpats 1 144
Normal detertoration from sge 12 13.1
Severe wind, rain, snow, siest or other
weather conditions 4 [ X ]
Lack of protective devica H t.2
Malfuaction of protective device ) 1.0
Loss, deficlency, contimination, or degredatipn
oll or other cooling medium ’ 16,0
Improper operatling procedurs or teiling error 3 b2 |
Inndequite muintanance r 7.a
Others n ».0
Caposure ta mon-electrical fire or burning ] [}
Dhstructton of ventilation by Fereign
object or material [} ]
Improper setting of protactive device [] o
[nadequate pretective device [] ¢
5

1 Failure contributing cause not specified for 22 failures.

TABLE VIl
SUSPECTED FAILURE RESPONSIBILITY

All Power Transformers

Number of
Fallures! Percentage
Manufacturer defective component or
improper assembly L} 333
Transportation to site, improper handling 1 1
Application enginecring, improper application k] 31
Inadequate installation and testing
priof to start-up 1] 6.3
Inadequate maintenance 15 26.0
Inadequate operating procedures 4 4.2
Cutside agency-personnel 3 il
Cutside agency-others 6 6.3
Others 16 16.7
96

t Suspected failure responsibility not specified for 16 failures.

data on the extent and frequency of the maintenance per-
formed. The latest survey attempted to obtain this data
in a simple form, The response did not lend itself to reporting
in tabular form. Maintenance information continues to be the
most difficult to obtain in useful form, not only for trans-
formers, but for all other equipment that have been surveyed
as well. Hopefully in the future, we will be able to devise a
method of obtaining this data and reporting it in a manner
that will enable systein users to establish effective preventive
maintenance programs.

TYPE OF FAILURE
The 1979 survey limited the choices of failure type to

“winding” and “other™ (Tables XII and XII). About half
of the failures occursed on transformer windings.

Copyright © 1998 IEEE. Al rights reserved.
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TABLE IX
FAILURE INITIATING CAUSE
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TABLE X1
SUSPECTED FAILURE RESPONSIBILITY

All Rectifier Transformers
Number of
Failuresl Petcentage

Transient overvoltage disturbance (lightning,

All Rectifier Trandformers
Number of
Failures Percentage

Manufacturer~defective component or

switching surges, arcing ground fault, etc.), 2 13.3 improper assembly 5 31.2
Ovesheating 1 66 Application engineering-improper application 2 12.5
Winding insilation breakdown 2 13.3 Inadequate maintenance 1 12.5
Insulation bushing breakdown 1 6.6 Inadequate operating proced 5 31.2
Other insulation breakdown 3 20 Others 2 12.5
Mechanical breaking, cracking, loosening, Transportatioh to site-improper handling 0 0

abrading or deforming of static or Inadequate installation and testing

structural parts 3 20 prior to startup o 0
Mecl‘\'::lcal burnout, friction or seizing of Qutside agency-personnel 0 0

moving parts 2 13.3 i
Loowe connection or termination 1 6.6 Outside agency-others . 0
Continuous overvoltage o 0 16
Mechanically caused damage from foreign

source (digging, vehikular accident, etc.) 1] 0
Shorting by tools or other metal objects 0 0 TABLE XII
Shorting by bitds, snakes, rodents, ete, 0 0 TYPE OF FAILURE
Malfunction of protective relay control

device or suxiliary device 0 0 Power Transformers
Low voltage 0 0 Number of
Low frequency 0 0 Type of Failure Failures Percentage
Improper operating procedure 0 0
Other 0 0 Winding 59 53

15 Others 53 47
1 Failure initiating cause not specified for [ failure.
TABLE X1l
TABLE X TYPE OF FAILURE
FAILURE CONTRIBUTING CAUSE
Rectifier Transformers
A1 Rectitier Transformers Number of
N of Per- Type of Failure Failures Percentage
Falluras J cantage
Kanoraal teaper 1 7.t Winding 8 50
lumw: to q'::::n chemlcily, 10Tvants Others 8 50
SIts, mofiturs or ether contaminmmty 1 11
) detarisration frim age 4 i
Inadaquate prolective duvice 1 14 TABLE XIV
Lots, daficiency, comtaninatton or degradation FAILURE CHARACTERISTICS
of oft e other coaling sedton 3 na
Tnedequity maintenance 3 L Power Transformers
Others 1 i Number of
Perristant over loading L ¢ Failure Characteristic Fallares  Percentage
Taposure te non-electrical fire or burning L] L
Obstrection of ventilation by foreign Automatic removal by protective device 83 75
ah ject or matarial [ Ll Partial failure reducing capacity 5 5
Sevare wind, rain, théw, tlest or Manual removal 23 20
sther wrathar conditions L] L]
Isproper setting of pretective device ¢ 0
Lack of pretective device ] L] TABLE XV
Malfunction of protective device o . FAILURE CHARACTERISTIC
Inproper sperating procedurs or téiting erver O °
I Rectifier Transformers
1 Fadure contributi ¢ specified for two fail Number of
ailure contributing cause not specified for two failures. Faihare Chargcteristic Failures  Percentage
FAILURE CHARACTERISTIC Automatic removal by protective device 11 &9
Partial failure reducing capacity 0 0
As would be expected, Tables X1V and XV show that Manualremoval 5 E)|

about 3/4 of transformer failures resulted in removal from
service by automatic protective devices, however, the per-
centage requiring manual removal was significant. [ncreasing
use of transformer oil or gas analysis could be a factor here,
This would enable detection of incipient faults in their early
stages, allowing manual removal before a large scale failure
OCCUrS.

Copyright © 1998 |EEE. All rights reserved.

VOLTAGE

Table XVI shows the failure rate for liquid filled power
transformers broken down by voltage rating. From Table XVI
it is evident that the failure rates for 600-15 000 volt trans-
formers are less than those for the higher voltage units in both
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TABLE XVi
FAILURE RATE VERSUS VOLTAGE

Power Transformers

Failure Rate

Valtage Number of Sample Size Number of Failures/Unit-
Type &V) Units Unit-Years Failures Yeur
Liquid
300-10 00Q
kVA 6-15 1626 15775 82 0.0052
Liquid
300-10 000
kVA >1$8 124 1637 18 0.0110
Liquid
>10 000
kVA >15 52 4950 9 0.0184

TABLE XVl
FAILURE RATE VERSUS VOLTAGE
Rectifier Trantormers
Failure Rate

Yoltage Number of Sample Size Number of Faitures/Unit-
Type k¥) Units Unit-Years Faflures Year
All
Liquid 6-15 65 745 15 0.0201

size categories. The small sample sizes in several categories
in Table XVII make it impossible to draw any definite con-
clusions on the effect of voltage on the failure rates of rec-
tifier transformers.

CONCLUSION

The purpose of this survey was to update the results of
the 1973-1974 survey and to clarify some of the issues raised
by those results. In general, the data obtained in the latest
survey confirm the previous results.

Only that data from which meaningful results could be
obtained were included in this report. Obviously more in-
formation was requested in the survey than discussed in
the previous sections. The remaining data were eliminated
either because the sample sizes were too small, because analy-
sis showed it to have little or no influence on transformer
reljability, or because it could not be reported in a meaningful
way.

APPENDIX
December 15, 1978

Subject: Reliability Survey for Power, Rectifier, and Arc-
Furnace Transformers

Deur Sir:

The Power System Reliability Subcommittee of the Indus-
trial and Commercial Power Systems Committee requests
your cooperation in a survey to determine the reliability
ol power, rectifier, and arc-furnace transformers in indus
trial plants. This survey is part of a program to update the
information ubtained in our 1971 general reliability survey
of plant cquipment and to provide additional information
on rectifier and arc-furnace transfonners.
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The results of this survey will be published in an IEEE
paper. The information obtained is expected to be of value
to system planners, designers, and users in the reliability evalu-
ation of various alternatives. Individual responses will be held
in confidence and only summaries published.

SURVEY INSTRUCTIONS

Definitions, brief instructions, and sample survey forms
(Figs. 1-2) are provided for guidance. We wish to emphasize
that all requested data is important, but it is also realized that
some of the information requested may be unknown. In
such cases, simply provide the information that is known,
and leave the other spaces blank. If additional survey forms
are needed, please duplicate the forms provided.

Definitions

1) Failure: A failure is any trouble with a power system
component that causes any of the following to occur:
a) partial or complete shutdown, or below standard
plant operation,
b) unacceptable performance of user’s equipment,
¢} operation of the electrical protective relaying or
emergency operation of the plant electrical system,
d) de-energization of any electric circuit or equipment.
2) Failure Duration: Duration of a failure or repair time
of a fajled component is the clock hours from the time of the
occurrence of the fajlure to the time when the component is
restored to service, either by repair of the component or
by substitution with a spare component. It includes time for
diagnosing the trouble, locating the failed component, waiting
for parts. repairing or replacing, and restoring the component
to service. Jt is not the time required to restore service to a
load by putting alternate circuits into operation.

Copyright © 1998 {EEE. All rights reserved.
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Company Wame ead Plant:

Location:

Induntry Typet:

Period Reportsd: Froms Month Tear

Tal Menth Tasc

TOTAL POPULATION:t {L{ut aich traneformer by number on a ssparate line.)

Extent of Malntanancs

1/ Usa coda from attached shasts.

Fig. 1. Rellability murvey for power, rectifier, and arc-furnace transformers.

Type Rustof Restor
of Jfurd acion

Fall- Msthod Urgenc
1 H

& »
s /5 &
» I~ =
k] L}
o N L
SL e
o/ S/ 8/
SENEINE
Ly Py
Y& &
Sl el o
£/ &/ & Desctiption of Failed Compongpnt

1/ Use code from sttached sheets.
1/ Check applicable box.

Fig. 2. Vailed Unit Data: Use transformer number from total population form.
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General Data

1) It is vitally important that the period being reported
be given.

2) Indicate the general type of industry involved at the
plant being reported, such as auto, cement, chemical,
metalworking, petroleum, pulp and paper, textile, etc.

Total Population Data

1) Using the Total Population data block, give the re-
quested data for ail power, rectifier, and arc-furnace
transformers in service during the period reported
whether or not faiflures have been experienced. Data
should be reported on only those transformers used on
a continuous basis. Transformers which are de-energized
for substantial periods of time should not be included.

2) The age is the number of years from the time of instal-
lation to the end of the period reported under General
Data.

3) Give a brief description of the extent of maintenance.

Failed Unit Data

1) List each failure separately.

2) Transformer Number for each failure is the Transformer
Number used on the Total Population form.

3) Specify the age of the transformer at the time of failure.

4) Specify the failure initiating cause, contributing cause,
and suspected failure responsibility using the code num-
bers on the attached sheets.

5) Check the restoration urgency.

6) Specify the time in hours from the onset of the failure
until the transformer was restored to service.

7) Describe briefly the component that failed, including the
component material.

Your participation in this survey will be greatly appreciated.

Sincerely,

J. W. Aquilino
Working Group Chairman

CODE NUMBERS TO BE USED WITH TOTAL
POPULATION FORM

Transformer Type

1) Power
2) Rectifier
3) Arc-Furnace

Subclass Type

1) Liquid
2) Dry
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Location

1) Indoor
2) Outdoor

Rating

1} 300-10 000 XVA
2} >10000 kVA

CODE NUMBERS TO BE USED WITH FAILED UNIT
DATA FORM

Failure Initiating Cause

1) Transient overvoltage disturbance (lightning, switching
surges, arcing ground fault, etc.). ‘
2} Continuous overvoltage.
3) Overheating.
4} Winding insulation breakdown.
5) Insulating bushing breakdown.
6) Other insulation breakdown.
Ty Mechanical breaking, cracking, loosening, abrading, or
deforming of static or structural parts.
8) Mechanical burnout, friction, or seizing of moving parts.
9) Mechanically caused damage from foreign source (dig-
ging, vehicular accident, eic.).
10) Shorting by tools or other metal objects,
11) Shorting by birds, snakes, rodents, etc.
12) Malfunction of protective relay control device or auxili-
ary device.
13) Low voltage,
14) Low frequency.
15) Improper operating procedure.
16) Loose connection or termination.
17) Others.

Failure Contributing Cause

1} Petsistent overloading.
2) Abnormal temperature.
3) Exposure to aggressive chemicals, solvents, dusts, mois-
ture, or other contaminants.
4) Exposure to nonelectrical fire or burning.
5) Obstruction of ventilation by foreign object or material.
6} Normal deterioration from age.
7) Severe wind, rain, snow, sieet, or other weather condi-
tions.
8) Improper setting of protective device.
9) Lack of protective device.
10) Inadequate protective device.
11) Malfunction of protective device.
12) Loss, deficiency, contamination, or degradation of oil
or other cooling medium.
13) Improper operating procedure or testing error.
14) lnadequate maintenance.
15} Others.

Suspected Failure Responsibility

1) Manufacturer-defective component or improper assem-
bly.

Copyright © 1998 IEEE. All rights reserved.
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2) Transportation to site-improper handling.

3) Application engineering-improper application.

4) Inadequate installation and testing prior to startup.
5} Inadequate maintenance.

6) Inadequate operating procedures,

7) Outside agency-personnel.

8) Outside agency-others.

9} Others.

Fatlure Characteristic

1)} Automatic removal by protective device.
2) Partial failure reducing capacity.
3) Manual removal.
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Report of Large Motor Reliability Survey of Industrial
and Commercial Installations, Part I

MOTOR RELIABILITY WORKING GROUP
POWER SYSTEMS RELIABILITY SUBCOMMITTEE
POWER SYSTEMS ENGINEERING COMMITTEE
INDUSTRIAL AND COMMERCIAL POWER SYSTEMS DEPARTMENT
IEEE INDUSTRY APPLICATIONS SOCIETY

Abstract—The Power Sysiems Rellabiity Subcommlitee of the IEEE
Indusiry Applications Soclety recemily inltiated a survey of the reliability
of large motors in indusirial and il insisliations in keeping with
s commitment to support or update results of the survey published in
1973 and 1974, Moreover, the new survey has emphasized and expanded
on one type of electrical equipment only, The previous survey resulls were
henvily biased by one class of motors in the motor category and contained
some results that appeared unrensomable nud were considered quesiion-
able. The resuits of this mew survey sre presented here and inlended lo
expand [ailure data io additionsl influencing categories and ai the same
Ume be oriented to (ke more common Iypes In use loday. A resiriction to
2 lower Hmil in size also distinguishes the resulls (o motors in relnfively

crilical applicati A further exph ton of the reasons for this survey
and Intended results is p d im o sube 1 report included for
referemce in the Appendix.

INTRODUCTION

THE RESULTS of the 1982 survey on the reliability of
motors in industrial and commercial installations are
summarized in Tables I-XIX. The data obtained allowed the
various categories to be shown here which provide failure data
on a more expanded and detailed basis, for the most part, than
was presented in the 1973/1974 survey results. Also compari-
sons are made with the previous survey where results are of
similar format.

To focus on motors that are of a critical nature, where
reliability is most important, this survey differs from the other
in that oniy motors larger than 200 hp are considered. In
addition, to present data on motors most commonly manufac-
tured and used today and to avoid distorted failure data from
old motors that are expected to have high failure rates, this
survey has limited the age of motors to no more than 15 years.

A brief discussion is included for each table identifying

Paper IPSD 23-12, approved by the Power Systems Technologies Commit-
1ee of the IEEE ndustry Applications Society for presentation st the 1984
Industrial and Commercial Power Systems Conference, Atlanta, GA, May 7-
10, 1984. M. ipt released for publication May 7, 1984,

Members of IEEE Mortor Reliability Working Group
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significant points and results of the survey. The intent of this
working group report is to present these results as updated
experience in industry applications, and the drawing of
definite conclusions is left to the reader,

SURVEY RESPONSE

The cover letter and questionaire form used in the survey
are included in the Appendix. The form is specifically oriented
to motors greater than 200 hp in size and no older than 15
years. As in other surveys succeeding the 1973 overall survey,
this form is simplified into two sections: total population data
and failure data.

Although the response was inadequate to identify a substan-
tial number of industry types, the number of companies and
plants identified was encouraging and the overall response was
considered a success. Total population is less in this survey
than in the 1973 survey, but this was anticipated due to the
restriction on age and size. However, the total number of
plants in the new survey is greater which adds credibility to the
data as being representative of industry applications. The
following list summarizes the magnitude of the response:

number of plants 75
number of companies 1
number of motors 141
total population {unit years) 5085.0
total failures 360.

Some respondents did not submit data for every category
evidenced by the comment “‘not specified’’ in the tables.
Where response was insufficient to identify the motor and/or
period reported the response was not used. As in previous
survey reports, this report maintains the standard for credibil-
ity of failure rates by identifying categories that contain an
insufficient number of failures to be representative.

SURVEY RESULTS
Summary

Table | summarizes the results in types of motors and
voltage classes in similar fashion to the previous survey
summary table. The previous data have been rearranged for
compatison and presented here as Table 1. In the new survey
there was not enough response to separate the petroleum
industry and chemical industry or to separate out other
industry types and still show meaningful results,
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TABLE |

OVERALL SUMMARY—LARGE MOTORS

APPENDIXH

Number of  Sample Number of Failure Rste  Average Hours Median Hours
Plants in Size Failures Bauip “{Failures/ Downtime/ Downtime/
Sample Size  (Unit ¥r) Reported Industry Unit Y Failure Failure
73 S083.0 360 all all 0.0708 [ K] 16.0
induction
n 1080.3 89 afl 0-1000 ¥ 0.0824 41.5 120
7 2844 .4 203 all 1001-5000 v 00714 5.1 120
5 78.1 2 all 5001-15 000 ¥V . . .
1 13.5 - dl not specified - - -
) synchronous
19 459.3 35 all 1001-5000 V 0.0762 7.9 16.0
F] 29.5 3* alt 5001-15 000 V . . *
wound rotor
5 137.0 10 all 0-1000 v 0.0730 . .
9 2511 8 afl 1001-5000 v 0.0319 . .
2 0 4 all 5001-15 000 V . . L4
direct current
5 122.7 [ all 0-1000 V . - .
1 30.0 - - 1001-5000 v —_ — -
induction
il 484.3 ¥ petrochemical ~ 0-1000 V 0.0805 88.3 40.0
28 1M9.0 108 petrochemical  1001-5000 V 0.0801 109.4 45.0
2 103 1+ petrochemical 5001-13 000 V . - -
synchrooous
7 7.0 8 petrochemical  1001-3000 V 0.1096 /4 16.0
wound rotor
2z 20.8 ar petrochemical  0-1000 V . - —
3 116 3* petrochemical  1001-5000 ¥ * - -
* Small sample size.
TABLE 1
1973 OVERALL SUMMARY—MOTORS
Number of  Sample Number of Failure Rate  Average Hours Median Hours
Plants in Size Failures Equipment ihures/ Downtime/ Downtime/
Sample Size  (Unit Y1) Reporied Industry Subcius Unit Yr) Failure Failure
- 42 463 561 alt all 0.0132 111.6 -
induction
17 19 610 213 all 0-600 V 0.0109 1i4.0 183
7 4229 i all 601-15 000 V 0.0404 76.0 91.5
synchronous
13 790 0 alt 0-600 V 0.0007 353 353
n 4276 136 atl 601-15 000 00318 175.0 153.0
6 358 31 all direct currest 0.0556 375 16.2
induction
9 5,108 196 petrochemical  0-600 V 0.0122 123.4 -
10 3834 156 petrochemical &1-15 000 V 0.0407 T4.3 -
synchronous
1 13750 10 petrochentical 0600 ¥V G.0007 35.3 353
] 4077 130 petrochemical  601-15 000 ¥ 00323 175.8 -
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Response was adequate in this survey to show an intermedi-
ste voltage class (1001-5000 V) not shown in the previous
survey. Induction motors in the first two voltage classes show
failures rates very nearly the same, with the lower voltage
class slightly higher. Both are substantially higher than the
earlier results (Table II).

The response for synchronous motors was dominated by the
1001-5000-V class, and again the new survey shows a failure
rate twice that of the higher voltage rated synchronous motors
in Table I. The new results show failure rates for synchronous
and induction motors approximately equal for the same
voltage class. The “‘petrochemical’’ industry shows a slightty
higher failure rate for synchronous motors than for all
industries.

“The new survey obtained data on wound rotor induction
motors with results showing a failure rate only slightly less
than induction motors of the same lower voitage class. The
next higher voltage class has a failure rate less than half that of
synchronous and induction motors.

Although the sample size for dc motors was considered
inadequate, this failure rate was the only one showing some
consistency with the previous survey. The previous survey did
not show a voltage class for dc motors.

Overall, the median hours downtime per failure was
reported as less in the new survey than in the 1973 survey.
Again the downtime reported was biased with unusually high
periods and the average value for each class is consistently
higher than the median value. The overall average and median
downtime values calculated for all categories in this table
include the downtime data omitted in the specific categories
with *‘small sample size.”” Also, downtime for two failures
was exceptionally and unusually high and therefore omitted
from the results. One was reported as 960 h for an induction
motor in the 0-1000-V class and replaced with a spare to
restore service. The other was reported as 6570 h for an
induction motor in the 1001-5000-V class and repaired during
normal working hours.

Horsepower

Table 1II is presented to show a relationship of failure rate
with size. The response gives a good comparison between the
first two size categories with the failure rates calculating very
nearly the same and also approximating those in Table 1
showing voltage classes. The third size category (500§-10 000
hp) shows a relatively high failure rate but calculated with a
small population in sample size.

Speed

Failure rate is generally considered affected by speed, but
Tabie IV shows somewhat unexpected results. The highest
speed range, essentially 3600 r/min was included in this
survey because of the increasing popularity in industry of two-
pole motors. These results show the highest speed motors as
most reliable and the lowest speed as least reliable.

Enclosure Type

This population type was added to expand on any notable
effects on failure rate. Table V shows that open motors

Copyright ©® 1998 IEEE. All rights reserved.
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TABLE I
HORSEPOWER VERSUS FAILURE RATE

201-500 501-5000 S5001-10000 >I0000  Not

ho hp hp hp  Specified
Sample size
(unit-yr) 3185.6 1822.5 46.1 1.2 13.3
Number of
failures 27 133 Ho — —
Failure rate
(failures/
unit-yr) 0.0681  0.0730 0.2169 - -

TABLE v
SPEED VERSUS FAILURE RATE

0-720 721-1800 L301-3600 Not

r/min ritin t/mia Specified
Sample size
(unit ¥r) 657.1 3219.8 1194.6 13.3
Number of
failures 66 232 62 -
Failure e
(failures/
unit yr} 0.1004 0.0721 0.051% -

experienced the highest failure rate among those with substan-
tizl sample size. Depending on the application this result might
have been expected except the table below on causes does not
support this result in the obvious causes of moisture and
aggressive chemicals. It is suspected that more supporting data
may be hidden in the relatively high response to causes
reported as “‘other."’

Environment

In Table VI the survey results show failure rate as affected
by indoor and outdoor applications, It was expected that
outdoor motors would show a higher failure rate than indoor
motors, but the opposite was true, This follows from Tabie V
which shows open type eaclosures with the highest failure
rate. One might conclude that when all environmentally

related causes are combined as one, they support the results of
Tables V and VI.

Duty Application

This population type breaks out continuous and intermittent
application in Table VII. The total sample size was heavily
dominated by continuous duty use with this category showing
the highest failure rate at about twice that of intermittent duty.
Some motors were reported as intermittent in a backup or
standby role and operated only a small fraction of the period
reported which may account partly for the large difference in
failure rates.

Service Factor

Reliability versus service factor (SF) is an important
consideration for those who must apply motors at varying load
conditions that sometime exceed the normal nameplate rating
of the motors. Table VII shows a higher failure for 1.15-§F
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TABLE V
ENCLOSURE TYPE VERSUS FAILURE RATE
Totally Totally Totally Totally
Weather Encksed Enclosed Enclosed Enclosed Not
Open Protected  (TEFC, E.P., D.LF) (Open Pipe Vent)  (Water-Air)  {Air-Air) Specified
Sample size
{wnit y1) 2597.6 569.5 13399 40.7 i19.5 1325 852
Number of
failures 224 25 78 6* 6* 20 1*
Failure rate
{failures/
unit ¥t} 0.0862 0.0439 0.0582 * . 0.0602 *
*Small sample size.
TABLE V1 TABLE 1X
ENVIRONMENT VERSUS FAILURE RATE AVERAGE NUMBER OF STARTS/DAY VERSUS FAILURE RATE
Not Not
Indoor Outdoor Specified <t 1-10 11-30 >30  Specified
Sample size Sample size
{unit yr) 3359.9 1663.8 6113 {unit yr) 3654.8 1274.5 104.9 373 135
Number of failures 263 97 - Number of
Failure rate failures 257 97 2+ 4 -
(failures/unit yr) 0.0783 0.0583 - Failure rate
(faiture/unit yr) 0.0%03 0.076i 0.0191 O0.10T2 -
TABLE Vil *Smalt sample size.
DUTY APPLICATION VERSUS FAILURE RATE
TABLE X
Not POWER SUPPLY GROUNDING TYPE VERSUS FAILURE RATE
Conlinvous Intermitent Specified
] Solid Impedence Not
Ssmple size Ground Ground  Ungrounded  Specified
(uait yr) 4412.2 659.3 13.5
Number of failures 4 26 - .
Failure rate S"‘.“"‘ size
(failures/unit yr) 0.0757 0.0394 _ {unit yr) 2287.7 1873.9 9.9 135
Number of
failures 127 156 B3 -
Failure rate
TABLE VIt (failures/unit yr) 0.0555 0.0800 0.0912 -
SERVICE FACTOR VERSUS FAILURE RATE
Mot
LOsF L ISSF SLISSE  Specified Average Number of Star(s per Day
This population type was expected to provide data to show
Sample size the effects of increasing severity in duty cycle, as related to
(umit yr) 2351.9 LI 102.3 109.9 starling, on failure rate. Surprisingly, the results (Table [X}
Number of R . . :
failures - 158 187 4 1 show only a slight difference in failure rate between the first
Failure rate two categories. The response was disappointing in the last two
(faitures/unit yr) 00618 0.0808 0.0391 0.1001

*Small sample size.

motors than for 1.0-SF motors. Under causes, overheating
was reported as a significant failure initiator which raises the
suspicion that exceeding temperature riscs might be an
application probiem. These results do not show the effect of
full service factor operation on field equipment of synchronous
and dc motors or on secondary equipment of wound rotor
motors. However, slip rings and brushes were not reported as
cbvious major problem arcas as shown in Table XI.
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categories, and no obvious trend in evident.

Power Supply Grounding Type

Much has been written about the effects of how the power
supply system necutral is handied on reliability of electrical
equipment and especially on motors. Table X shows results
that support many generalizations and expected consequences
of grounding types. The least failure rate is with solidly
grounded power supplics, and the highest is with ungrounded
power supplies. Commonly expected causes of failures in
ungrounded systems include transient overvoltage and abnor-
mal voltage levels, but the table on causes did not support this.

Copyright © 1998 |IEEE. All rights reserved.
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TABLE XI
FAILED COMPONENT
Number of Failures
Failed Induction Synchronous Wound Rotor DpC Total
Componemt* Motors Motors Motors Motors All Types
Bearing 152 2 10 2 166
Windings 75 16 ] — 97
Rotor 8 1 4 - 13
Shaft or CPLG 19 - -~ - i9
Brushes or slip ring - 6 8 2 16
External device Hul 7 1 - 18
Not specified 40 2 - 2 51
* Some respondents ceported more than one failed component per motor failure.
However, insulation breakdown and deterioration from age
might be interpreted as being affected by ungrounded systems. TABLE XIi

Failed Component

Table XI shows which components failed most often for the
four types of motors surveyed. Similar to the previous survey,
bearings and windings were the predominate trouble areas,
However, in this survey bearings by far led all other individual
components in failures. In the previous survey windings failed
most often. A significant number of failures occurred where
the failed component was not specified in this survey.

Time Failure Discovered

The data in Table XII give an indication of when users
discover most failures. Two-thirds of the failures were
discovered during normal operation, and almost one third
were discovered during testing or maintenance, Many feel that
under & good maintenance program, most failures are discov-
ered or prevented during testing or maintenance, Table XIV
shows that about one-third of the total population reported
excellent maintenance. The previous survey showed the same
trend in when failures were discovered. The causes table lists
major types that support the result of most failures being
discovered during normal operation.

Causes of Failures

These results, shown in Table XIII are very close to those of
the 1973 survey with some minor differences. The three most
common failure initiators are mechanical breakage, overheat-
ing, and insulation breakdown. These causes, combined, are
supportive of the previous survey resuits.

The major contributing cause reported is normal deteriora-
tion from age, as was also a major contributer in the other
sutvey. Unlike the previous survey, high vibration and poor
lubrication were also reported as significant causes which
reinforce the problem arcas of mechanical breakage and
consequently bearing failures. Both surveys reported defective
components and inadequate maintenance as major underlying
cavses.

Considering the combined contributing causes related to
environmental conditions such as high ambient temperature,
abnormal moisture, aggressive chemicals, and poor ventila-
tion, the failure raies of open and indoor motors shown in

Copyright © 1998 |[EEE. All rights reserved.

TIME FAILURE DISCOVERED

Number of Fercent of
Failures Total
During normal operation 240 66.7
During routine maintenance ot testing i} 28
Oher 13 16
Nol specified 6 1.7
TABLE XIIl
CAUSES OF FAILURES
Number of
Failures Percent
Failure Initiator
1} Transient overvoliage s LS
2) Qverheating 45 13.2
3) Other insutation breskdown 42 12.3
4) Mechanical breakage n3 kKxN|
) Electrical fault or malfunction 26 1.6
6) Sulled motor 3 0.9
T} Other 107 M4
Failure Contributor
1) Persistent overloading 14 4.2
2) High ambient temperature 10 3.0
1) Abnormal moisture 19 58
4) Abnormal voltage 5 1.5
5} Abnormal frequency 2 0.6
6) High vibration St 15.5
) Agressive chemicals 4 4.2
8) Poor lubrication 50 15.2
9) Poor ventilation or cooling 13 39
i0) Normal deterioration from age B7 264
11) Other 65 9.7
Failure Underlying Cause
1} Defective component 62 201
2} Poor installation/testing 40 12.9
3} Inadequate maintenance 66 214
4) Tmproper operation 11 16
5) Improper handling/shipping 2 0.6
6) Inadequate physical protection 19 6.1
T} Inadequaic clectrical protection 18 5.8
8) Personnel error 21 6.3
9) Outside agency other than personnel 12 39
10) Motor-driven equipment mismaich 15 49
11} Other 43 139
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TABLE XIV
MAINTENANCE VERSUS FAILURE RATE
Maintenance Sample Size Number of Faiture Rate Median Hours Average Hours
Quality and Cycic (Unit Yr) Failures (Failures/Unit Yr)  Downtime/Failure  Downtime/Failure
Eaxcellem
<12 mo 834.0 23 01115 3 336
12-24 mo 6501 24 0.0364 24 40
>4 mo 2853 9 0.0315 36 48
All 1719.6, 126 0.0708 15 50.9
Fair*
<12 mo 1776.8 15% 00872 16 n7
12-24 mo 961.7 19 0.0403 54 166.3
>4 mo 161.0 12 00719 165 264.4
Not Specified 4.0 1+ . . .
All 2915.5 07 0.0710 16 87.3
Poor*
<12 mo k18] ki . * .
12-24 mo 1954 15 0.0563 9% 3.6
>24 mo 6.0 L* . * .
All 2385 19 0.0797 n 10.7
None 123.3 T . . .
Not specified 28.0 " . . .
*Srnalt sample size.
950 h downtime for one failure omitted.
* 6570 h dowetime for one failure omitted,
Tables V and VI may not be abnormal. Additionally, this TABLE XV

survey shows improper application as a significant problem
area when the combined effects of poor installation/testing,
physical and electrical protection, personnel error, and equip-
ment mismatch are considered.

Maintenance Versus Failure Rate

Table XIV shows the results of failure rate compared to
maintenance quality and maintenance cycie as reported in this
survey. The previous survey results did not report mainte-
nance cycle versus failure rate. However, Table XV has
arranged available data to show quality versus failure rate.
Cne notable difference can be seen in the maintenance cycle
response in each quality category. The previous survey
showed a trend in more frequent maintenance associated with
higher quality. In the new survey response was greatest in the
most frequent maintenance cycle in both the excellent and fair
quality categories. So an obvious trend is not evident.

In both surveys, the largest response was to fair mainte-
nance. However, the new survey had much more response to
poor maintenance. Both had about the same division in
resporise between fair and excellence qualities.

The most surprising result in the new data is the failure rate
under reported excellent maintenance. Excellent maintenance
with the most frequent cycle had the highest failure rate.
Overall, in cach quality category there is very litlle difference
in failure rate.

The downtime listed in Table XIV does show an expected
trend between the categories. The data suggest that the higher
the quality and more frequent the cycle, the less severe the
failure.

Description of Maintenance

Response was adequate to present a description of the
methods of maintenance reported under the categories of
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1973 MAINTENANCE QUALITY VERSUS FAILURE RATE

Maintenance Sempie Size Number of Failure Rate

Quality and Cycie (Unit ¥r) Failures {Failures/Unit Yr)
Excellent

<12 mo 14 650

12-24 mo 1372

>24 ma 1259

All 17 281 b {£.0045
Fair

<12 mo 121

12-24 mo 21 930

>4 mo 2958

All 25 009 439 0.0173
Poor

<12 mo -

12-24 mo —

>4 mo )

All 4 P 0.0270*

*Small sample size.

quality and cycle. In Table XV1 data are listed as percentages
of the number of types of motor population reported (2.g., one
plant reported six different types of motors with maintenance
data listed for each type; these were counted as six population
types for the purposes of this table). The differences and
similaritics between the various categories are quite obvious.
The most commonly used method of maintenance under
excellent and fair is ‘‘clean.”

Failure Repair/Replace Urgency

Table XVII is intended to give some insight to the urgency
reported for restoring motors to service and the resulting
downtime of the failures. In these data the following two
responses were considered unusual and exceptional and were
omitted: downtime for one failure under *‘repair during
normal working hours” was reported as 6570 h and downtime

Copyright © 19988 IEEE. All rights reserved.



IEEE

APPENDIX H Std 493-1997
TABLE XV
DESCRIPTION OF MAINTENANCE REPORTED
Percent of Populstion Types
Maintenance Excellent Fair Poor
Description <i2mo 12-2ime >Umo Al <iZmo 12-24mo >Mmo Al <I2mo 12-24mo >24mo Al
1) Vigual 12.5 2.3 - 6.5 M7 43.1 41.7 326 — 312 - 31
2) Meggar ns 41.7 25.0 40.7 535 50.8 333 5.1 - 125 - ns
3) Clean 4317 56.8 50 46.3 9.1 388 833 T4 - 375 - 13
4) Lub. and/or
filters 33.3 36.4 318 35.2 4.4 523 16.7 56.8 - 62.5 - 524
5) Vibration
check 20.8 23 - 10.2 29.7 - 16.7 18.0 - - - -
6) Bearing
chock 187 M 437 28.7 Lo 16.9 41.7 9.5 - 6.2 - 4.8
7 Reinsulate 42 - 18.7 4.6 — 31 333 34 - 6.2 - 48
8) Ampere or
temperature
check 4.2 — - 1.9 3.0 13.8 8.3 13 - 12.5 - 9.5
9) Air gap check 21 0.5 - 9.3 8.9 - 5.1 - - - —
10) Alignmem 4.2 159 - 83 — - — - - - -
11) Change or
check brushes 6.2 4.5 - 4.6 19 1.5 83 62 — - - -
12) Overhaul — — — — — - 83 — — — — -—
13) Paint — - — — 5.9 - 33 5.6 —_ - — -—
14) Check cooling
sysiem - - - - 3.0 - - 1.7 - — — -
15) Not specified 229 227 37.5 25.0 3.1 - 1.4 — - — 4.8
Number of
Population Types 43 44 1] 108 101 65 12 178 4 16 | 2t
TABLE XV TABLE XVILI
REPAIR/REPLACE URGENCY VERSUS DOWNTIME 1973 REPAIR/REPLACE URGENCY VERSUS DOWNTIME
Number of  Average Hours Median Hours Number of Average Hours
Failures  Downtime/Failure Downtime/Failure Failures Downtime/Failure
Normal working hours® 87 97.7 240 Normat working hours kr4) 136.0
Round the clock 45 81.4 o Working round the clock 54 1i0.3
Replace with spare” m 18.2 80 Replace with spare ] 20
Low priority 4 370.0* 400.0* Low priority ks b
Not specified 6 288.0* 240.0* Total 478 108.5
Total 251 69.3 16.0

*Small sample size.
* 6570 h for onc failure omitted.
* 960 h tor one failure omitted.

for one failure under “‘replace with spare’™ was reported as
960 h. Data from the previous survey were rearranged and
presented here as Table XVIII. Unlike the previous survey,
median hours downtime per failure is included in the new data
to reflect the influence of numerous long downtime periods
reported.

In the first two categories the new survey shows obvious
shorter average downtime per failure than the older survey,
but the category on replace-with-spate is very close. An
obvious uncertainty in the new results is evident in the median
value for round-the-clock urgency. The downtime is higher
than for less urgent repair. This suggests the possibility of
some data being reported crroneously. Another interesting
result is that half of the failures were reported as ‘‘replaced
with spare”” in the rew survey. Only about one fifth of those
of the old survey were in this category. This might be expected
since the new survey covered only larger more critical

Copyright @ 1998 IEEE. All rights reserved.

*Smatl sample size.

applications. The previous suevey results preseated no down-
time data for the “‘low priority’" category, and thus the 1o4al
average in Table XVIII is calculated using only the data
shown.

GENERAL DISCUSSION

It is the general consensus of the subcommittee sponsoring
this activity that the new motor reliability data of this survey,
contingent on reporting accuracy of the respondents, is more
practical and useful for its intended purpose than the older
survey data because of the restrictions on age and size. This
survey also produced an attractive cross section of experience
in the number of plants represented. One very obvious
difference in the findings in this survey over the 1973 survey is
the general trend of higher failure rates in the new data.

For obvious reasons, maintenance is expected to have a
significant impact on failure rate and downtime. This paper,
for the most part, presents resulis of responses to the
population types as requested in the survey questionnaire.
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TABLE XIX
90 PERCENT CONFIDENCE INTERYALS POR FAILURE RATE

Wound
induction Synchronous  Rotor DC

Motors Motors Motors Motors Al
Lower limit 0.0639 0.0583 0.0350 0.0169 (.0044
Survey result 0.0732 0.0717 0.05i5 0.0393 0.0708
Upper limit 0.0798 0.1026 0.0737 0.0699 0.0772
Percent deviation, L 10 p L3 kv 57 L
Percent deviation, U 9 12 LX) 78 9

There are many possible combinations of categories, espe-
cially including those related to maintenance, that can be
formulated from the responses. The questions and uncertain-
ties stimulated by the results presented here warrant continued
analysis and an additional report is planned to present this
expanded analysis of the correlation between the various
categorical results with particular emphasis on the effects of
maintenance. )

As an additional tool, Table XIX provides a measure of
confidence in the use of the new data in this report. The table
ithustrates the statistical limits within which 90 percent of the
failures could be expected to occur. The confidence limits are
based on curves assuming 2 homogeneous population since it
would be impractical to search out every variable affecting
confidence levels and determine curves for each one.

APPENDIX

REASONS FOR CONDUCTING A NEW RELIABILITY
SURVEY ON MOTORS

By: Power Systems Reliability Subcommittes,
Industrial and Commercial Power Systems Committee,
IEEE Industry Applications Society
September 1981

Don W. McWilliams
William T. Miles
Joseph J. Moder

Charles R. Heising (Chairman)
James W. Aquilino
Carl E. Becker

Richard N. Bell John H. Moore
Thomas V. Booth Pat O’ Donnell
Williard H. Dickinson A. D. Patton

Bruce Douglas
Phillip E. Gannen
Raymond E. Gibley
Ian Harley Harold T. Wane
Thomas Key Stanley J. Wells

The IEEE “‘Report on Reliability Survey of Industrial
Plants, Part I: Reliability of Electrical Equipment’’ published
in 1973 contained information on failure rates and downtime/
failure for motors.

In their meeting on May 12, 1980, in Houston, TX, and in
keeping with their commitment to update the previous survey,
the Power Systems Reliability Subcommittee of the 1EEE
Industrial Power Systems Department is conducting a new
survey on the reliability of motors.

Overall the main purpose of this reliability survey is to
identify failure data and the effects of preventive maintenance

Chinan Singh
Wayne L. Stebbins
Howard P. Stickley
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on important classes, types, and applications of motors, thus
providing the designer and planner the valuable basic informa-
tion needed to install a reliable and economic system.

The data in the previous reliability survey show that for
motors rated 0-600 V the failure rate for induction motors is
15 times higher than synchronous motors. Since induction
motors are normatly considered more reliable than synchro-
nous motors, it is presumed that the survey data were
inadequate to cover enough applications to bring this out.

The data in the previous reliability survey shows that for
induction motors 0-600 V (this category represents over 50
percent of the total motor population), the failure rate is
0.0109 (one unit failure per 92 unit years). This failure rate
appears 10 be unreasonably tow when compared with other
equipment categories (i.e., motor stariers = one failure per 72
unit years, steam turbine driven generators one failure per 32
unit years, transformers one failure per 244 unit years).
Failure rate of this overall class of motors is obviously
valuable information to users and manufacturers. This new
survey will support or update this failure rate.

Motor designs, shop fabrication facilities, and manufactur-
ing procedures for NEMA frame ac motors (ratings 1-200 hp)
are significantly different from those for motors rated over 200
hp. In the previous motor reliability survey, the failure data for
motors of all horsepower ratings were lumped together. The
new motor reliabitity survey will collect failure data only on ac
motors rated above 200 hp. Usually, motors rated above 200
hyt are driving critical equipinent. The reliability of these large
motors is of prime importance to the industrial system design
engineer. Recent user experience with reliability of the current
generation of large ac motor designs (over 200 hp) indicates a
trend toward a higher number of failures per unit time.

The previous survey data show that the industry average
time to repair ac low-voltage motors (0~600 V) is 114 h
compared to 76 h for medium-voltage ac motors (601-15 000
V}. This information should be updated with a larger sample
size of medium voltage motors.

The increased emphasis on minimizing capital investment in
industrial facilities has resuited in a significant increase in the
use of two-pole ac induction motors. Because of these
relatively high speeds (3600 t/min), reliability of these two-
pole motors is expected to be lower than the lower speed ac
motors (four and six poles). The previous reliability study did
not differentiate between 3600 r/min two-pole motors and the
slower speed motors. The new motor reliability survey will
collect separate reliability data on two-pole motors. Relative
reliability data on two-pole motors and those with four or more
poles will be useful to the industrial design engineer in
evaluating the equipment cost savings inherent in two-pote
{3600 r/min) operating speeds for motor and associated driven
equipment.

The database for the previous reliability study (both unit
years and number of units) represents something in the order
of only a few hundredths of a percent of the total motor
population.

The mailing list for the new survey will be expanded and
edited to obtain failure data on a larger percentage of the total
mator population.

Copyright © 1998 |IEEE. All rights reserved.



IEEE
Std 493-1997

APPENDIX H
COMPANY MAME AND PMLANT:
INDUSTRY TYPE:
PERIOD REPORTED - FROM: MONTH YEAR
TO: MONTH YEAR
LOCATION:
CONTAMINATION LEVEL AND TYPE:
Fig. L. Relisbility survey for electric motors larger than 200 hp.
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Fig. 2. Total population data.

COVER LETTER

Pat O'Donnell

El Paso Natural Gas Company
P.O. Box 1492

El Paso, TX 79978

(915) 541-2080

Dear Sir,
RE: Motor Reliability Survey for Motors Larger than 200 hp

The Reliability Subcommittee of the {ndustrial Power
Systems Department requests your cooperation in a survey to
determine the reliability of electric motors in industrial
installations. As with previous surveys you may have seen,
this survey is a followup to the general reliability survey of
plant equipment in 1971 and is intended to provide more
meaningful data on motors, Attached for your information is a
report by the subcommittee on reasons for the survey.

The results of this survey will be published in an IEEE
paper for value 10 system planners and designers in reliability
evaluation of alternatives. Of course, individual responses will
be held in strict confidence and only summaries published.

Survey Instructions

The survey form is reasonably seif-explanatory, but a
sample filled-out form is included for your guidance and some
brief instructions follow. We emphasize that all requested data

Copyright €@ 1998 IEEE. All rights reserved.

are important, but where some of these data arc unknown,
simply provide the known data and leave the other spaces
blank. We also encourage any explanatory comments as you
fee! appropriate. If additional data sheets are needed, piesse
duplicate those provided. This survey is restricted ta motors
greater than 200 hp and no older than 15 yeers.

General Data [Fig. 1]:

1) 1t is vitally important that the period reported be
given.

2) Plant contamination level and type should be your best
estimate.

Toral Population Data [Fig. 2]:

13 Using the “‘total population’ data block, give re-
quested data for all motors greater than 200 hp and 15 years
oid or less, in service during the period reported whether or
Aot failures have occurred. (Note: When the period reported
exceeds the age of 2 motor, use separate data sheets for the
new motors.)

2) Use the categories attached to the data block to
describe the data.

3) When one data sheet is insofficient to list the total
popuiation of motors, use consecutive identification numbers
in the first column of the data sheets (e.g., 1, 2, 3, elc., for
first sheet; 11, 12, 13, etc., for the second sheet, and so on).

Failure Data [Fig. 3):

1) List each motor faiture event separately using the

attached categories to describe the failure.
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Fig. 3.

2) Identify each faifure with the corresponding identifi-
cation number in the “‘total population’* data.
3) Under column 1 describe the component on the motor
that failed.
Qur schedule dictates that responses be received no later
than April 15, 1982. Your participation in this project will be
greatly appreciated.

Sincerely,

Pat O’ Donnell
Chairman, Motor Reliability Survey Working Group

REFERENCES

(1] 1EEE Committce Report, “'Report on reliability survey of indusrrial
planes,”” IEEE Trans. Ind. Appl., Mar.fApr., July/Aug . and Sept./
Oct. 1974,

[2} JEEE Recommended Practice for Design of Reliable Industriol and
Commercial Power Systems, IEEE Standard 493, pis. 1, I, iV, and
V1.

Discussion

P. F. Albrecht (General Electric Company, Schenectady,
NY), E. L. Owen (General Electric Company, Schenectady,
NY), and D. K. Sharma (Electric Power Research Institute,
Palo Alto, CA): This Working Group Report provides
interesting and timely information which adds to a growing
body of information about the reliability of electric motor
drives. This information should be useful to owners, opera-
tors, and designers of motor equipments in their efforts to
obtain improved motor reliability. The discussers welcome
this additional information and support the objectives of the
Working Group. We are hopeful that information of this type
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Failure dwa.

will become increasingly available as we feel it will assist all
those jnvolved in motor applications in obtaining increased
reliability.

Surveys have been conducted by other groups secking
similar data for their industries. Under the sponsorship of the
Electric Power Research Institute (EPRI), Palo Aito, CA,
General Electric conducted an Industry Assessment Study
(IAS) to evaluate the present reliability of powerhouse motors
and to identify design and operational characteristics which,
through advanced development, offer the potential of in-
creased motor reliability [3]. Further work is presently
underway to add data received after the closing date originally
scheduied for the EPRI study. Analysis based on this
additional data will be published at a later date.

We have compared the scope and results of this survey, as
presented by the Working Group, with the resuits reported for
the EPRI survey. Although the motor populations in the two
studies are from different industries, we find many aspects of
this Working Group Report which corroborates the findings of
the EPRI study. The survey response achieved in the two
studies are compared in Table XX.

In the EPRI study, it was found that failures subsequent to
the first failure had a much different distribution than time to
first failure, Therefore, the primary analysis was conducted in
terms of time to first failure. Thus the failure rate from the
EPRI study is not directly comparable with the Working
Group results.

An important result of the EPRI study was to identify those
motor components which are most subject to failure. This
information was considered in setting priorities for develop-
ment work to improve motor reliability. The type of motor
involved in the EPRI survey was largely the squirrel-cage
induction motor {approximately 97 percent of the “‘known’’
types were reported as cage induction motors), and the
information about failure by component is most representative
of this motor type. There are differences in the categories of

Copyright © 1998 IEEE. All rights reserved.
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TABLE XX
SCOPE OF RELIAKLITY STUDIES
Parameter

Working EPRI
Working Group — Nomencisture — (EPRI) Groap  Phase |
Number of companies Utitities) 33 56
Number of plants (Units) 3 132
Nusiber of motors (Motors) 1141 4797
Total population (unit-years) (Motor-years) 5085  24914*
Total fuitures 350 872
Faiture rate (all motors) 00708 0035

*Based on first failure only,

failed component as reported in the two studies, which makes
# direct comparison of results very difficult.

However, both studies found that for squirrel-cage induc-
tion motors, bearing and stator winding related failures
accounted for approximately three-fourths of all failures,
while roto: relacted failures accounted for only ten percent of
the failure.. These results seem to corroborate each other and
gives us greater confidence in our conclusions as to where
emphasis should be placed. Fig. 4 and Table XXI show the
percentage failure by component as reported by the EPRI
study.

As a pan of the EPRI study, additional analysis was
performed to understand reliability issues better. We found
that the most significant variable affecting motor failure rate
was the plant (unit) where the motor was installed. For
example, in the EPRI study a 90 percent confidence interval
for failure rate of each of the 132 units was calculated. If att
units had the same underlying failure rate, about 13 wnits
would have a 90 percent confidence interval which does not
include the faiture rate for the entire population, However, in
the EPRI study, 40 units had a 90-percent interval entirely
below the population average, and 22 units were entirely
above the population average.

We felt it was important to consider this unit variation when
investigating other factors such as application or size effects.
Was any such effect between respondents investigated in the
Working Group survey? In particular, could the effect of
horsepower noted in Table Il of your report be partly due to
the different companies represented in various size ranges.

Table IIT of the Working Group report suggests a tendency
for the motor failure rate to increase with motor size. Booz, ef
al. also made an analysis based on motor size [4]. However, it
was felt that horsepower per pole, rather than horsepower,
better represeated exposure to such failure mechanisms as

e fatigue resulting from differential expansion,
* high stress during operation,
* susceptibility to lateral vibration.

Would it be possible to analyze the Working Group data on the
basis of horsepower per pole, similar to the EPRI analysis?
As a final comment, the detzil of analysis must be
commensutate with the size of the database. With the large
database in the EPRI Phase I study, we hope to be able to
investigate such factors as the effect of first filure on

Copyright © 1998 |EEE. All rights reserved.

IEEE
Std 493-1997

Baaring Reiated 41%

Stator Related
s
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TABLE XXI
PERCENTAGE FAILURE BY COMPONENT

Bearing related
Slecve bearings
Antifriction bearings
Seals
Thrust bearing
Oil leakage
Other
Total

Stator related
Ground insulstion
Tum insulation
Bracing
Wedges
Frame
Core
Ocher

Tota!

Rotor related

:HHMG\“;
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w

Cage
Shalt
Core
Other
Total
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subsequent failure rate. We again compliment the Working
Group on a good survey and hope o see more of the same.

REFERENCES
[31 “Improved motors for wtility applications,' EPRI EL-2678, vol. 1,
1763-1, final rep., Oct. 1962
[4] “‘Improved motors for utitity appli , industry
EPRI EL-2678, vol. 2, 1763-1, final rep., Oct. 1982.

study,*

¥at O’'Donnell (Coordinating Author): First, to address
specific questions of the Discussion, we find the result of
variation of reliability of motors in three different categories of
units or groups very interesting and useful. However, the
IEEE survey data do not lend themselves to this specific
analysis. Our immediate response to this result is concern over
the obvious cause or rezson for this grouping to emerge. The
{iEEE data results attempted to classify industry types, which
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tmay follow a similar purpose, but the results related to
maintenance more specificatly categorize users in the 1EEE
report. We belicve the IEEE and EPRI surveys are distinctly
different in this respect but, as such, are complementary.

The {EEE survey collecied data on a range of horsepower
sizes and a range of speed ratings. We are not able to identify a
fine resolution of horsepower per pole ratios but only general
ranges. A quick analysis of cur data for induction motors only
allows the result shown in Table XXII.

The IEEE survey emphasized motor size and speed range
separately with the intent of comparing these categories
mutually and with others. Again, these results seem to be an
excellent complement to the EPRI results, which diminish the
significance of motor size in horsepower and speed as separate
considerations. That is, a small high-speed motor might have
the same horsepower/pole ratio as & large slow-speed motor,

We also are enthused about the added confidence in our data
showing similarities in failed component trends. Bearing and
winding failure trends were very similar in the two survey
results. The IEEE survey did not collect detailed data to break
down failed components into more subcategories of types, but
data were collected on causes which helped determine why
bearing and winding failures occurred. We are very interested
in whether or not the difference in reliability between the
““high’’ and *'low’’ groups in the EPRI results supports the
causes found in our survey results.

Finally, there is a significant difference in the basis of the
two surveys that add, possibly, to some of the differences in
results. The JEEE survey acquired data only on motors larger
than 200 hp. The EPRI survey included sizes down to and
including 100 hp. This surely accounts for some of the
difference in total populations, but additionatly, the IEEE data
exclude standard NEMA frame size motors. It would be of
interest to compare our results with EPRI results excluding
motors 200 hp and smaller. This working group is enthused
about the EPRI resuits, and we look forward to seeing further
analysis of the data.
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TABLE XXl
HORSEPOWER VERSUS SPERD
(INDUCTION MOTORS)
Number of Unit Failure
Failures Years Raae

0-720 r/min

201-500 hp 7 137.92 0.0508

'501-5000 hp 12 175.16 0.0685

5001-10 000 hp —_ - -

> 10 000 hp - - —_
T21-1900 «/min

HH-50C hp 148 1922.43 0.07%0

5015000 hp 66 740.1 0.0892

5001-10 000 hp 1 2.83 0.3334

> 16000 hp — 7.5 —
3600 r/min

201-500 hp 42 655.75 0.0640

501-5000 hp 16 358.66 0.0446

5001-10 000 hp - — —

> 10 000 hp - - —
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Report of Large Motor Reliability Survey of Industrial
and Commercial Installations, Part II

MOTOR RELIABILITY WORKING GROUP
POWER SYSTEMS RELIABILITY SUBCOMMITTEE
POWER SYSTEMS ENGINEERING COMMITTEE
INDUSTRIAL AND COMMERCIAL POWER SYSTEMS DEPARTMENT
IEEE INDUSTRY APPLICATIONS SOCIETY

Abstract—In 1983 the initinl results of an [EEE survey on large motors
was published and presented al the 1983 1&CPS Conference. Thin was the
first preseniation of the resuits of & survey completed in 1982 of
targer than 200 hp and no older tham 15 years. The results presenied here
of the 1982 survey are (o investigate the data further to address quesilons
generated by fhe resulis of the earlier paper, (o find additionst
correiations of the reflability criteria of some of (he more Interesting
categories, and to bring out more results and caiegories availsble from the
1urvey data. For informatlon on the overall survey response and (he
general resulis of (he surveyed categovies, refer (o the previous paper.

INTRODUCTION

HE SECOND set of results of the 1982 survey of the

reliability of large motors in industrial and commercial
installations is summarized in Tables [-XUI. Reference is
occasionally made to the results presented in 1983 which will
hereafter be called Part 1 {1)].

In addition to new comparisons of categories to reveal more
detailed analysis of the results of Part 1, these new results
focus more on the effects of maintenance and especially more
on the effects of causes. Of particular interest are the
comparisons of reliability data for induction and synchronous
motors, further analysis of service factor and speed, further
analysis of bearing and winding failures, a closer look st the
effect of inadequate maintenance on reliability, additional
comparisons of indoor and outdoor applications, and addi-
tiona! grounding type comparisons.

Some comments about the data in the tabies are in order to
clarify some questions that may arise. Where no data are
given, there was either no response or the number of failures
(FLR's) and population were insufficient for meaningful

Paper IPSD 84-36, approved by the Power Sysiems Techrologics Commit-
tee of the [EEE Industry Applications Society for presentation at the 1984
Industrial and Commercial Power Systems Conference, Allanta, GA, May 7-
10, 1984, Manuscript released for publication November 5, 1984,

Members of IEEE Motor Reliability Working Group

R. N. Bell is with E.I. du Pont de Nemours & Company, Engincering
Dep , Louviers Building, L5231, Wilmingion, DE. 19898,

C. R. Heising is with Industrial Reliability Tech. 216 Farwood Road.
Philadelphia, PA, 19151,

P. O'Donnell, Coordingting Author, is with El Paso Nawral Gas
Company, Tex & Stanton Box 1492, Ei Paso, TX 79978.

C. Singh is with Texas A&M University, Department of Electrical
Engineering, College Suation, TX 77843,

S. 1. Wells is with Union Carbide Corporation, P.O. Box 50, Hahnville,
LA 70057.
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results. A footnote marks insufficient response where failures
were reported, but the total was less than eight. This is in
keeping with the standard of credibility previously established
by the Power Systems Reliability Subcommittee. In prepara-
tion of this paper, a careful, closer ook was taken and some of
the minor errors in counting were corrected. Thus the total
count in some areas will differ slightly from those of Part 1.
However, the corrections are minor and notrends are affected.
Also, as in the Part 1 results, downtime (DT) for two failures
was omitted. One was 260 h for an induction motor, 0-1000 V
and replaced-with-spare. The other was 6570 h for an
induction motor, {00{-5000 V.

As with other suevey results by this subcommittee, a brief
discussion is inctuded for each table emphasizing significant
results, but there is no intent to draw definite conclusions. The
tables are prescnted representing results from the data reported
in the survey.

INDUCTION AND SYNCHRONOUS MOTORS

The results in Part | of the survey showed induction and
synchronous motors with nearly equal failure rates. Some
believe that synchronous motors, because of their complexity,
should fail more than induction motors. Table | compares
these types to various categories to identify any notable
differences.

Two categories showed some deviation from the general
results of Part |. Where response was adequate in the first two
classes, starts per day clearly affected synchronous motors
more than induction motors. The induction motor failure rate
changed very little, but the synchronous motor faiture rate
increased with an increase in starts per day. In the speed
category it was the induction motors that showed some
deviation from the trend of Part {. One observation is the
increase in failure rate with speed for the first two classes of
speed. A second observation is the high failure rate for
synchronous motors in the slowest speed class. So the two
types of motors had opposite trends in faiture rate with speed.
The influence of synchronous motors on the slowest speed
class is clearly evident where this class showed the highest
failure rate in Part 1. For induction motors, the lowest failure
rale was again in the highest speed class. The effects of speed
are also evaluated in comparisons to horsepower, causes, and
failed component.
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TABLE |
Starts/Day Duty Appli Ei Specd Grounding Type
Contin- Inter- {t/min) Imped-
1 -4 11-3%0 >3 uous  mithent indoor Outdoor 0-720 T21-1800 3600 Solid ance growaded
INDUCTION MOTORS
Number of
FLR’s 234 58 - - p4l) 20 iz} 9 19 216 59 to1 123 N
Sample size
{unit yr} 3258 7560 RE4+  BO* 3480.3  587.8 24859 15823 3131 28179 10372 1909.6 14920  666.6
FLR rate
(PLRs/unit yr) 00728 0.0767 — - 0.0787 0.0340 0.0817 0.0575 0.0607 0.0766 0.0569 0.0529 0.0824 0.1050
Average hours
DT/FLR 611 £3.8 - — 51.9 194.0 5L 9.8 191.2 54.5 48.1 692 58.0 7.5
Median hours
DT/FLR 120 18.0 —- - 120 M0 8.0 48.0 noe 8.0 60 3%0 0.0 8.0
Number of FLR’s
with no DT given 84 13 - —_ 20 7 T2 43 0 86 131 37 58 2
SYNCHRONOUS MOTORS
Number of
failures 13 23 2+ - 36 2+ 38 - 27 0 1" 12 24 2"
Sample size
{unit yr) 1.3 61 8.0 - 426.6 42.0 451.2 i74* 2349 2009 127 2517 2001 5.5
FLR rate
(FLR s/unit yr) 0.0668 0.0864 — - 0,0844 — 0.0842 — 0.1059  0.0498 —  0.0477 0.1198 —
Average hours
DT/FLR 975 63.4 — — 58.4 - 4.2 - 331 139.1 - 1660 39.8 -
Median hours
DT/FLR 40 160 - - 16.0 - 8.0 — 16.0 96.0 — &0 160 -
Number of FLR's
with ne DT given 2 | - - 16 - 3 - 0 3 — z 1 -
*Smalt sample size.
TABLE I
MOTOR TYPE VERSUS SERVICE FACTOR
Induction Synchronous Wound Rovor Direct Curremt
1.0 1.15 >1.15 1.0 115 »1.15 1.0 1.15 »1.15 1.0 115 »115

Number of FLR's 127 165 2* 25 10 3 10 12 — 6* — —
Sample size {(urit yr) 2062.7 1943.0 62.5 274.2 152.8 41.5 160.7 246.4 — 9.2 30.0* 1.3+
FLR rate (FLR's/unit yr) 0.06§6  0.0849 - 00912  0.0654 - 0.0622 0.0437 — — - —
Average hours DT/FLR M4 5.0 —_ 81.2 634 — 523 192.2 — — — —
Median bours DT/FLR 8.0 240 — 16.0 20.0 — 24.0 162.0 - — — —
Number of FLR's
with mo DT given 28 71 - 0 3 - 3 6 - - - -

*Small sample size.

SERVICE FACTOR

Another interesting result of this survey in Part 1 was that
1.15 service factor (SF) motors had a higher faiture rate than
1.0-SF motors. Tables [I-1V take a closer ook at this category
by comparison to other categories.

Table I compares service factor to the various types of
motors surveyed. The results show that 1.15-SF induction
motors failed more than 1.0-SF induction motors, but the
oppasite was true with synchronous and wound rotor induction
motors. The lowest failure rate of all was in 1.15-5F wound
rotor induction motors.

In Table HI the service factor is evaluated in horsepower
classes. Only the first two size classes had adequate response.
As in the results of Part | failure rate increased with increase
in service factor in the smallest size class. However, in the

348

next larger size class the failure rate was approximately the
same for 1.0 and 1.15 SF.

The next category broken out with service factor is voltage,
shown in Table IV. The same trend evident in Part 1 is again
evident here. The failure rate increased with increase in
service factor for each voltage class where response was
adequate. The service factor is evaluated further in Table VIIt
with comparisons to failed component and causes.

SPEED

Pant 1 of the survey results showed a decrease in failure rate
with increase in speed rating for all categories. Most expect
that failure rate with speed is most affected by motor size.
Table V is presented to show these categories from this
survey. The results show the same trend as Part 1 except for a
slight deviation in the smallest motor class. The 721-1800

Copyright © 1998 IEEE. All rights reserved.
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TABE I
HORSEPOWER VERSUS SERVICE FACTOR
201-500 hp 501-5000 bp 5001-10 000 hp 10 000
1.0 1.15 >1.15 1.0 115 >1.15 1.0 1.15 >1.15 [ B L15 >1.15
Number of failures 105 114 - 36 n 3 kid 2+ - - - _
Sample size (unit yr) 17530 14039 M.I* T4 9l4 2 9.2 4.8 - 17.2¢ - -
FLR rate (FLR s/unit yr) 0.0597  0.0811 - 00720 0.07H - - - - —_ — -
Avenage bours DT/FLR ~ 47.7 ‘486 - 86.8 126.5 — - — - - - -
Median hours DT/FLR 8.0 12.0 - 16.0 0.0 - - - — - — -
Number of FLR's
with a0 DT given 21 50 - 11 » - - - — - - -
*Small sample size.
TABLE IV
VOLTAGE VERSUS SERVICE FACTOR
0-1000 ¥ 1001-5000 V 5001-15 000
10 115 >L.15 1.0 L.15 >1.13 1.0 1.15 >1.15

Number of FLR's 54 46 - w7 139 3 ] 1* -

Sampic size (unit y1) 745.5 509.0 T3¢ 17254 19375 1040 121 5.6 —_

FLR rate {FLR 's/unit yr) 00724  0.0904 - 0.0620 0.0756 - 0.0661 - —_

Average hours DT/FLR R ] £8.3 - 753 159 - 2.7 - —

Medisa hours DT/FLR 8.0 36.0 — 16.0 160 - 4.0 - —

Number of FLR's

with no DT given 6 18 — ] 61 - 2 - —

*Small sample size

TABLE ¥
HORSEPOWER VERSUS SPEED (r/min)
201-300 hp 501-5000 bp 5001-10 000 hp > 10000 hp
TI1- T21- T21- 21-
0-720 1800 8600 0-720 1500 3600 0-T20 1800 3600 0-720 1800 3600
Number of FLR's 19 157 43 k] 75 19 7* 2* — — — —
Sample size (unit yr) M3 2038 TIH0 400.1 9400 4758 92 48 - 9.7 7.5+ -
FLR e
(FLIs/unit y1) 0.0685 00M0 00603 0.0950 0.0t 0.0399 - - - - - -
Average Hours
DT/FLR 156.2 137 M9 9.4 109.2 116.1 - - — — - —_
Median Howes
DT/FLR 70.0 3.0 36.0 16.0 4.0 520 — — - -_ — -—
Number of FLR's
with 0o DT given 5 38 ) 0 3% 4 - - - - - -
*Small sample size

Copyright © 1998 |EEE. Al rights reserved.
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TABLE Vi
ENCLOSYRES—OUTDOGR
Totatly Totally Totalty Totally
Weather Encloted Enclosed Enclosed Enclosed
Open Protected (TEFC, E.P., D_.L.P.} {Open Pipe Vem) {(Water-Air) {Air-Ain
Number of FLR's 13 17 49 2 - "
Sample size (unit yr} 1L 3179.0 1014.7 16.0 — 131.7
FLR rate
(FLRs/unit yr) 0.1620 0.0449 0.0483 —_ — 0.0835
Average hours
DT/FLR 119.1 i79.6 69.4 - - 239
Median hours
DT/FLR 48.0 80.0 48.0 - - 120
Number of FLR's
with no DT given 9 2 4 - — 4
Failed component®
Bearing 11 [ 8 1 — 4
Winding 5 3 16 - - 7
Rotoi 1 ! 2 - - —
Shaft or coupling — 2 4 - - -
Brushes or slip rings — — - 1 - —
Externat dev. - 3 — — —_ —
Not specified L 2 - - - -
* Smali sample size.
* Some respondents reported more than one failed component per failure.
TABLE VIl
ENCLOSURES—INDOOR
Totally Totally Totlly Totally
Weather Enrloged Enclemed Enclhosed
Open Protected  (TEFC, E.P., D.1.P.) (Open Pipe Vent) (Wster-Air) (Air-Airy
Number of FLR's 206 8 29 4 6" 9
Sample size (unit yr)  2480.8 170.6 312.5 24.7 119.5 229.5
FLR rate
(FLR's/unit yr) 0.0830 0.0469 0.0928 - — 0.002
Average hours
DT/FLR 58.8 430 89 - - 106.7
Median hours
DT/FLR 16.0 16.0 100 - - 80
Number of FLR's
with no DT given 62 i 4 - - 2
Failed componem®
Bearing 96 1 14 2 - 5
Winding 47 - 5 - - 3
Rotor 3 - 2 - - -
Shaft or coupling 11 2 — t - -
Brushes or slip rings 12 - — 1 1 -
External dev. 6 4 - - 4 -
Not specified R 1 8 - 1 I
* Small sample size.

* Some respondents reported mote than one: failed component per failure.

r/min motors show a slightly higher failure rate than the 0-720
t/min motors. An interesting result is that the highest speed
larger motors failed only approximately one-half the rate of
the slowest speed smaller motors.

ENCLOSURES VERSUS ENVIRONMENT

Unexpected results of Part | were the relative failure rates
of open and enclosed motors and the relative failure rates of
indoor and outdoor motors. To evaluate these results further,
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the categories are combined in Tables VI and VII with failed
components also included.

Table VI shows the highest failure rate with open type
motors as would be expected since the environment is outdoor.
In Table VII it was the second class of enclosed motors, which
includes TEFC, explosion-proof (E.P.), and dust ignition
proof (D.1.P.), with the highest failure rate. Combining all
enclosed classes in cach table shows very little difference in
failure rate between indoor enclosed motors and outdoor
enclosed motors.

Copyright © 1998 [EEE. All rights reserved.
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TABLE vIOl
SPEED AND SERVICE FACTOR VERSUS FAILED COMPONENT AND CAUSES®
Service Factor Speed
(c/min)
1.9 L5 >1.15 0-T20 T21-1800 3600
Faiied Component®
Bearing 7.8 9.6 40 211 46.2 36.5
Winding 278 4.8 - 6 259 2.7
Rotor 28 3.0 - 8.5 2.0 58
Shaft or Coupling 6.7 6.4 - 56 6.9 EX
Brushes or stip ring T2 1.5 — 15.5 20 —
External Device 0.6 6.4 &0 8.5 18 58
Mot Specified 12 16.3 — 11.3 14.2 4.3
Total FLR's 150 m 5 T 7 )
Failure initistor
Tranzient Overvoltage 2.5 0.6 - 1.6 0.5 1.3
Overheating 15.2 1.2 200 8.1 13.5 17.9
Other Insulstion Breakdown 127 12.8 — 129 144 54
Mechanical Breakage 36.7 3.2 200 16.1 36.0 41.1
Electrical Fault 0.1 39 600 12.9 6.8 54
Stalled Motor 1.3 0.6 - 32 - 1.8
Other .S 40.8 — 452 28.8 }_lil
Totad FLR's 158 179 s & m %
Failure contributor
Persistent y 5.7 13 -— 48 5.1 -
High-Ambiemt Temperatire 5.7 1.1 - 1.6 33 KR ]
Abaormal Moisture 71 4.9 — 48 6.5 e
Abnormal Voltage 2.1 1L - i6 0.9 38
Abnormal Frequency - (R} - - 4.7 19
High Vibration 14.2 168 — 14.5 14.9 8.9
Aggressive Chemicals 71 22 - 32 3.1 1.9
Poot Lubrication 19.9 109 40.0 9.7 4.4 M5
Poor Ventilation or Cooling 2.1 49 - 8.1 2.8 1.9
Mormal Deserioration/ Age 17.0 33.2 60.0 25.8 283 139
Other 19.4 2.1 - 5.8 17.7 20.8
Total FLR's 141 ts s ) 215 53
Failure underlying cause
Defective Componeat 12,9 25.6 .0 194 19.6 231
Poor Installition/Testing 12,9 135 — 4.8 14.4 17.3
Inadequate Maintenance 22.4 20.5 200 16.1 258 1.3
Impraper Operation 20 5.1 - 4.8 26 5.8
improper Handling/Shipping 0.7 0.6 — — 1.0 -
Physical 109 1.9 — 3.2 6.7 1.7
insdequate Electrical Protection 9.5 .2 - 4.8 6.7 58
Personnel Error 4.1 17 20.0 1.3 4.1 17
Outside Agency-Not Personnel 54 16 - 8.1 36 -
Mator-Driven Equipment Mismaich 4.1 58 - g1 4.6 1.9
13.0 13.5 - 19.4 10.8 19.2
Touad FLR's 147 5 ) 194 5
* Number of failures in peroent.

* Some respondents reporied more than one failed component per failure.

The failed components followed the general overall trend
with bearings and windings failing most, with bearings
predominant. Only in the last enclosure ciass of outdoor
motors was the trend between bearings and windings reversed.

FAILED COMPONENT AND CAUSES
Table VIUI takes the spoed analysis a step further by
showing the failed components and causes of failure reported
for the speed classes. With failed components distributed
between the speed classes, the slowest speed motors show
windings as the leading failed component and an increase in

Copyright © 1998 |EEE. All rights reserved.

bearing failure percentages with increasing speed rating.
Under causes an interesting result is the relative low percent
blamed on inadequate maintenance for the highest speed
rating. Also, deterioration from age was less for this class.
‘This supports the low failure rate for high-speed motors.
Table VII also breaks down service factor with failed
component and causes. Bearings again led all components in
failures with windings second. There seems to be no real
outstanding difference in causes between 1.0 and 1.15 SF.
However one difference that undoubtedly contributed to the
failure rate of 1,15-SF motors is the contributing cause of
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TABLR X
CAUSES VERSUS YARIOUS CATBOORIES®
Induction  Syncheomous  Solid  impedence  Ungrounded Bewrings  Windings
Failure initistor
Transient overvoltage 1.4 - 0.9 14 2.4 - 4.1
Overbesting 147 —_ 140 7 4.5 124 214
Other insul. breskdown 1.9 211 16.7 11.0 9.6 e 3.7
Mechanical breskage ¥4 53 6 26.2 41.0 50.3 10.2
Blectrical fault 38 a7 &8 48 10.3 3.7 1.2
Stalled totor 0.7 2.6 - 0.7 2.4 - 20
Other 28.1 474 l.l_ 44, I_ 113 _JI_T 14.3
Toul FLR's m N 14 143 5 151 8
Faiture contritutor
Persistent overioad 49 2.7 4.5 44 17 1.4 6.5
High ambient iemperature 34 - 36 0.7 6.1 N 1.6
Abaormal moisture 6.7 27 2.0 44 49 2.7 185
Abnormal voliage 1.5 17 - 1.2 1.4 - 3.4
Abnormal frequency 0.7 - 0.9 0.7 - - 11
High vibration 17.6 5.4 16.1 13.2 18.3 4.8 8.7
Aggressive chemicals 4.5 1.7 1.8 4.4 7.3 54 6.5
Poor lubrication 16.9 81 54 16.2 2.8 313 5.4
Poor ventilation or cooling 2.2 2.7 8o — a7 — 7.6
Normal deterioration/age 4.0 514 ny 09 98 204 18.5
Other 17.6 216 _1_:."_9 22.!7 _IT.I _l_gg_ 4.1
Total FLR's 267 ” 12 136 %) ] n
Failure undertying cause
Defective 203 2.2 2.5 145 4 17.8 0.9
Poor install/testing 139 — 1.8 129 19.5 14.5 10.9
Inadequate maintenance 2.3 1.1 25.5 18.5 20.7 .6 19.6
Improper operation 33 2.8 19 4.0 24 20 6.5
Improper handling/shipping 3 — 10 08 - 0.7 -
Inadequate physical protection 6.5 28 19 13 LK 7.9 16
Inadequate electrical protection 53 na 89 6.5 49 2.6 15.2
Personnel error 5.7 5.6 39 6.5 85 7.2 54
Qutside agency-not personncl 2.8 139 19 48 4 20 33
Motor-driven equip. mismatch 49 - 39 6.5 1.2 39 43
Other il.8 306 4.7 1.7 73 1.8 16.3
Toud FLR's 246 % 102 124 ) 152 )
* Number of failures in percest,

normal deterioration from age which is about twice that for
1.0-SF motors,

Table IX is somewhat of a mix of some of the interesting
categories brought out in other tables with emphasis on causes.
Comparing induction and synchronous motors is difficult here
because of the overwhelming response of induction motors.
However, some of the results of other categories are sup-
ported. For instance, continuous duty induction motors had a
higher failure rate than intermittent duty induction motors.
Aside from the obvious influence of mechanical breakage,
overheating and insulation breakdown are supportive. The
contributing cause of normal deterioration from age is also
evident.

The iable correlstes bearing and winding failures with
causes rather well. Additionally, underlying causes show that
both defective component and inadequate maintenance were
reported as major factors in bearing and winding failures with
inadequate maintenance the most significant. Failure initiatocs
and contributors follow a reasonably logical trend.

The trend in failure rates for the categories of grounding do
not appear supportive in this table if voitage related causes are
expected to be obvious. This categocy exemplifies others
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where causes do not correlate well. §t seems that in these
results bearing and winding failures {especially bearing
failures) and their related causes obscure some of the other
cause reasoning.

MAINTENANCE

Tables X-XII attempt to delve further into the effects of
maintenance on failure data. Table X reveals when the failed
components were discovered, It gives some correlation to the
effect of maintenance since one would expect a significant
number of failures to be discovered during maintenance or
testing under a good maintenance program. One observation
for these data is that 56 percent of the bearing failures were
discovered during normal operation, This is supported reason-
ably well by Table IX which shows inadequate maintenance as
significans. Except for brushes and slip rings, all failed
components show an obvious greater percentage of discovery
duting normal operation.

Tables XI and XII are presenied to take a closer look at the
underlying cause, inadequate maintenance, and associated
failure data blamed on this cause. Again bearings by far led all
other components in failures. Approximately 25 percent of all

Copyright © 1998 |EEE. All rights reserved.
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TABLE X
FAILED QOMPONENT VERSUS TIME DISCOVERED*
Time Discovered
N | Mai

Failed Component* Operstion  or Test Other
Besring 36.6 60.6 50.0
Winding 3.1 83 8.6
Rotor 5.1 1.8 -
Shakt or coupling 5.8 8.3 14.3
Brushes or slip rings 3l 713 -
External device 5.1 37 -
Not specified 11.3 10.1 7.1

Toal FLR's 57 109 ¥

* Number of failures in peccent.

* Some respondents reported more than onc failed compoaent per failure.

TABLE XI
INADEQUATE MAINTENANCE
FAILED COMPONENTS AND CAUSES*

Failed component®
Bearing 596
Winding 25.4
Rotor 14
Shaft or coupling -
Brushes or slip ring a5
External device t4
Other 4.2
Total FLR's 71
Failure initiator
Transient overvoltage -
Qverheating 4.2
Other insulation breskdown 14,1
Mechanical breakage 521
Electrical fault 28
Stalled motor -
Other 26.8
Towl FLR's ET!
Failure contributor
Persistent averloading -
High ambient temperature 4.2
Abnormal moisture 7.0
Abnormal voluge -
Abnormal frequency -
High vibration 4.2
Aggressive chemicals 9.9
Poor brication 43.7
Poor ventilation/cooling 14
Normal deterioration/age 8.3
Other I3
Total FLR's rTe

K

* Number of fuilures in percent.
* Some respondents reported more thas one failed component per failure,

Copyright © 1998 |EEE. Al rights reserved.
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TABLE Xn1
INADEQUATE MAINTENANCE FAILURE DATA
Number of FLR's 66
Sumple size (unit yr) 603.6
PFLR rate (FLR"s/unit yr} 0.109}
Average hours DT/FLR 80.8
Median hours DT/FLR 9.0
Number of FLR’s with no DT given 13
Number of FLR's
Maintenance quality and cycle (percent)
Excellent
<12 mo 25.8
12-24 mo -
>4 mo -
Fair
<12 meo ne
t2-24 mo 1.6
>24 mo kK
Poor
< 12 mo o
12-24 mo 12.1
>24 mo -
Total FLR's 6

bearing failures were reported due to inadequate maintensnce,
Close to 44 percent of the brush and ship ring failures were
reported due to this cause which does not follow well from
Table X. The single largest contributor with this underying
cause is poor lubrication.

Table XII shows a definite higher failure rate for inadequate
maintenance related failures than the Part | failure rates for
maintenance quality. In Part 1 the failure rate reselts for
excellent to poor maintenance ranged from 0.0708 to 0.0797,
respectively.

Dzta for when failures were discovered versus maintenance
quality are presented in Table XIII. It was expecied that the
fair and excellent categories would be significantly different in
when failures were discovered, but the results show very litile
difference. The same table also includes months since last
maintenance versus maintenance quality. The failures seem to
follow the same trend as scheduled cycle reported with most
occurring less than 12 mo since maintenance. This table is
presented in the same format as {2, table 70]. Those results
showed an obvious difference between fair and excellent
maintenance overall. The trend in failures was to a certain
degree increasing directly with months since maintenance and
indirectly with maintenance quality. The new survey results
here show a very different trend with most failures occurring
where last maintenance was less than £2 mo prior to the
failure.

GENERAL DISCUSSION

The additional comperisons and analyses made in this paper
have supported results of Part [ in some cases and in other
cases have revealed results that were obscured in the general
categorical tables of Part 1. Not all questions are answered
here, and there are certainly many more categories and
comparisons that can be made with the data of this survey. As
examples, bearing and winding failures compared to starts per
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TABLE Xill
MAINTENANCE QUALITY VERSUS TIME FAILURES DISCOVERED AND MONTHS SINCE MAINTENANCE*
Time Discoverad Months Since Maimeosnce
Mai Mocra M
Quality Operation or Test Onher <12 12-24 >4

Excellent 3 s 1 1) 17 6
Fair 132 6 10 102 > El
Poor 15 3 1 u 5 -
Noae 7 - - - 1 5

Total ™ 101 12 200 43 19

Inadequate Maimtenance Causc

Excellent 5 7] - 17 - -
Fair 7 3 2 16 1 1
Poor 8 1 H 4 1 -
None 7 — — — 1 5

Tosl 7] 21 3 37 3 6
* Number of failures.

day and duty application could add meaning to the results. The
Reliability Subcommittee is presently evaluating criteria that
should be presented in a third set of results, Part 3. Interested
readers should submit comments and suggestions on informa-
tion they would like to see in Part 3. In the format presented in
these results, bearing failures and their causes were very
dominant and likely prevent other less significant correlations
to be evident.
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Abstract—Resulis of a survey conducied in 1981 of (he reliability of
large motors have been presented and published in two parts {1, (21
These results have g d numerous guestl and © ts and,
consequenily, the need (o further analyze the dala of the survey was
recogitized. Part | p peneral resuits based om categories of molor
types sud applications specifically requesied in the sarvey gquestionnnire.
Part 1 combines various caiegories and addresses some quesiions
resulting from Parl 1. Parl 3 of (he survey resulls is presented here to

ddress new questions and ¢ and (0 add more specific analyses of
aress nol yel explored. These resulis, nlang witk Parts 1 and 2, provide
1he complete complement of analysis to dute.

InNTRODUCTION

HE THIRD part of the results of the 1982 survey of

reliabitity of large motors is presented here and
summarized in Tables [ through VII. As with Part 2, these
results focus on new comparisons of the data. The tables
address some questions and comments received since presen-
tation of Part 2 and provide additional analysis of causes. The
order of the tables as presented is more or less random and
there is no intent to portray a delibrate order,

As in Parts | and 2, where no data is given, there is
insufficient response to the questionnaire. An asterisk repre-
sents failures reported but with insufficient number (less than
¢ight) for credible results. Additionally it is again cmphasized
that the tables and corresponding discussions represent results
of the survey and that there is no intent to draw definite
conclusions. Finally, as in Pants 1 and 2, differences in total
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failures between the various categories of Part 3 reflect
missing data from some survey responses,

ENcLosure—INDOOR AND QUTDOOR

Tables 1 and 11 are presented to take a closer look at the
causes of failures reported for various enclosures in bath
indoor and outdoor environments. As was evident in the
previously published results, most indoor applications were
"open” motors and most outdoor applications were totally
enclosed fan-cooled (TEFC), explosion-proof or dust ignition-
proof motors.

For the outdoor motors with the above enciosures, Table I
shows that the major failure initiators are well supported by
the failure contributors. The main underlying causes point to
defective components and inadequate maintenance. For indoor
open motors in Table II, failure initiators and failure contribu-

.tors again match, but inadequate maintenance was by far the

single largest underlying cause.

Comparison of indoor and outdoor environments also
reveals cerlain opposite trends relative to causes of all fatlures
(Part |, Table 13). For instance, the following causes show
opposite trends between indoor and outdeor applications when
their respective percentages of total are compared to the same
for all applications of Part 1, Table 13: mechanical breakage,
electrical fauit or malfunction, abnormal moisture, poor
lubrication, inadequate electrical protection, inadequate main-
tenance, and personnel error. An exampie will make this more
clear. For outdoor motors, mechanical breakage is 26/90 or
28.9 percent of the total number of failures for *‘failure
initiator,”" while for all applications 113/341 is 33.1 percent of
the number of failures for **failure initiator.’’ Indoor motors
show 85/240, or 35.4 percent versus 33.1 percent.

Hicn ViBrATION CAUSE

Tables 11l and I'V present additional results to Parts 1 and 2
for failures blamed on vibration. Table IIl shows 48 failures
blamed on vibration where data are also available on failure
initiator and underlying cause. As wouid be expected, most
failures were initiated by mechanical breakage. It is interesting
that most underlying causes were reported zs defective
component and poor installation or testing. Only three fzilures
list inadequate maintenance as a contributing cause. For
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TABLE 1
ENCLOSURES--QUTDOOR
(Na. of Failures)
Totally Totatly
Enclosed Enclosed Totally Totally Alt
Weather- TEEC, Open Enclosed Enclosed Applications
Causes Open  protected  Exp.. D1, Pipe Vemt  Water-Air Air-Air  Toul Part 1}
Fiture Initistor
Transient overvoltage i - i - - - 2 5
Overhesting 2 4 9 - - - 15 45
Other insulslion breakdown 4 1 10 i - - 16 4
Meclplliul breakage 6 7 t 1 — | 26 113
Efectrical fault/malfunclion | — 4 - - 4 9 26
Stalled motor - - 1 — - - 1 L)
Other 4 6 5 - - ] il 197
Failure Contributor
Persistent overload - 2 — - — - 2 14
High ambient temperature - ! 1 - - - 2 o
Abnormal moisture 2 2 5 — — - 9 34
Abnormal voltage 2 — — — - - 2 3
Abnormal frequency — — - - — — - 2
High vibration 1 3 6 - - 1 1 i
Aggressive chemicals 1 - 1 i - 3 6 14
Poor lubrication - 2 3 - - 1 6 50
Poor ventilation/cooling -~ - — - - 4 4 13
Normal deterioration/sge 2 2 7 1 - 2 i4 87
Other 2 5 9 - - - 16 65
Faifure Underlying Cause
Defective component 3 4 9 - - 2 18 [:v]
Poor insiallation/testing 2 3 4 - - - 9 40
[nadequate maintenance 3 2 7 H - — 13 66
Improper operation - - - - - | 1 1
improper handling 1 — - - - - 1 2
Inadequate physical
protection 4 2 - - - - 6 t9
Inadequate ebectrical
, protection 2 2 3 1 - — 8 18
Pecsormel error - - ! - — 1 2 2|
Ouiside agency-not pers. — — - - — 2 2 12
Mator-load mismatch - | 1 - - 3 5 ]
Other - 3 s - - 2 i4 43

convenience, the total of 51 failures blamed on high vibration
(Part 1) is also shown.

Table IV compares vibration failure causes to size. Only
two size ranges have sufficient response to allow meaningful
results. The table shows that the percent of vibration failures
to total failures increases slightly with size.

Starts/Day VERsus ConTiNuous DuTY APPLICATION

The results in Table V attempt to further evaluate the effects
of starting on failures. Only continuous duty applications are
considered, to avoid confusion over trying to distinguish
between variols degrees of intermittent duty. The first two
voitage classes of induction motors, in which most of the
survey data were collected, are emphasized. Also, very littie
data were tollected for the categories of more than ten starts
per day.

" As can be scen from the table, overall there is very little
difference in failure rates between less-than-one and one-to-
ten sians per day, and very little difference between the two
vollage classes, There docs, however, seem to be a trend in
longer downtimes for the one-to-ten starts per day category,
suggesting that failures were more severe.
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Downmime Versus REPAIR URGENCY AND TiME DISCOVERED

Downtime is expected to be affected by the urgency with
which repairs are madc and also by when failures are
discovered, which would seem to affect the severity of
failures. Table VI compares downtime with these categories to
get a different view than Parts | and 2 provide. Overall the
trend in number of failures decreases as downtime increases.
There are some abvious deviations from this trend at the range
of 51-100 h downtime per failure. Also this trend is obscure
under the repair urgency “‘round-theclock.” It is interesting
that for this category there are practically as many failures in
the higher downtime ranges as in the lower downtime ranges.
Anather somewhat unexpected result is that there iz no
obvious difference in the distribution of failures between the
categories under the heading *‘time discovered.” However.
the results show that failures corrected by *‘replace with
spare’” are predominantly in the least downtime range, as
woukl be expected.

Horserower VErsus Seeep: INDucTion MoTors

A recent motor reliability survey [3} sponsored by the
Electric Power Research [nstitute (EPRI) and conducted by the

Copyright @ 1998 IEEE. All rights reserved.
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TABLE Ul
ENCLOSURES—INDOOR
{No. of Failures}
Totaliy Totally
Enclosed Enclosed Tatally Totally
Weather- TEFC, Open Enclosad Enclosed
Causes Open protecied Exp., D.1.  Pipe Vent.  Waier-Air Air-Air Total
Failure Initiator
Transient overvoltage 3 — - — - - 3
Overheating 25 - 3 -~ | 1 0
Other insulation breakdown 22 - 3 — ! | 27
Mechanical breakage 68 1 i 2 - 3 85
Electrical fault/maffunction = 3 1 - - h) 9
Stalled motor - o — — - — —
Other 68 1 10 2 | 26
Failure Contributor
Persisient gverload — - 3 — - 1 4
High ambient 1emperature - 3 — 1 4
Abnormal moisture 10 - - - - — 10
Abnormal voltage — — - — - —_
Abnormat frequency - — - - — - —
High vibration 35 I 1 - - 2 39
Aggressive chemicals - 1 — i - - 2
Poor Iwbrication 38 - 3 - L 2 4
Poor veniilation/cooling - | — 2 1 - 4
Normal deterioration/age 18 3 14 1 - 3 39
Other 38 | 5 - 4 - 48
Failure Underlying Cause
Defective component 27 4 6 1 5 — 43
Poor installation/lesting 28 - ! - - 1 30
Inadequate mainienance 4f 1 ) | - 2 53
Improper operation - - 1 — - | 2
Improper handling - — — - — - —
Inadequate physical
protection 0 - 1 t - L 13
Inadequate electrical
protection — 1 - - — 2 3
Personnel error 16 - - - — 1 17
Qutside agency—not pers. 7 - 1 1 1 — 10
Motor-losd mismatch 9 - ] - - - 1%
Other 23 | 4 — — 1 29
TABLE I
VIBRATION FAILURES
(No. of Failures)
Transient overvoltage [}
Overheating 6 TABLE 1V
Other insulation breakdown 2 VIBRATION FAILURES VERSUS SIZE
Failure Initiator Mechanical breakage 2]
Elecirical {aul/malfunction ] Tolat No. OF
Seaited moror ! No. of Vibraiion Failures—
_0""" 1 Motor Size Failures All Causes Percent
Defeclive component 14
Poor instaliation/test, I5 _ 7 218 12.4
:mm.nc maintanance 3 23:-%"& 2 1 16.8
mi r operal - '
Improper handlingishipping 1 5((!::) goo'?g he _l _9 _
Failure Underlying Cause Inadequate physical protection 3
inadequate elecirical protection 0
Personnel error 4 * Small sainple size.
Qurside agency-—not pers. 0
Motor-lad mismatch k)
Other 5
Toual Vibeation Failures 51
(From Part [)
Copyright © 1998 IEEE. All rights reserved. 357
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TABLE V
STARTS PER DAY YERSUS CONTINUOUS DUTY
Total
No. of Starts No. of Popalation Fir Avg. Hrs Med Hrs
Per Day Flirs U-¥rs Rale D.T./FIr D.T./AIr
<i 241 L6 0.0775 48.7 12
All Motors 110 %0 107801 0.0764 %08 16
All motors
<l 7 8545 0.0831 36.1 g
1-10 22 244.5 0.0000 el 48
0-1000 v Individual Motors
<1 68 768.7 0.0885 3.2 g
1-10 13 148.4 0.0876 50.7 16
All motors
<1 163 2185.0 0.0746 55.7 )]
1-10 6 859.1 0.0768 83.6 16
1400-5000 V individual Motors
<10 152 1876.9 0.0810 547 1z
1-10 E1] 491.0 0.0765 102.6 16
TABLE VI
DOWNTIME VERSUS REPAIR URGENCY AND TiME DISCOVERED
{No. of Firs}
Repair Urgency Time Discovered
Downtime Normal Round Replace During During
Per Fir. Working the with Low Normal Maintenance
{Hours) Hours Clock Spare Priority Operation or Test Other
1-12 i H 89 - 66 s 4
13-24 2 13 9 - k13 20 -
25-30 t0 6 2 - 12 6 —
51-100 13 1] 2 - 20 ] -
101-150 6 6 - - 12 - -
151-200 4 4 1 1 5 4 2
201-350 3 3 1 3 7 3 -
<350 5 - 1 2 3 1 -
Geneeal Electric Company focused on clectric utility power-
Honssle?tLEE:;lus speED house motors. Several interesting correlations between the
INDUCTION MOTORS EPRI survey and the IEEE survey emerged. In a Discussion
[4] of Part 1 of the IEEE resuits by participants in the EPRI
No. of Unit Failure survey it was noted that hp per pole had been analyzed in past
Failures Years Rate studies as affecting failure rate. The data in the [EEE survey
) did not allow this specific analysis. Table VI{. presented here,

0-720 r/min is a more general representation of this subject, showing
201-500 hp 7 137.92 0.0508 . .

501-5 000 hp 12 175.16 0.0685 ranges of speed and of size. Induction motors are the most
5001-10 600 hp - - - common type in use and consequently most survey data were
> 10000 hp - - - collected for this type. Table VII has been limited to induction

7211800 r/min motors. It should be noted that this 1able was also published in
201-500 hp 143 1922.43 0.0770 . . .

501-3000 hp Py 740.1 0.0897 the Closure to the Discussion referenced in the aforemen-
5001-10 000 hp 1 2.3 tioned. Similar results were published in Part 2, Table 5, but
> 10000 hp - 135 - included all types of motors surveyed.

3600 rimin The highest failure rate appears in the middle speed range
201-300 hp 42 §$3575 0860 and at 501-5000 hp. One might observe that within the first
501-5 000 hp T3 358.66 0.0446 X s .

S001- 10 000 hp — - - two speed ranges, as hp per pole increases (assuming that,
>10 000 hp - - - specifically, 720 r/min and 1800 R/min are predominant in

* Smali sample size.
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thes: speed ranges) so also does failure rate. However, the
highest speed range reverses this trend. Aside from this
observation there is not a significant difference in failure rates
between the different horsepower ranges within the first two

Copyright © 1998 |EEE. All rights reserved.
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speed ranges. Table 5 of Part 2, which included all motor
types surveyed, showed similar trends.

GENERAL DISCUSSION

The results of Part 3 have presented several new aspects of
theé data. Most are a resuit of questions and comments received
concerning Parts 1 and 2, but in some cases the data did not
allow exact analysis. in some cases trends are evident and in
some cases they are not. Some of the results expected or at
least anticipated, for example, were that most faiiures oc-
curred with lower downtime per failure, high vibration
resulted in mechanical breakage, and longer downtime per
failure occurred with induction motors starting more than once
per day. Some of the interesting results were the opposite
teends in causes of failures between indoor and outdoor
gpplications and vibration causes being blamed mostly on
defective component and poor installation or testing.

Overall, Part 3 has added credibility to some previously
published results and has reinforced some areas of causes that
are otherwise normally speculated.
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DhscussioN

Richard Bloss (/ndependent Consultant, #5462 Banbury
Drive, Cleveland, OH 44139, formerly with Bogz, Allen &
Hamilton): | applaud the [EEE Motor Reliability Working
Group for their efforts to build a better understanding of the
factors that influence large motor reliability. I would like to
add that my remarks here are my own and not those of the
Electric Power Research Institute, the General Electric Com-
pany, the prime contractor for the EPRI study, or of Booz,
Allen & Hamilton, the subcontractor for the survey phase.

There are certain differences in the focus of the two studies
that are important to understand. The EPRI study was looking
at power generation pian? applications. The IEEE was looking
at a much broader commercial and industrial application base.
To capitalize on the commonality of applications, the EPRI
study focused on possible effects of applications as well as
basic motor failure modes. The EPRI study permits conclu-
sions 10 be drawn across similar applications.

The General Electric Company representatives may have
already drawn what may be the most significant conclusion to
the EPRI study in earlier remarks they made relating to the
first part of the IEEE study. That conclusion is that the most
significant variable in motor reliability in the EPRI study was
“‘who was the owner.”” My personal analysis of the findings

Copyright © 1998 IEEE. All rights reserved.
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leads me 1o draw the conclusion that those utilities which had
developed their own motor specifications over and beyond the
industry standards had the best reliability history.

As a result of the larger sample in the EPRI study and the
greater focus on a limited range of applications, more
conclusions can be drawn rclating to applications, As an
exampie, in the EPRI study a problém was identified relating
to the failure of Weatherproof Il enclosures 10 protect motors
in outdoor installations in coastal regions affected by severe
weather. In ancther case, a pattern of motor misapplication in
purchased subsystems was identified. Data from a number of
owners of a particular subsystem served to pinpoint the usc of
motors designed for horizontal use, with adequate axial thrust
capacity, in vertical applications. The subsystem supplier had
failed to understand the problem of lubrication of the bearings.
Owners who had researched the problem of bearing failure
were installing their own redesigned lube system while others
who were unaware of the root cause were continuing to repair
the same bearing failure over and over.

[t does appear from the EPRI study that customer-gencrated
specifications can impart a favorable impact on motor reliabil-
ity. The IEEE may want to pursue, in conjunction with the
EPRI and others, a further study of what specific factors in
customer-gencrated motor specifications have this positive
effect on motor reliability.

The payoff is clear. In the EPRI study the average cost per
year of motor failures was identified as $300 000 per power
generating unit. The “‘best’” owners had much lower motor
failure costs, approaching zero cost. The average unit had just
40 motors, The average cost per motor per year for failures
was about $7500, plus the cost to repair the motor!

I feel the IEEE Working Group must enlist the help of major
customers of large motors to develop improved specifications
that will reduce motor failures.

Manuscript released for publication October 9. 1986,

C. R. Heising and Pat O'Donnell: The Discussion by Mr.
Bloss presents some additional views and comparisons of the
EPRI and IEEE surveys of the reliability of large motors,

A notable difference in the published results from the IEEE
survey is the omission of conclusions except for some cbvious
conclusions from the data. This omission is deliberate and may
possibly lead to a false impression that the IEEE results are not
conducive to definite conclusions. We believe the resulis
present facts as accuratc as can possibly be obtained in a
survey conducted by mail. The IEEE survey was successful in
obtaining data covering causcs of failurcs. and in some cases
this was related to pertinent design factors.

A major difference in the surveys by the EPRI and the [EEE
is the population base of each. The EPRI results, based on a
large population base, appear to be more complete and contain
more detail in some specific areas such as the failed part and
the application of the motor. The IEEE survey results are
based upon a lesser population, but are more complete on the
causes of the failures and the effect of maintenance. The cause
data included failure initiating cause, failure contributing
cause, and failure responsibility.
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Mr. Bloss's comments about the effect that customer-
gencrated specifications can have on improving the reliability
of motors are very pertinent. He suggests that the IEEE may
want to pursue this subject further and identify some of the
most pertinent factors that could be specified in order to
improve the reliability of motors. The IEEE-IAS Power
Systems Reliability Subcommittee will consider this matter
further.

Accurate and well-engineered specifications are certainly
found desirable by most users and manufacturers. The
inability to peovide such specifications may often be caused by
insufficient experience and expertise, and this may lead to
poor reliability. The IEEE survey results are intended to aid
this causc by revealing what is actually happening in the
industry, thus allowing improved standards and specifications.
These results reveal existing reliability with existing specifica-
tions. Mr. Bloss reports from his experience on the EPRI
study that good specifications can coincide with good reliabii-
ity.

The data rom the [EEE motor reliability survey will be
included in the next revision to IEEE Standard No. 493 {Gold
Book), ‘'Recommended Practice for Design of Reliable
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Industrial and Commercial Power Systems.”” This recom-
mended practice standard and its future revisions contain much
of the data collected in the [EEE equipment reliability surveys
of industrial and commercial installations.

Manuscript reteased for publication October 9. 1986.
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Reliability Study of Cable, Terminations, and
Splices by Electric Utilities in the Northwest

WILLIAM F. BRAUN, MEMBER, 1EEE

Abstract—The results for cable, terminations, and splice reliabilily are
summarized from a reliabilily report prepared annusily by the Northwest
Electric Light and Power Association (NELFA). Falture raies are given
for primary cable, secondary cable, plug-ln ¢ihow conneclors, primary
splices and toadbreak junctions, pole top termd s, and dary
connections. Pertinent faclors (hat affect the failure rates are identified,

INTRODUCTION

OR THE PAST 18 years the Norihwest Underground

Distribution Committee' of the Northwest Electric Light
and Power Association (NELPA) has prepared an annual
report titled **URD equipment and materials reliability in the:
Northwest™* {1].

Of particular interest to the IEEE Power Systems Reliability
Subcommittee on Industrial and Commercial Power Systems is
the portion of the report pertaining to cables, terminations,
splices, and connections, since similar equipment is often used
on industrial or commercial power systems.

The data in the NELPA report appears 1o be more complete
and represents a much larger sample size than the data from
the IEEE reliability survey of industrial plants [2] that was
published in §973-1974 and incorporated into the present
ANSI/IEEE Standard No. 493-1980 {3). The standard is being
revised and updated in |986. This paper will sumarize the
NELPA report with the intent of using it as a source for the
[986 revision of ANSI/IEEE Standard No. 493,

BACKGROUND

NELPA companies serve most of the Northwest areas of the
United States, Because the geographical makeup of this area
consists of some very wet areas, some very dry areas, some
very hot areas, and some very cold areas, the data from the
report should be valuable for evaluating URD equipment for
use around the country, particularly for such items as
corfosion resistance aml insulation fajlure.

NELPA consists of the following member companies.

Paper ICPSD R6-14, approved by the Power Systems Engineering
Committee of the JEEE Indusiry Applications Sacicty for presentation at the
1986 Indusirial snd Commercial Power Systems Technical Conference,
Cleveland, OH. May 5-8. Manuscripl released for publication September 9,
1986.

w. F. Braun is with the Owens-Corning Fiberglas Corporation, Fiberglas
Tower 5G4, Toledn. OH 41659,

JEEE Log Mumber 8612024,

! Kemncth W . Pricr of Portland General Electrie Conypany was Chairman of
the Nurthwest Underground Distribution Conunittee in 1984, when Report
No. 17 waxs issucd. Richard M. Snell of Montana Power Company is the
present Chairman.
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TABLE 1
CABLE FAILURE RATES—ALL VOLTAGE CLASSES
{Failures per 100 Conductor Miles)

1969 0.67 1977 0.98
1970 1.11 1978 1.47
1971 0713 1979 1.82
1972 0.91 1930 1.68
1973 1.00 1981 2.55
1974 1.03 1982 2.51
1973 0.89 1983 2.27
1976 1.10

Idaho Power Company

Montana Power Company

Pacific Power & Light Company
Portland General Electric Company
Puget Sound Power & Light Company
Utah Power & Light Company
Washington Water Power Company

FalLure DaTa REPORTING

The report is only concerned with natural failures of
equipment or materials. All failures caused by abnormal
external means, such as through dig-ins or demage prior to
installation, are not intended to be included in the data. In the
cases where the cause of a failure could not be determined, the
cause of the failure is assumed and reported in that way.

The member utilities are continuously improving their
efforts to accumulate basic data. However, there are still
problems with field people not reporting the material failures.
All failure rates in this report should be considered on the low
side.

PriMary CasLE

Table I lists the failure record for all voltage classes (15 kV,
25 kV, and 35 kV) and insulation types of primary cabie used
on the syslems,

In general the failure record is excellent, aithough high
motecular weight polyethylene (HMWPE) insulated cabic is
failing at a much greater rate than crosslinked polyethylene
(XLPE). (See Tables IlIA and ITIB for complete data.)

‘The {ailure rates for the last few years are high because one
utitity has just started reporting failures and they have been
having problems with 175-mil t5-kV cable.

A comparison was also made between £5-kY HMWPE and
15-kV XLPE cable for the last ten years, {See Table 11.)
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TABLE Il
15-kV CLASS CARLF
(Fastures per 100 Conductor Miles of Cable)

175-mil

175-mii 220-mil 220-mil
Failure Year HMWPE HMWPE XLPE XLPE
1973 .90 1.40 0.27 0.0
197| LX) .41 0.53 0.56
1975 0.72 1.51 0.33 0.0
1976 1.19 1.28 0.47 1.72
1977 1.25 1.04 0.3¢ 0.0
1978 .07 0.69 1.06 0.08
1979 2.67 0.90 0.68 0.12
1980 342 0.65 0.m 0.0
1981 5.38 0.95 0.10 0.05
1982 4.77 1.69 0.07 0.0
1983 4.40 1.1 0.53 0.0

15+hy HMWHRE CABLES

FAILURE / 100 CONDUCTOR MUES OF CABLE
-
=
L

15-hv_XLPE CABLES

T T T L) T
T3 T8 ” 7 Hi n b ) W
TEAR

Fig. 1.

HMWPE cable seems to be failing at a much higher rate
than XLPE cable. These failures seem to be related to treeing
problems, which break down the insulation material. (See Fig.
| for a plot of the data.}

Some member utilities have started to purchase tree-
retardant insulation material. The usage has been limited and
no failures have been reported,

In addition, 175-mil thickness insulation seems to have a
much higher failure rate than 220-mil insulation. This is
apparently due to the larger electrical stress capability of 220-
mil insulation.

Seconpary CABLES
The failure rate for secondary low-voltage cables (600 V
and beiow) has remained fairly constant for the last two years.
The failure rates since 1969 are as follows.

1969 1.5 failures per 100 conductor miles
1970 1.25 failures per 100 conductor miles
191 0.74 failures per 100 conductor miles
1972 0.62 failures per 100 conductor miles

364

Failure rates of 15-kV URD cables.

1973 0.35 failures per 100 conductor miles
1974 0.50 failures per 100 conductor miles
1975 0.3¢9 faitures per 100 conductor miles
1976 0.53 failures per 100 conductor milies
1977 0.73 failures per 100 conductor miles
1978 0N failures per 100 conductor miles
1979 0.73 failures per 100 conductor miles
1980 0.48 failures per 100 conductor miles
1981 0.80 faitures per 100 conductor miles
1982 0.70 failures per 100 conductor miles
1983 0.78 failures per H00 conductor miles

Failures of this cable seem to be related mostly to
mechanical-lype damage occurring during or after instaliation.
Corrosion problems due to moisture do not seem to be a
problem. {See Table IV for complete data.)

PLuG-In ELsow CONNECTORS

The failure rate for 15-kV, 25-kV, and 35-kV loadbreak
elbows of 0.41 failures per 1000 units (unit defined as one

Copyright @ 1998 [EEE. All rights reserved.



|EEE

APPENDIX | Std 493-1997
TABLE lltA
PRIMARY CABLE—|5 kV
Average
Life
Miles* Failures Failures Before Neuiral
Type Company [enstalled This Year 1o Date Failure Carrosion
(A) HMWPE 175 mil, 15 kV A 18 1} pal Unknown
B 1170 M 118 7-8yrs
C 1388 97 &2
E 61 86 545 13 yrs ]
G 1085 83 529 12 yrs i0
Totsl 6822 300 1627
() HMWPE (75 mil, I5 kV C 504 o 1}
1ree reiardant E 1106 [} 0
Total 1610 0 0
{C) HMWPE 220 mil, I5 kv A { 4] ] 12 yrs
C 14 16 86 Unkrown
D n k]| 255 Not reporied
F 488 3 6 20 yrs
Total 2896 5 sl
(DY HMW-Poly 220 mil. 13 kV 60 0 0
tree retardent
(E) XLP 175 mil, 15 kY A 1960 2 117 Unknown
B 150 0 0
C 615 o [1}
E 1519 ¢ 14
G 60 1 3
Total 4154 2 134
(F) XLP {75 mil. IS5 kV E L1t ¢ 1]
tree retardant
(@  XLP 175 mil, 15 kV E 90 0 [
tree telardant with
insulmed jacket
(H)  XLP 175 mil jacket, L5 kV G 149 [+ 0
Total Lo ] 0
{1} XLP 220 mil, 15 kV c 1 i} 0
D 21417 0 10 Not reporied
F 3 » [
Totad uis 0 10
() Butyi-neoprene, 15 kV A 1 1 1
o ([} 0 1
E ™ 2 13 21 yrs
Total % 1 1?
(K)  EPR 175 mil, 13 kV A 3 L] 4
GRAND TOTAL 18 610 375 2143
LAST YEAR'S GRAND TOTAL 17 151 376 1768

* Conductor miles (mor circuit miles).

* Accuraie data not available.
(Data from NUDC Report Na. 17, Oclober §. 1984.)

Copyright © 1998 IEEE. All rights reserved.
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TABLE HIB
PRIMARY CABLE—25 AND 35 kV
Average
Life
Miles* Failures Failures Before Neutral
Type Company Instatled This Year to Date Failure Corrosion
(A)  HMWP 260 mil, 25 kV G 125 o g
(B) HMWP 260 mil, 25 kV B 80 8 15 8-10 yrs
(Cy  HMWP 260 mil, 25 kV C 930 15 432
(D}  HMWP 295 mil, 25 kV C 108 26 67
(BY  HMWP 280 mil, 25 kV A 2 0 35 Ll yrs
Tota! 1245 109 517
{(Fy  HMWP 260 mil, 25 kV [ 348 o o
tree retardant
{G)  XLP 260 mil, 25 kV B 11 0 0
(H)  XLP 260 mil, 25 kV [ 409 0 4
(1] XLP 295 mil, 25 kV F s " 4
Total 420 0 4
[4)] XLP 260 mil, 25 kV B 326 0 0
with jacket -
(X) EP 295 mil, 25 kV A 5 ] 2
(L) HMWP 345 mil, 35 kV C 74 0 2
(M)  HMWP 345 mil, 35 kV C 3 0 0
tree retardant
(N)  HMWP 345 mil, 35 kV E 98 0 o
tree retardant
Total 129 0 0
(O}  XLP 280 mil, 35 kV A 1% 0 2
(P)  XLP 345 mil, 35 kV A 102 1 2 2yrs
(@ XLP 35 mil, 35 kY [ M 0 0
(R)  XLPE 35 mil, 35 k¥ E 29 ) o
(5)  XLPE 345 mil, 35 kV G 5 0 0
Total §80 1 4
(M XLP M5 mil, 35 kV E 48 0 0
tree retardant
(Ur  XLP 345 mil, 35 k¥ E W7 0 0
tree retardant with
insulated jacket
GRAND TOTAL 2792 1o 609
LAST YEAR'S GRAND TOTAL 2251 127 498

* Conductor miles (rot circuit miles),
* Accurate dats not available.
(Duta is Trom NUDC Report No. 17, October &, 1984).
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TABLE 1V
LOW-VOLTAGE CABLE
Average
Life
Type Miles* Failures Failures Before Neutral
Insulation Company  Thickness Installed This Year to Date Failure Corrosion
(A) Poly C Q ¢ 0
D (Sodium) 12 ¢ 4 1y
E ] ) V]
Total 12 ¢ 4
(B) XLPE A 70-110 mil 2983 165 543 Unknown
B T0-110 mil 1300 1 21
C 60-110 mil 11295 87 Gt Unknown?  All neutral
D 80-95 mil 8128 5 89
E Min. IPCEA 3520 5 47 (Failures®
slarting with
1976 data)
60-110 mil 2096 Unknown Unknown
Total 31322 263 1614
{C) Abrasion-resistant E & 0 0
XLPE G 0.2 0 0
Total 9.2 0 [}
(D) Abrasion-resistant A 46 4] 0
HMWP E 697 1] 0
Total 743 ¢ 0
(Ey PYC A 80 mit 10 ¢ 1
C « ¢ 0
D 7.1 d V]
E a L] 0
Total 171 ) 1
(F) Rubber neoprene C 195 0 0
D 65 & 65 mil 1162 0 1]
E 5/64 in 9% 0 3
Todal 1456 ] 14
GRAND TOTAL 33 85001 263 1633
LAST YEAR'S GRAND TOTAL i 97329 225 1370

* Insulated conductor miles (#of circuil miles).

* Some of these failures could have been rubber neoprene. but no record is available as to which type cable failed. More failures are

being reponied due ko a computer-managed reporting system,

* Cable insulation failed due to mechanical stress placed on it by the design of the

the insulalion makes a quick fix.)
(Data is from NUDC Report No. 17, October 8, 1984.)

single-phase terminator) has been fairly constant over the last
four years. Many of the recent problems were due either to
molding problems of one manufacturer, cross-threading of
connectors. or bad compression joints, These failures include
units that were improperly installed, which is a significant
number. The failures also include units that were replaced
during maintenance due 1o problems such as visible tracking
overheating, etc. (See Table V for complete data.)

PriMarY CONNECTIONS

This is the fifth year for the study of primary cable splices
and primary load break functions. Since the data is relatively
new the results should be used carefully.

Copyright © 1998 IEEE. All rights reserved.

deel

or. (A stainl hose clamp around

The failure rate for 15-kV splices was 2. | failures per 1000
units (unit defined as one single-phase splice), compared to
last year's 2.4 failures; the failure rate for 15-kV primary
junctions was 1.0 failures per 1000 units, compared to last
year's 1.3 failures. Splice failures over the last couple of years
have been due mostly to the molding problems experienced by
one manufacturer and to improper installation by line crews.
(See Table VI for completed data.)

PoLe Tor TERMINATORS

The outstanding performer for all voltage classes (15 kV, 25
kV, and 35 kV) is the molded rubber terminator. The failure
rate is 0.06 per 1000 units (unit defined as one single-phase
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TABLE Vv
PLUG IN PRIMARY TERMINATORS (ELBOWS)

Average
Total Life
Number Failures Faitures Before
Type Company an System This Year to Date Failure
(A)  Non-LB rubber. 5 kV A 65 o 4]
C 1628 0 3
D 202 0 41
E 6440 0 51
[¢] 200 ) Q Unknown
Total 10 635 o 100
{B)  Non-LF rubber, A 707 0 1]
600 A-t5 kV C 3] 0 0
D 322 0 2
E 1972 0 9
4] 25 ¢ 0
Total 3026 o 1]
{C)  Non-LB rubber, C 1 0 0
600 A-25 kV E 0 o o
'F L] . .
Total 13 0 0
(D}  Noa-LB rubber, E )] 0 ]
600 A-35 kV
Total k) 0 0
(E}  Non-LB metal A 40 0 0
c 15 0 1
Total 35 0 1
(F LP rubber A 31138 18 168
15 kV B 21 514 n T
[ 40 997 27 231
D 76 525 21 180
E 160 506 & k)i
F - [ L
G 79 2 %]
Total 354 859 144 1035
(G) LB rubber, 25 kV B Ll 4 19
C 24 31 5 27
E 0 o 0
F [ - &
a 363 0 4
Total 25673 9 50
(H) LB rubber, 35 kV A 2465 0 2 1yr
[ 2293 5 19
E ™0 0 0
Toul 5438 5 2t
GRAND TOTAL 399 799 158 1218
LAST YEAR'S GRAND TOTAL 7 e 160 1060

* Accurate datz not availsble.
{Data is from NUDC Repon No. 17, Ociober §, 1984.)
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TABLE VI
PRIMARY CONNECTIONS
Average
Total Life
Number Failures Failures Before
Type Company on System This Year to Date Failure
Primary splices—15 k¥, A 13 454 48 443 10 yrs
molded rubber B 7484 68 149
C 17 624 [ 3]
D 21 481 4 35
E 18 990 65 389
G 11 §13 3 25
Total 90 k46 194 1056
Primary splices—25 kV, B 09 3 3
malded rubber C 111332 1 3
G 520 0 )
Total 12 161 4 12
Primary splices—35 kV, A 711 ! ]
molded rubber C 1057 0 16
E 437 n 0
G 32 0 0
Total 2237 1 2
GRAND TOTAL 105 244 199 1090
LAST YEAR'S GRAND TOTAL 94 281 203 891
Primary loadbreak junctions A 3474 13 138 4-8 years
(Interal taps)—15 kV B 3224 18 30
C 321 3 9
D 8742 4 31
E 30 555 19 213
G 2103 o 2
Total 55419 57 423
Primary loadbreak junctions B 42 1 4
(tateral taps)—25 kV C 3587 3 7
G 16 0 0
Totad 3645 4 11
Primary loadbreak junctions C 306 1 2
{lateral taps)—35 kV E 261 )
Tolal 567 1 2
GRAND TOTAL 59 631 62 436
LAST YEAR'S GRAND TOTAL 55 195 74 374

Note: Data on taped primary splices has been discontinued due to lack of data.

{Daa from NUDC Report No. 17, October 8, 1984.)

terminator). The porcelain elastomeric type has a rate of (.43
per 1000 units. Overall the record for these devices is
excellent. (See Table VI for complete data.)

SEcONDARY CONNECTIONS

This is the sixth year of evaluyating the different types of
secandary connections 600 V and below made by the member
utilities. This data should be used carefully due to the

Copyright © 1998 |IEEE. All rights resarved.

difficulty in tabulating failures from previous years. The
section on taped-insulated connections has been discontinued
since the data is not dependabie. Even though the data is new,
the numbers on heat-shrink connections appear to be particu-
larly interesting due to the failure rate of 0.002 per 1000 units
{unit defined as one single-phase connection) for 1983 on
513 280 units installed. This compares with the failure rate of
(.00 per 1000 units for 1982, The failure rate for the molded
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TABLE Vi1
POLE TO? TERMINATORS
Average
Total Life
Number Failures Failures Before
Type Company on System This Year to Date Failure
{A)  Porcelain compound A 192 0 ? B yrs
[ 125 0 3
D 115 0 0
E 5 0 3 17 months
Total 507 0 13
(B)  Porcelain epoxy E 125 0 3
(C}  Porcelain clastomer—13 kY B Unknown i 10
c 1631 2 20
D mr 0 2
E 2531 u 230 Unknown
Total 37 125 16 27t
(D) Porceinin elastomer—25 kV C 1320 2 2
Totsd 1320 2 i2
{E)  Porcelain elastomer—335 kV A 137 o 0
E 448 0 0
Total 585 V] 0
{(F}  Puorcelsin elastomeric C 18 [ 1
compound 33 kV A »n 0 0
Total 55 1] 1
(G)  Moided rubber—15 kV A 1840 0 1
B 14 339 1 13
C 17 861 2 M Unknown
D 32 576 2 8 2ym
F - L] *
G L0 045 0 12
Total 76 68! 6 0
(H}  Molded rubber—25 kv B 600 0 Q
C 12 064 0 7
F [ . 4
G 39 4 2z
Toual 13 033 [} 9
{I  Molded rubber—35 kV A 1074 0 Q
C m [ 4
o “ 0 0
Total 2083 i} 4
) Taped A ¥ 0 |
[ /] 0 0
3] 200 0 2
Total 229 0 n
(K)  Scoich 8JA} A 27 0 3
F
Tolal 27 0 23
{L)  Heat shrink—15 kV E 92197 0 4
C 1 [ 0
Total 2404 g 4
370 Copyright © 1998 IEEE. All rights reserved,
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TABLE VI
{Continued)
Average
Toedal Life
Nurnber Failures Failures Before
Type Company on Systemn This Year to Date Failure
{M)  Heat shrink—25 kV C 80 0 ]
Total 80 0 1
{N)  Heat shrink—35 kV E 363 0 ]
C 21 1 k)
Toral 384 1 ]
GRAND TOTAL 141 B39 25 436
LAST YEAR'S GRAND TOTAL 133271 21 411
* Accurale data not available.
{Data from NUDC Repont No. 17, October 8, 1984))
TABLE vIll
SECONDARY CONNECTIONS
Average
Total Life
Number Failures Failures Before
Type Companhy on System This Year o Date Failure
(A Molded rubber/ A 53 162 5 36
plastic insulated B - - —
connections C 1093 4] 2
D 292 399 6 242
E 155 284 2 171
F . 2 s
G 44 245 O 10
Total 546 183 13 461
(B}  Heat shrink A 47 987 I 1 1yt
connections B - - —
o 147 184 Unkstown Unknowa
D 53 100 ] !
E 265 009 ] [
F L] - a
Total 513 280 ! 18
GRAND TOTAL 1 059 463 14 479
LAST YEAR'S GRAND TOTAL 965 121 13 465

* Accurute dsia not available,
(Data from NUDC Report No. {7, October 8, 1984.)

rubber-plastic units is 0.02 failures per 1000 units for 1983,
which is the same as for 1982. (See Table VIH for data.)
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SUMMARY OF CIGRE 13.06 WORKING GROUF WORLD WIDE RELIABILITY DATA AND
MAINTENANCE COST DATA ON HIGH VOLTAGE CIRCUIT BREAKERS ABOVE 63 kv

C. F. Heisbing
B. S. A,

E. Colombo
Italy

ABSTRACT

A summary is given of the most significant
reliability data and maintenance cost data
from the two CIGRE 13.06 Working Group world
wide reliability surveye ¢f the reliability
of high veltage circult breakere €3 kV and
above, The first enquiry c¢overed the years
1974 thru 1977 and included all
interrupting technologies, The second enquiry
covered the years 1988 thru 1991 and only
included single pressure SF6 breakers,

A description is8 given of the scope and
obhjectives of the CIGRE 13.0f Working Group. A
brief description is given of some of the
highlighta from their studies.

INTRODUCTION

CIGRE 13.06 Working Group carried world wide
reliability studieas on high voltage circuit
breakers during the fifteen year period 1971
through 1985, This included making the
First International Enquilry on circuit breaker
failures and defects 1in service. Studies
were also made on new testing and
maintenance methods for improving the
reliability of high voltage circuit breakers,
This work is reported in three CIGRE Study
Committee No., 13 final reports [1][2]([3].
Some of the CIGRE 13.06 WG recommendations
have resulted in changes in International
Standards for high voltage circuit breakers,

SCOPE AND OBJECTIVES OF NEW CIGRE 13.06 WG

In 1986 a new CIGRE 13.06 Working Group was
gset up on "Reliability of High Voltage
Circuit Breakers" in order to obtain detailed
information on circuit breaker performance in
service as well as possible measures to
improve the reliability and to reduce the
maintenance costs, Two major tasks were
undertaken:

1. Conduct a Second Internaticnal Enguiry on
the in service reliabllity of SF6 single
pressure high-voltage circuit breakers with
rated voltages 72.5 kV and above,

2. Study the parameters for permanent
supervision in service as well as relevant
diagnostic methode,

The results of the Second International
Enquiry on circuit breaker fallures and
defects in service show the change in
reliability since the First Enquiry.
Monitoring and diagnostic methods aim to
improve the reliability of operation and
contribute to reducing the cost of main-

0-7803-1993-1/94 $4.00 © 1994 IEEE

A, L. J,., Janssen
Netherlands

W. Lanz
Switzerland

E. N. Dialynas
Greece

tenance, Studies on monitoring and diag-
noRtic methods include all circuit breaker
technologies becaume there is interest for
koth new and older circuit breakers,

Four papers have been published during 1992
to 1994 on the results of these studies(4)
[SV[6](7]. 1In addition,a Technical Brochure
has been published [8] that gives extensive
details on the reliability of high voltage
circuit breakers above 63 kv and the changes
in reliability that have cccured during the
fourteen year interval between the First and
Second International Enquiries.

CIRCUIT BREAKER RELIABILITY DEFINITIONS
USED IN TWO INTERNATIONAL ENQUIRIES

The CIGRE 13.06 WG wrote ¢jircuit breaker
reliability definitions in 1971 for "failure,”
*major failure,"” "minor failure," and
"defect.,” These definitions were used in both
the First and Second International Enquiries
and are given in Table 1, Thus world wide
reljability definitions have existed for
several years for high voitage circuit
breakers and are now included in technical
report IEC 1208 (1992) "Guide for High-Vecltage
Alternating Current vircuit Breaker
Maintenance" by TC17 on Switchgear and
Controlgear. It can be seen that the term
"circuit breaker major failurern is
equivalent to what system planning people
would call a "forced outage."

The term "circuit breaker downtime"™ was
clearly defined in the Second International
Enquiry as "time from discovery of the
failure until the breaker is returned to
service, exclude deliberate delays.® 1In the
First International Enquiry "circuit breaker
downtime" was calculated by adding two terms:
{1) "time required to analyse the failure or
defect, repair and return the circuit breaker
to service, exlude deliberate delays," plus
{2) "time required to get to site and obtain
spare parts, exclude deliberate delays.™ This
change in definition of *"circuit breaker
downt ime" was made in the Second Enquiry
because it was beljeved that some respondents
in the First Enquiry may have misinterpreted
what was asked for. However, it should be
noted that deliberate delays for repair of the
circuit breaker have been excluded in both
enquiries when calculating "circuit breaker
downtime."

RELIABILITY DATA FROM FIRST ENQUIRY
b total of 102 electric utilities from 22

countries submitted data on 20,000 circuit
breakers above 63 kVv. This included breakers

2228
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of all technologies. Data were collected for
the years 1974-77 on circuit breakers
installed after January 1, 1%64. This gave a
total of 77,892 breakers-years of service
during the four year period. This wasg a
pioneering effort that required the devel-

opment of: {1} reliability and maintenance

definitions , (2) survey gquesticnaire, and
{3} the method cof analysis of the data.
This encouraged utilitiem to develop a

failure reporting system. Countries sub-
mitting data were: Australia, Belgium, Brazil,
canada, Czechoslovakia, Denmark, Finland,
France, Federal Republic ofGermany. Greece,
Ireland, Italy, Japan, Morocce, Netherlands,
New Zealand, Norway, Portugal,Spain, Sweden,
United Kingdom, and Yugoslavia,., The results
from this First InternatjonalEnquiry were
published in "Electra®™ [1].

The failure rate and downtime data are
summarized in wable 2 with the data for major
fallure rate and minor failure rate shown
separately. Average downtime data and the
median downtime data are gilven for major
failures.

RELIABILITY DATA FROM SECOND ENQUIRY

The enquiry includes the years 1988 thru 1991
and was limited to single pressure SF6 circuilt
breakers because moat of the new breakers at
these voltage levels now belng purchased by
electric utilities use this technology. The
queationaire [B][9] was revised to be
pimpler than for the First Enquiry.

Data were collected for 1988 thru 19%91 from

132 vtilities in 22 countries on about 18,000
circuit breakers applied at 63 kV & above
placed in service after January 1, 1978,

There were a total of 70,708 breaker-years of
service during the four year pericd.
Countries submitting data weres RAustralia,
Augtria, Belgium, Brazil, Canada, Czechoslo-
vakia, Finland, France,Germany, Italy, Japan,
Netherlands, New Zealand, Norway, Paraguay,
Rumania, Sweden, Switzerland, United Kingdom,
United States of America, Union of Soviet
Socialist Republica, and Yugoslavia.

Table 3 shows the major and minor failure
rates separately, Average downtime data and
median downtime data are given for major
failures.

The guestionaire for the Second Enguiry
contains the additional major faillure mode
"locking in open or closed position.™ A study
of this "locking" data indicates that about
13% were found durlng a command to open,
about 37% were found during a command to
close, and 50% were found by an alarm during
normal service.

ORIGIN,CAUSE, FAILURE MCDES, OPERATING-CYCLES

Tables 4 and 5 show the major and minor
failure modes for the two enquiries. Table §
shows the orlginas of failures, and Table 7
gshows the causes of failures,

Table B shows the eptimated average number of
operating-cycles per year per breaker from the
two enquiries,

APPENDIX J

CATA FOR USE IN SUBSTATION AND
SYSTEM RELIABILITY STUDIES

Cata from Tables 2 and 3 from the Firat and
fecond Enquirlies have been used respectively
to calculate the data shown in Tables 9 and
10, In both cases the major failures that
occured during a command to open or close
have been separated out from those that
occurred without a command to ¢pen or clesep
this has been used along with the operating-
c¢ycles per year data teo calculate the
reliability data that is given in Tables 9
and 10. This showe the average number of
major fallures per 10,000 open commands oOr
¢lose commande of: "does not open on
command”, "does not break the current", "does
not close on command®, "does not make the
current.," Theae final resulte in Table 10
from the Second Enquiry can be compared with
Table 9 from the First Enquiry. A footnote in
each table gives the data for the two failure
nodes:t "closes without command®™ and "breakdown
across open pole;”™ these failure rates are
very low, but may have a Berious consequence
when they occur cn a power system.

COMPARISON OF RELIABILITY DATA BETWEEN
THE FIRST AND SECCOND ENQUIRIES

The final regults from the Second Inter-
natlonal Enquiry for 1988 thru 1991 show that
modern single-pressure SF6 ¢ircuit breakers
applied at 63 kV & above have a major failure
rate that is only 43% as much as older
technology circuit breakers repcrted in the
First International Enquiry for 1974-1977.
‘"he largest improvement has ocgurred at
voltages above 200kVv where the reported
major failure rates are less than one-third
a8 much, The minor failure rates are 30%
higher in the Second Enquiry.

It is believed that utilities do a better jcb
of collecting failure data now than was done
during the First Enquiry. The biggest
improvement is believed to have occurred in
the collection of data on minor failures.

‘he "estimated average number of operating-
cycles per year per breaker" were 42 and 26.5
regpectively from the Second and First Inter-
national Enquirieg. These values have an
effect on the calculated probabilities of
hreaker major failures per operating command,
The Second Enguiry calculated the average

number of operating-cycles per year per
breaker by welghting each breaker equally.
This le a better methed than used in the

First Enquiry where each questionaire answer
wap weighted equally, and some answers
rontained many more breakers than cther
answers. It is not believed that there has
been a significant change in the number of
operating-cycles per year per breaker between
the First and Second Enguiries. If 42
operating-cy¢les per year per breaker had been
used to calculate the probabilities of breaker
major failures per operating command for the
First Enquiry, the probabilities shown in
Table 9 would have been lower by a factor of
1.58.

Tables 10 and 9 can be compared to show the
number of major failures per 10,000 cycles,
where a cycle is one ocpen command plus one
close command. For all wvoltages combined the
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Second Enquiry showe 0,829 versus 1,06 for the
First Enquiry and is a factor'of 3,7 lower,
But 1.58 of this improvement is explained in
the previoue paragraph because of using an
egtimated average of 42 operating-cycles per
year per breaker versus 26,5 from the First
Enquirys and 3.7 divided by 1,58 egquals
2.33. Thus the number of major fallures per
10,000 cyclea has decreased by at least a
factor of 2.33.

COMPARISON OF BREARER DOWNTIME DATA FER MAJOR
FAILURE BETWEEN THE FIRSBT & SECOND ENQUIRIES

The Second Enquiry had an average downtime of
34.6 hours per major fallure versus Bl.6 in
the First Enquiry. But the median downtime
was only 10.0 hours hours in the Sacond
Enquiry versus 12.0 in the Firat Enquiry. Both
enquiries show a highly skewed distribution
where a emall number of long downtimes result
in the average being between about seven to
nine times larger than the median value, Some
pecple have gquestioned why the Second Enquiry
had a longer downtime than the First Enquiry,
A speclal detajiled study has been made of the
downtime data from the Second BEnquiry. The
increase in breaker downtime for SF§ single
pressure breakers is primarily due to a much
longer "time to obtain epare part." &4% of
the 94.6 hours per fallure of average breaker
downtime for "all voltages combined" can be
attributed to *"time to obtain mspare part."
This would appear to be due to the policlies of
electric utilities on spare parts rather than
the ability to repalr the breaker. 1In 9% of
the reported cases the "time to obtain spare
part®™ was longer than the breaker downtime;
thie would indicate that the breaker was often
placed back in service or wae replaced before
the spare part wag obtalned, The special
study alec found that there does not appear to
be any significant difference in the breaker
downtime between metal-enclosed and non-
metal-enclosed SF6 breakers,

Data were not collected in the Second Enquiry
on the breaker downtime for minor failures.
This data were collected in the First Enquiry;
and the average was 30,0 hours per minor
failure with a median of 6.0.

SUBSTATION AND SYSTEM RELIABILITY STUDIES

The data in Tables 9 and 10 are a credible
source of data based upon a large sample slze,
They can be used in substation and system
reliability studies, Very few reliability
studies use all of the breaker failure mcdes
given in this data, The circuit breaker is
the most difficult component to handle when
making substation or system rellabllity
studles because of the many different breaker
functions and the associated fallure modes.

,As ip the major fallure rate without a
command to operate, &3% of these failures for
all voltages combined include the failure
modee: alarm-locking in open or closed
poeition, fails to carry the current, cther
requiring manuval removal from service within
30 minutes., Theses might be assumed to be
passive fallures. The other 317% might be
agsumed to be active major failures
{breakdown to earth, breakdown between poles,
breakdown across open pole, closes without
command, opens without command).
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cn)\c is the major failure rate during
commande to operate, either for switching or
to remove faults.

Aev + Aea is the probabllity of not
opening on command or not breaking the current
during manual or automatic opening to perform
awitching or to remove a fault, This could
be coneidered the breaker stuck closed proba-
bility.

Aey *+ Aecy 18 the probabllity of not
cloeing on command or not making the current
during manual or automatic cloaing or
reclosing. Thier could be coneidered the
breaker stuck open prcbability,

The dominant breaker failure mode is "does not
close on command” and should not be neglected
in pubstation or system reliability studies.
This faillure mode: {1) can prevent equipment
from being switched into service when needed,
{2) can cause a transjent line outage to
become a permanent outage, or (3) can cause
an outage of a line or generator to be
extended beyond the normal outage time,

The failure mode "closea without command® has
a very low failure rate., But its occurence
sometimes results in all of the back up
protection being defeated and in some cases
has been the cause of major blackouts, The
failure mode "breakdown across pole” has the
highest electrical failure rate of the main
interrupter; and backup protection muat
operate to remove the fault. The failure
rates of "clopes without command* and
"hreakdown acroes open pole”™ are hoth very
lowp but they can be larger than the double
contingency failure rates typically calculated
for other component combinations in a
substation reljability study.

COST OF SCHEDULED SERVICING OF QLDER
TECHNOLOGY BREAKERS

Table 11 shows the cost of scheduled servicing
of older technology breakers (minimum oil, air
blast, SF6, bulk oil, etc) that was collected
from the First International Enquiry [1] for
the years 1574-1977. The costs are shown
separately for the labor effort and for the
spare parte consumed. The 10, 50, and 90
percentiles cost values are given along with
the average cost value for each voltage
category. The number of data points in each
voltage category ranged from 69 to 138. It
can be seen that there is a wide variation
between the 10 and 90 percentiles cost values
for the labor effort, typlecally as much as six
to one or more, There 18 even a wider
variation in the costs of the spare parts
consumed, These cost values indicate that
many users of high voltage circuit breakers
may be doing more scheduled maintenance than
needed. In some cases it might be possible to
reduce the maintenance effort without the use
of additional diagnostic techniques, 1In other
cases it might be desirable to use additional
diagnostic technigues in order to detect
degradation of the most probable failure modes
bafore they occur in service[4)(5]. Table 11
gives data that can be used to assist in
estimating the maximum cost savings that
might be possible from using diagnostic tech-
niques on older technology circuit breakers.
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COST OF SCHEDULED OVERHAUL OF MODERN
TECHNQLOGY BREAKERS

Table 12 shows the estimated cost of
scheduled overhaul for single preasure SF6
breakers that has been collected during the
four years (1986-1991) of the Second
International Enquiry. The costs are shown
separately for the labor effort and for the
spare parta consumed for each voltage category
along with the 10, 50, 90 percentile and
average values. The number of data points in
each voltage category ranged from 179 to 501.
The data on the interval betweeen scheduled
overhaul show that the 50 percentlle value
ranged from 6. to 8.5 years for the various
voltage categories, but the 90 percentile
value ranged from 12,0 to 15.0 years for all
voltage categories, Most manufacturer's quote
longer overhaul intervals than 8. years, and
many utilities may not yet have sufficlent
confidence to fully exploit the longer
overhaul interval possible with modern
technology single pressure SF6 breakers. The
variation in the labor costs ranged by a
factor of six to one or more, and the spare
parta consumed ranged by a factor o6r more than
twenty to one; many of theee utility estimates
maybe based upon very limited experience
with overhaul of single pressure SF6 breakers.

TIGHTNESS OF SF€ GAS SYSTEM

Table 6 shows that the tightnesa of the SF&
gas system was the orfigin of both minor and
major failures in the Second Enquiry on SF&
single-pressure breakers, Thie included 319.6%
of the minor faillures and 7.2% of the major
faillures. The data in Table 5 show that
1297 minor failures were due to small SF6
leakage, and this was 39%% of all minor
failurea, The minoxr faillure rate for these
1297 failures is ,018 per year per breaker,

There was a total of 33 major failures with
the origin in the tightness of the SF6 gas
system, and Table 13 shows the failure modes
that resulted, 18 repulted in "locking in
open or closed poaition® and 5 resulted in
"opensg without command." The major failure
rate for these 33 failures 1s ,00025 per year
per breaker and is very low,

used to detect

A density monitor is SF6 gas

leaks, and this 18 the primary resson why
most of the tightness fallures are minor
failures, However, 357 failluren have

also been reported of the density monitor.

Reliability improvements are needed in both
the SFé gas tightness system and in the gas
deneity monitor.

FAILURE RATE OF METAL-ENCLOSED VERSUS
NON-METAL ENCLOSED CIRCUIT BREAKERS

Table 13 shows a comparison of the failure
ratea from the Second Engquiry of metal-
enclosed (ME) versus neon-metal-enclosed
circuit (NME} breakers for "all voltages
combined, 100 kv and above.,”™ Most of the ME
breakers are part of gas 1nsulated stations.

The ME S5F6 gingle-pressure breakers, 100 kV &

APPENDIX J
considered significant because it is mostly
due to data from one country with a large

populetien,
GENERAL CONCLUSIONS AND RECOMMENDATIONS

CIGRE 13.06 Working Group has collected and
analysed world wlde reliability data on high
voltage circuit breakers applied on networks
at 63 kV & above. These data are a large
sample size and can be uzeful in aubstation
and system reliabjlity studies, Two important
contributions to the kXnowledge of circuit
breaker reliahility are; (1) the failure mode

data, and (2) the calculations of proba-
bilities of not responding properly to an
operating command to open or to close, The

1974-1977 data can be used for older
technology circuit breakera, and the
1988~-1991 data show the jimprovement that has
been achieved with new technology single-
pressure 5F6 breakers, The major failure
rate for modern SF6 single-pressure breakers
ig only about 43%as much as older technology
breakers, and for voltages above 200 kV it is
ocnly one-third as much. Substation and
aystem reliability studies ghould pay
attention to this improvement. The lower
major failure rate of circuit breakers may
influence both the lay-out of primary plant
and secondary systems.

The minor falilure rate for modern SF6 breakers
in the Second Enquiry is about 308 higher than
for older technology breakers in the First
Enquiry, Possible reasons for this may be:
11) better failure data collection by
utilities and {2} increased number of alarms
and (3) SP6 leakage problems.

The largest number of major failures on modern
SF6 breakers occur on the operating mechanism
and on the electrical auxiliary and control
circults. The largest number of minor
failures occur from leaks on the SF& gas
system and from problems on the operating
mechaniem. Reliability improvemente are
needed on: (1) operating mechanism, (2) SF6
tightness, (3) electrical auxiliary & control
circuite. The gas density monitor aleo needs
improvement in reljability because the SF§
gas density is the most important parameter
.0 monitor. The operating mechanism is also
an important parameter to monitor.

Design and manufacture are the cause of about
50% of the failures of modern SF6 breakers.

Improved access to spare parts by utilities
could significantly improve breaker avail-
ability by reducing the downtime after major
failures.

The circuit breaker reliability definitiona
that were firet written in 1971 are now
accepted and used world wide., Thus 1t logical
that these definitions become standards of the
International Electrotechnical Comiesion
{IEC} wunder Technical Committee No, 17 on
Switchgear and Controlgear. It is recommened
that the exlisting technical report IEC 1208
{1992) on "Guide for High-Voltage AC Circult
Breaker Maintenance®" be upgraded to an IEC
standard after the three trial period is
completed.
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TABLE 1 - CIRCUIT BREAKER RELIABILITY DEFINITIONS

1. FAILURE - Lack of performance by an item
of its required functions.

Note: The occurenceofa failuredoes not
necessarily imply the presence of a defect
if the atrese or the stresses are beyond
those specified.
2.MAJOR FAILURE {OF A CIRCUIT-BREAXER) -
Complete fallure of a circuit-breaker which
causes the lack of one or more of its
fundamental functions.

Note: A majorfailure will result in an
immediate change in the system operating
conditiony e, g., the backup protective
equipment being required to remove the Ffault,
or, will result in mandatory removal from
gervice for non scheduled maintenance

{interventlion required within 30 minuten).

3. MINOR E (OF A CIRCUIT-BREAKER)
Failure of circuit-breaker other than major
failure; or any failure, even complete, of a
constructional element or a sub-assembly
which does not cause a major failure of the
circuit-breaker.

4. - Imperfection in the state of an
item (or inherent weakness) which can result
in one or more fallures of the item itself
or of another item under the specific
service or environmental or maintenance
conditions for a stated period of time.

5. CIRCUIT-BREAKER DOWNTIME - Time from the
discovery of the failure until the breaker
ie returned to service.

TABLE 2 - FAILURE RATES AND DOWNTIME DATA FOR
HIGH VOLTAGE CIRCUIT BREAKERS ABOVE 63 kV
(from CIGRE 13-06 Working Group First International
Enquiry, 1974-1977, All Interrupting Technologies)

—————————— MAJOR FAILURE RATES----——~-——au —---#*MINOR FAILURE RATES-—-
Major
Sample Number |Failures LEA Sample Fallurea+
Size of per Hours Downtime Size Number per
Breaker Major Breaker per Failure VOLTAGE Breaker of Breaker
Years Failures{ Year Average Medlan kv Years Failures* Year
77,892 1,231*+] _0158 B1.6 12.0 |All Voltages| 46,272 1,641 .0355
33,877 138 L0041 29.3 5,0 63 £ V <100| 24,716 409 L0165
26,743 437 0163 94.4 12.0_J 100 ¢ Vv <200] 13,915 s81_ | .o0417
9,939 257 .0258 58,5 11.0 J200 ¢ V <300 5,614 359 .0639
6,224 283 .0455 83.8 11.0 |300 ¢ V <500 1,682 275 1635
1,109 116 L1045 142.0 27.0 500 ¢ V 345 17 .0493
NOTES: * Minor failluree plus defects

** 45 of the 1,231 major failures had a fire and/or explosion
**%* Downtime includes; time required to get to gite, analyse the failure,
obtain spare parts, repair and return circuit breaker to service.
Deliberate delays have been excluded,

TABLE 3 ~ FAILURE RATES AND DOWNTIME DATA FOR SINGLE-PRESSURE
HIGH-VOLTAGE CIRCUIT BREAKERS APPLIED ABOVE 63 kV
(Final Results from CIGRE 13-06 Working Group

Second Internmational Enquiry, 1988-1991)
—————— MAJOR FAILURE RATES------—- wrme—— et MINQR- - ===
FAILURE RATES
Major
Number |Failures LA Sample Failures*
of pPer Hours Downtime Size Rumber per
Major Breaker per Fallure VOLTAGE Breaker of Breaker
Failures] Year Average Median kV Years |Failures* Year
d75#%] 00672 94.6 10,0 [All voltages 70,708 3,358 L0475
67 .00275 39.1 24.0 63 ¢ V <100 24,355 542 .0223
160 .00680 51.1 10.0_}100 ¢ V <200_ 23,520} 1,118 _ | .0475
89 200814 54.6 8.0 200 ¢ V <300 10,933 762 L0697
120 01210 162.5 10.0 300 { V <500 9,917 770 L0776
39 01967 209.4 36.0 |500 ¢ V 1,983 166 .0B37
NOTES: * Minor failurem plus defects

*#* 31 of the 475 major falilures had a fire and/or explosion
*** Downtime includes: time from discovery of the failure until the

breaker is returned to service,

exclude deliberate delays.
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TABLE 4 -

MAJOR FAILURE MODES OF HIGH VOLTAGE
CIRCUIT BREAKERS (Results from CIGRE 13-06 WG

APPENDIX J

TABLE 5 - MINOR FAILURE MODES+ OF
HIGH VOLTAGE CIRCUIT BREAKERS

Enquiries - All voltages, Above 63 kV) {Results from CIGRE 13-06 WG Second
Enguiry - All Voltages, Above 63 kV)
1st 2nd
Enquiry %

% Y 30, Air or hydraulic leakage in
33.7 24.6 Does not close on command operating mechanism
14.1 8.3 Does not open on command 16. Small SF6 gas leakage due

1.7 1.0 Closes without command to corrosion
_5.2_7.0_Opens without command 2. Small SF6 gasz leakage due

1,6 1.7 Does not make the current to other causes

1.9 3.0 Does not break the current 16. Change of functional

2.5 1.5 Fails to carry the current characteristics
_2.6__3.,2_ Breakdown to earth 15, Others

0.5 1.5 Breakdown between poles
_4.0_ 3.6__Breakdown across open pole, internal 3332 Number of Answers

1.2 1.5 Breakdown acroas open pole, external

* 28.5 Locking in open or c¢losed position *+ Data not collected in Firast Enquiry
31.0 14,6 Other failure necessitating

intervention within 30 minutes
773 471 Number of Answers

* "Locking®™ failure mode data not collected in l1st Enquiry.

Special study of 2nd

Enquiry data found that half of "Loeking™ fallures should probably have been

reported ag "does not close on command"

{37%) or "does not open on command®

[13%).

TABLE 6 - ORIGIN OF FAILURES OF HIGH VOLTAGE CIRCUIT BREAKERS

(Results from CIGRE 13-06 WG Enqgui

ries - All Voltages, Above 63 kV)

Major Fallures Minor Faillures
1st 2nd 1st 2nd
Enquiry Enquiry
* 44,0% Mechanical in Operating Mechanism {(Earthed) * 39.4%
70.3% 10.4% Mechanical in Other Parte of Circuit Breaker 85.6% 9.5%
10.6% 13,9% Electrical (Main circuit 2.7% 0,98
19.1% 24.,5% Electrical Auxiliary and Control Circuit 11.7% 10.2%
* 7.2% Tightness of SF6-Gas System * 39.6%
775 461 Number of Failures 1602 3233
* Not specified in Firet Enquiry

TABLE 7 - CAUSE OF MAJOR AND MINOR FAILURES OF HIGH

VOLTAGE CIRCUIT BREAKERS (Results from CIGRE
WG Enguiries - All Voltages, Above £3 kV}

TABLE B - ESTIMATED AVERAGE NUMBER
OF OPERATING-CYCLES PER YEAR PER
BREAKER {Results from CIGRE 13-06 WG

13-06

Enguiries - All voltages, Above 63 kV}
Major Minor
Failures Fallures 1st 2nd
1st 2nd 1st Znd Enqulry
Enquiry Enquiry
= AVERAGE 26,5 42
25.4% Design 24.7% 10% PERCENTILE 3.3 13
*45,3% Design & Manufacture *52.5% 25% PERCENTILE 6.3 20
28,7% Manufacture 34,1% MEDIAN 13.1 30
0.7% 1.1% Inadequate Instructions 0.3% 1.7% 75% PERCENTILE 28.8 50
9.3% 8,2% Incorrect Erection 10.7% T.1% 90% PERCENTILE 53.1 76
1.2% 6.0% Incorrect Operation 0.2% 4,5% 95% PERCENTILE 78,0 84
8.1% 2.8% Incorrect Maintenance 4.5% 2,6% MANTIMUM 54B.6 1760
Stresses Beyond
4,8% 3.4% Specification 0.7% 1.8% No. of Breakers *54,676
2.3% 5.4% Other External Causes 1.7% .6%
29.3% 19.0% Other 29.,4% 11.9% No. of Answers %422
751 464 Number of Fallures 1604 3254 * Firpt Enquiry weighted each answer

* First Enquiry combined "Design® and "Manufacture"

equally and Second enquiry welghted
each breaker equally
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TABLLE 9 - RELIABILITY DATA ON HIGH VQOLTAGE CIRCUIT BREAXKERS
ABOVE 63 kV THAT CAN BE USED IN SYSTEM RELIABILITY STUDIES
({from CIGRE 13-06 Working Group Firast International
Enquiry 1974-1977, All Interrupting Technologles)

1. Major Failures par Open Command Neo + MNee
2, Major Failures per Cloee Command Aesy 4+ Ney

3, Major Failures per Cycle# he @ Rev+tNeg + Ay F Acy

4. Average Number of Cycles+* par Year C

%, Major Failures per Breaker-Year During Commanda to Open or Close C-Me

5. Major Failures per Breaker-Year Occuring wWithout A C nd to Open or Close l\s
7. Total Major Failuree per Breaker-Year Am = hg + c‘ig

>\c3 >\cq N )\M
Doae Not|Does Not A ¢ €+ Ne s Total
Close On|Make the < Major | Major Major
[Command ICurrent | Major Average Failure| Failure | Fallure
MAJOR FAILURES MAJOR FAILURES Fallures |Number of per per per
PER 10,000 PER 10,000 perl0, 000 Cycleg** VOLTAGE |Breaker|Breaker Breaker
OPEN COMMANDS CLOSE COMMANDS Cycles** [per Year kv Year Year Year
0.84 0.11 2.0t 0,10 3.06 26.5 All Volt.| .D0B1 ] .0077%%»{ ,Q158
0.166 0.018+ 0.562 0,010= 0.756 24.7 63¢Vv<100| .0D019 |.0022 L0041
0.81 0.12¢_] 2.60 0,05+ 3.58 23.8_ |1004v<z00| .0085 |.0078__ | .0163
1,42 0.07* 2.54 0.32+ 4.35 32.0 200¢Vv<300]| .0129 {.0119 L0258
3.16 0.64+ 5.39% 0.24% 9.41 25.0 300¢v<s00{ .0236 ].0219 . 0455
9.75+ 0.00* 12.98+ 0.00» 22,73+ 26.8 5008 V .0609 ] .0436 .1045

NOTES
* Small sample gize in failure mode data -~ less than 8 failures
** A cycle is one open command and one close c¢ommand
#+# Approximately 10.7% of these major failures are "breakdown across open pole” and
another 3,5¢ are "closes without command®

TABLE 10 - RELIABILITY DATA ON SINGLE-PRESSURE HIGH VOLTAGE CIRCUIT
BREAKERS APPLIED ABOVE 63 kV THAT CAN BE USED IN SYSTEM RELIABILITY STUDIES
(¢rom CIGRE 13-06 Working Group Second International Enquiry 1988-1991)

Assumes that 13% of the "Locking™ Fallures Occured After a Command to Open
Vand Another 37% of the "Locking® Faillures Dccured After a Command to Close

A‘! Ale A >‘ A"

Does Not|Does Not Ae ¢ € Ae s Total

Close On|Make the Major Major Major
b4l Cyrrent Major Average Fallure|Failure Failure

MAJOR FAILURES MAJOR FAILURES Failures |Number of per per per
PER 10,000 PER 10,000 perl0,000) Cyclen®¥ VOLTAGE |Preaker|Breaker Breaker
OFEN COMMANDS CLOSE COMMANDS Cycles** |per Year kv Year Year Year
0.192 0,048 0.562 0.027 0.829 42, All Volt.| .00348|.00324%=%] 00672
0.077 0.000* 0.167 0.009* 0.252 47. 63¢4v<100] .00119].00156 .00275
0.161 0.043+] 0.781 0,000+« 0,985 | 40. _ |i1o0gv<200] .00354].00286__ | .00680
0.229 0.071r 0.648 0.095% 1.043 39, 200gv¢l00f .00407].00407 .00814
0.524 0.113* 1.071 0.057* 1,765 36. 300¢Vv<500| .00635].00575 .01210
0.506¢ 0.336+ 0.951 0.112+ 1.905 45 S00¢ vV .00857] .01110 01967
NOTES

* Small sample size in failure mode data -~ less than B fallures
** a2 cycle is one open command and one close command
*t* Apnroximately 10.6% of these major failures are "breakdown acreoss open pole" and
another 2.2% are "cloges without command"
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TABLE 11 - AVERAGE COST GF SCHEDULED SERVICING of HIGH VOLTAGE CIRCUIT BREAKERS
ABOVE 63 kV FROM FIRST INTERNATIONAL ENQUIRY FOR YEARS 1§74-1977
{Includes Ordinary Servicing and Detajled Servicing for All Technology Breakers)

Interval

Between

Scheduled | 000 | -eeeee Labor Effort==------ ~-Spare Parts Consumed#*--

Servicing 10 50 20 10 50 g0
Average Median VOLTAGE Average ---Percentile--~| Average ---Percentile---

YEARS kv MANHOURS PER BREAKER/YEAR | MANHOURS PER RREAXER/YEAR

2.3 3.0 63 ¢ ¥V ¢ 100 1%.6 5.0 17.5 30,0 55.0 1.0 5.0 60.0

2.0 2.5 1100 g Vv ¢ 200 34.0 10.1__30.0 72.0 38.2 3.0__12.0 €0.0

2.0 3.0 200  V < 300 47 .4 15.0 44.0 120.0 B7.5 3,0 20.0 90.0

1.4 2.0 300 { V < 500 48.5 13.6 50,0 165.0 72.7 10.0 38.0 157.5
NOTES

* Each country converted the cost of spare parts consumed into equivalent

manhours using thelr labor rate.

This resulted in manhours being used as

an international currency for beth labor effort and spare parts coneumed,

DEFINITIONS IN E 11

ORDINARY SERVICING - Servicing scheduled according to given operational conditicna
which would include a check of the cperation measurement of the principal control
devices, the measurement of the characteristics of insulation and arc-extinguishing
media, ¢leaning, washing, lubricating, tightening, adjusting, replacing worn parts
in accordance with given instructions, and the measurement of the operation
characteriatics such as lock-out pressures, cperating time, insulation of

auxiliary circuits, etc

DETATLED SERVICING - Scheduled servicing in accordance with the gilven instructions

necessitated by long service,

large number of operations, etc,

It will include a

more detailed examination of all the parts than carried during Ordinary Servicing.

TABLE 12 - ESTIMATED COST FOR SCHEDULED OVERHAUL of HIGH VOLTAGE CIRCUIT
BREAKERS ABOVE 63 kV FROM SECOND INTERNATIONAL ENQUIRY - YEARS 1988-1991
{Includes Scheduled Qverhaul for Single Pressure SF6 Circuit Breakers)

Interval Betwean
Scheduled Overhawl | = |-=eeee Labor BEffort=--m-=- -=-Spare Parte Consumed#--
1o 50 99 10 50 90 10 50 80
Average --Percentile-- VOLTAGE Average ---Percentile--- | Average -—--Percentile---
———————— YEARS---——--—- kv MANHQURS PER BREAKER/YEAR | MANHOURS PER BRERKER/YEAR
7.6 4.0 6.0 12.0 63 g Vv < 100 15.3 5. 15. 30. 25.4 2, 24, 61,
8.8__ 5.0_ 8,5 15.0] 100 ¢ v ¢ 200] 17.4 3. 12, __43. 20,7 2. __ 8., _ 48,
8,2 4.0 7.9 12.0]200 ¢ VvV ¢ 300 24.8 5. 15. s0. 31.86 1. 12, 74,
8.2 4.0 7.0 12.0 } 300 § ¥ < 500 31.0 5., 18. 56, 17.7 2. 8, 48,
NOTES
* Each country converted the cost of spare parta consumed into equivalent

manhoure using thelr labor rate.

DEFINITION IN TABLE 12

This resulted in manhours being used as
an international currency for both labor effort and spare parts consumed,

OVERHAUL - Work done with the cbjective of repairing or replacing parts,
which are found to be below standard by inspectjon or test or as reguired by

manufacturers maintenance manual,

circuit-breaker to an acceptable condition.
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BEPORT OF CIRCUIT BREAKER RELIABILITY SURVEY
OF INOUSTRIAL AND COMMERCIAL INSTALLATIONS

Andrew Norris (coordinating Author)!

CIRCUIT BREAKER RELIABILITY WORKING GROUP

POWER SYSTEMS RELIABILITY SUBCOMMITTEZR

POWER SYSTEMS BNGINEERING COMMITTER

INDUSTRIAL & COMMERCIAL POWER SYSTEMS DEPARTMENT
IZEE INDUSTRY APPLICATIONS SOCIETY

ABSTRACT

The Reliability Subcommittee of the
IEEE Industry Applications Sociaty
initiated a survey of the raliability of
cilrcult breakere 1in industrial and
commercial inatallatlions in keeping with
its commitment to update information on
previous surveys, The survey was
restricted to circuit breakers that are
lese than fifteen (13) years o¢ld, and
sxcluded molded case breakers, in order
to provide inforsation on unite of
interest and to obtain informaticn on new
circuit breaker technologles.

A more detalled explanation on
reasons for this survey ie included in
the appendix.

INTRODOCTION

The results of the survey conducted
in 1985 on the reliability of circult
breakers in induetrial and commercisl
installations are aumsariszed in the
attached tables. The data obtalned
includes information on sstimated nusbers
of operations per year for both fault and
non-fault situations,. Information has
also been collected on low voltage
circuit breakers comparing etatic and
electro-mechanical integral trip devices.

Each table 1s diacuased to highlight
results of the survey. It ie the intent
of thie working g€yroup %o present the
results as  updated information on
industrial applications and the drawing
of definite conclusions 18 left to the
reader.

The reasons for conducting the
survey wera written down at the beginning
and are included in the appendix. Some of
these objectives Wers not achleved due to
the small number of participants in the
survey. It was not possible to determine
the eoffect of preventive malntenance on
failure rate. Insufficient data were
submitted on vacuum and single-pressure
8F-8 circuit breakers.

1 The Author ia with the University of
Missouri - Coludbia, Missouri 65211

Members of the Circuit Breaker
Raliability Working are Andrew T. HNorris
(Chairman}, James W. Aquilinc, William ¥,
Brsun, Jr., Charles R, Heising, Don O.
Koval, Lou D, HMonaghan, Pat O0°Donnell,
A.D. Patton, and Peter W. Dwyer.
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SURVEY RESPONSE

The survey questlionnajire, along with
the Reasons For Conducting a New Survey
on Circult Breaker Reliability, is
included in the appendix.

Pue to the low nuaber of responses,
13 plant locationa, no attempt was ®made
to separate fallures by industry types.
Khile the number of respondents wae lsas
than hoped for, the questionnaires were
all fully complated for the reguested
data, with only one (1) "unknown” entry
listed which was for a fallure duration.

The following list provides a
supmary of the survey responae

Ro. of Plants 13
No. of Circuit Braakera 2137
Sample S51ze (unit years) 4097 .17
Total no. of Failures 59

The e&mall sawple eize of the data
received limjited the results that are
being published to four equipment/voltage
categories. A special note 1s made in the
tables where the number of fallures in a
specific category is considered an
inadequats sample slzs. Less than 8
fajluree hae been coneidered as an
inadequate sample size.

OVEEALL SUMMARY OF
BELIABILITY DATA

Table 1 summarizes. the overall
results by voltage class. The low number
of failures {4) in the 601 volt to 15,000
volt clrcuit breaker class makes this
failure rate data of questlonable
validity.

Thia survey shows an increase in the
fallure rate per unit-year, in the 0-600
volt clases, of nearly 3 times the value
shown in the 1973 survey. There is,
however, a large reduction in the average
and maximum fallure durations of 30X and
99.5X% respectively.

LOCATION

Table 2 shows the effect of outdoor
va. Iindoor location on the failure rate
of 0 - 860 volt circuit breaksrs. The
fajilure rate was 1.54 times higher for
outdoor circult breakere.
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Table 3 compares the integral trip
unit type on the fajilurs rate for 0-600
volt circuit breakers. The failure rate
of static type integral trip unite is 36X
of the electromechanical units.

EAILURE HMODK

Table 4 showe the failurs modea for
clrcuit breakers reported in the survey.
It ie noted that there were only two
instances of units that "falled to open
on command”, and no - occurrences of
"closes without command™. In the 0-800
volt c¢lase all circuit breakers reported
had an integral trip device. The circuit
breakers with a static integral trip
device were aplit between “falled to
close on command” (44%), and “opens
without command” (56X). Circuit breakers
with electro-mechanical type of integral
trip device had a very large portion
(93%) of the failures reported to be
“fatled to close on command”.

EAILUBK IMITIATING CAUSR

Table 5 shows the prisary fallure
initiating cause reported for both 34.5-
138x¥ and J45kV circuit breaker groups as
“mechanical breakdown™ as 56X and 65%
respectively. The O0-800 vwolt circult
breaker group shows “malfunction of
protective relay or tripping device"” ¢to
bs the major category at (93X) for units
with alectro-mechanical integral
tripping. The 0-800 wolt wunits with
static 4type integral tripping reported a
roaghly even aplit between “transient
overvoltage” and “"malfunction of
protective relay or tripping device“,

EAILUBK CONTRIBUTING CAUSE

Table 6 shows that “duet, salt
spray, or other contaminant exposure” is
the primary reported listing (at 93X) for
failure gontributing cause for 0-800 wolt
circuit breakers with electro-sechanical
type integral ¢trip. The 0-800 volt
circuit breakere with static integrsl
trip had “lsck of preventive maintenance”
reported for 56% of failures, wlth the
remaining 44X shown as “persistent
overload”. Entrisas for other voltage
clagses are in much lomsr percentages,
except for the “other” category in the
34.5-138kY and 345kV groups.

SUSPECTED FAILURE
BESPOHERIRILITY

In table 7 the dats shows most 0-600
volt breskers with electro-sechanical
type of integral trip as  having
"inadequate physical protection™ (93%) ae
the suapected failure responeibility. The
0-800 wolt breaksrs with static type
integral trip reports 56X under "improper
oparation”, and 44% unpder ~inadequats
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maintenance”™. The 34.5-138kV and 345kV
voltage categories both show “defective
component” as the main catagory.

FAILUBR DISCOVERED DURING

Table 8 shows a very large
percentage of faillures in the 0-600 volt
circult breakers, a total of 96X, as
being discovered “during normal
operation”. The 34.5-138kV class showed a
algnificant percentage of failures (67%)
as being discovered “during routing
testing/maintenance”, while the J45kY
breakers were eplit between “during
routing testing/maintenance” and "during
normal oparation” with 48X in each
category.

EAILUBKS vs, MONTHS SINCEK
LAST _MAINTENANCE

Table 9 shows that most fallures
occurred within 24 wonths of the last
naintenance.

EAILURE BEPATR METHOD

Table 10 showa that a high
percentage of circult breakere in the
0-8600 volt, 801-15,000 vwolt, and
34.5-138kY ratings were “repaired failed
component in place or asent out for
repair”.

The J45kY group of circuit breakers
showse the highest number (44%) as
“replaced failed unit with spare”. Thia
large  percentage is considered
questionable since an inspection of the
failed componsnt entries showed in some
cases that a failed component, such as an
alr compressor, was reported as “"replaced
falled unit with aspare-.

BEPAIR CURGENCY

It 1e of particular interest that,
in Table 11, only 77X of the 59 failuree
reported for all voltage oategories
listed the repalr urgency as requiring
working on a round-the-clock bases. This
may be due, at least In part, to the fact
that two of the voltage classes (0-800
volt, and 801-15,000 volt) containing 45%
of the total failures, and had maxisum
failure durations of 4 hours.

The 34.5-138kV and 3I45kV circuit
breakers, with their longer fallure
durations, also show nearly &ll repalr
work as normal working hours.

POPULATION of CIRCUIT BEEAKKRS
ya. BAINTENANCE QUALITY AND
MORMAL: MATNTENANCE CYCLK

Table 12 shows the majority of
respondents (33X) considered <themselves
as having & “fair” saintenance quality,
while 239X considered thelr wsaintenance
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quality as “axcellent", All of the
respondentse who listed their maintenance
quality as axcellent had a norsal
maintenance cycle of 0-24 months. The
respondents with “fair" maintenance
quality were aplit betwsen categories
with 37X (by unit-year) showing 0-24
month, 28X (by unlt-vear) showing more
then 24 months and, interestingly enough,
38X with Ho preventive maintsnance.

QYERALL CIRCUIT REEAKKR
QEERATIQRS FRR YEAR DATA

The liating of ~overall coircuit
breaker operations data” has besn entered
in three diffarent tables.

Table 13a shows the data entered in
a non-weighted format. The fault, and
non-fault, operationa per year are based
on non-weighted numbers. The non-weighted
values were obtained by counting each
population data line entry as one unit
(regardless of how many circult breakers
or unit-years were reported in  that
line). The avearage number of operations
for each entry line were sumaed and the
result divided by the number of line
entries.

Copyright © 1998 IEEE. All rights reserved.
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Tablas 13b shows the data weighted by
the number of circuit breakers. The fault
and non-fault operations per year ares
based on the actual number of circuit
breakers reportad, regardless of time in
services. The average nusber of operatione
for each eptry line was multiplied times
the number of circuit breakers reported
for that lins, The resulting values were
susmed and the total was then divided by
the nusber of circuit breskers reported
in that voltage category.

Tadble 13c shows the data welghted by
the number of unit-years. The fault and
non~-fault operations per year are based
on the npumber of circuit breakers
reported times their pumber of years in
sarvice (unit-yesars). The unit-years for
each ocircuit breaker times the average
operations per Year was susssd and the
result divided by the total number of
unit-years reported in that voltage
category.

With the exception of the 0-600 volt
category, the average numbsr of
operations per year reasined reasonably
conaiastent over the thres tables.
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Table 1 - OVERALL

CIRCUIT BREAKER BRELIABILITY DATA

Sample Size (number of units)
Sample Size (unit-years)

Total Tault Operations
(for all unit-yesars)

Total Won-Fault Opsrations
(for all unit-years)

Number of Failures
Failure Rate - Failures/Unit-Year
Failure Duration (Ecurs/Fallure)
Average
Ninisum
Nedian
Haxuaus

2 Excludes Molded Case

601-15,000 Yolt

0-800 Yolt

= kX

Alr Hagnetic Air Magnetic
1685 315
2941.24 894.78
225 343
24804 24914
%

23 4
%

0.00782 0.00578
=

2.8 2.25
0.5 1
4 2
4 4

%% Small Sample Sisze - leas than B failures (or data points)
sxx Zero fallures imn 2.67 unit-years reported for Vacuum 601-15,000 volt (not included in this tablse)

NOTE: The “Total Fault Operations™ and "Total Non-Fault Operations” were determined by taking the Unit-years
{for sach circuit breaker reported) times it s average number of operatiocns (Fault or Hon-Fault) per year,

and adding the values for all circult breakers in that catagory.

34.5-138 kV
Bulk 011

64

182.50

103

4320

9
0.04675

41.11
1

3
240

345 kV
Alr Blast &
8F-6 (2 prosure)
51
256.00

434
8200

23
0.08884

171.45
1

150
720
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Table # 2 CIRCUIT BREAXERS, 0-800 VOLT
OQUTDOOR versus INDOOR LOCATION

Outdoor Indoor
Sample Sise (unit-years) 873.67 2067.87
Nuaber of Failures 9 14
Failure Rate - Fallures/Unit-Year 0.0103 G.00877

* Excludes Nolded Case

x
Table # 2 CIRCUIT BREAKERS, 0-800 VOLT
EFFECT OF INTEGRAL TRIP TYPK

Static Electro-mechanical

Sample Size (unit-years) 1888.49 1052.75
Number of Fallures 2 14
Fallure Rate - Fallures/Unit-Year 0.0047T 0.0133

* Excludes Nolded Case

A XIONIddVY
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TABLE # 4 - CIRCUIT BREAKERS
VOLTAGE VE. FAILOURE MODE

0-800 VOLT = 801-15KY 34.5KV-138KV 345KV
Alr Magnetic Alr Magnetlco Bulk 0il Alr Blast &
Statio Electro-mech §F-68 (2 presure)

FAILED TO CLOSE 4 13 ~0= 3 -0~
ON CCMMAND 44% 3% 3ax
FAILED TO CLOSE -0~ -0~ -0~ 1 -0-
AND LATCH 1ix%
TAILED TO OPEM -0- -0- 2 -0- -0-
ON COMMAND 50%
CLOSES WITHOUT -0~ ~0- -0~ -0- -0~
COMMAND
OPENS WITHOUT 5 -0- 1 -0- T
COMMAND 56% 25% X
FAILED TQC BRIAX ~0- «0=- -0~ -0~ -b-
CORRENT WHEN CPENING
DAMAGED WHILE -0- -0- 1 -0- -0-
BOCCESSFULLY OPENING 26x%
DAMAGED WHILE -0- -0- -0~ -0 -0-
CLOSING
FAILED TO CARRY ~0- - -0~ 1 -0-
CURRENT 11x
FAULT TO GROURD, OR -0~ -0- =-0- -0- -0-
PRASE TO PHASE (NOT
WHILE OPENING OR CLOSING)
FAOLT ACROSS OFEN =-0- =-0- -0- -0- -0-
CONTACTS (NOT WHILE
OPENING OR CLOSIRG)
LOSS OF VACUUM -0- -0- -0=- -0- -0-
(FOR VACUUM BREALERS)
OTHER TAILURE REQUIRING -0=- -0- -0~ -0- 11
REMOVAL FROM SKBVICEK 43%
WITHIN 30 MINOTES
OTHER FAILURE NOT REQUIRING -0- 1 -0- 3 3
BEMOVAL FROM SERVICE ™ 33x 13%
UNENCHN -0- -0- -0~ 1 2

11% X
TOTAL FAILURES 9 14 4 8 T 23

* Ixcludes Molded Case 100% 100% 100% 100% 100X
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DURING ROUTINE
TESTING/HAINTENANCE

DURING NORMAL OPERATION

TOTAL FAILURES
* Excludes Molded Case

TABLE # 8 - CIRCUIT BREAKERS
VOLTAGE V5. “FAILURE DISCOVERED DURING"

0-800 VOLT = 801-156KY %

Alr Hagnetio Alr Magnetic
Static Electro-mech
-0- 1 1
= 8%
] 13 3
100% 23% 5%
=-g- -0- -0~
9 14 4
100% 100X% 100%

4% S5aall Sample Size - lesa than 8 fallures (or data points)

e 2]
0 - 24 HONTRE

OVER 24 MONTHS

%0 PREVENTIVE MAINTENANCK

TABLE # 9 - CIRCUIT BREAKZRS

TAILURES YS. MONTHS SINCE LAST MAINTENANCE

0-800 YOLT =x 801-15KY P 1]
Alr Magnatic Air Magnetic
Btatic Electro-msech

34.5KV-138KY
Bulk 0il

87%

34, 5KV-138KY
Bulk 01l

]
agx

-0=

345KV
Air Blast &
EF-8 (2 presure)
11
48%

11
48%

343KV
Air Blast &
EF-8 (2 presurs)
17
TaXx

8
26%

TOTAL FAILUBRES
% Excludes Molded Case

-0- 14 2
100% 50X
9 -0- 2
100% 50%
-0- -0- -0-
? 14 4
100% 100% 100%

% Small Sample Size - less than 8 failures (or data pointe)

k. The survey requasted data for 0-12 msonth and 12-24 month periocds. Due %o the uncartainty
about which of these two periods should be used for entries of 12 months since maintenance,
they weras combined intc a single entry of 0-24 months.

L66}-E6¥ PIS
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TABLE # 10 -~ CIRCUIT BREAEKERS
VOLTAGE VE. FAILURE REPAIR METHOD

0-800 YOLT = 601-15KY Lo 34 .5KV-138KV J4SKY
Alr Hagnetic Alr Magnetic Bulk 011 Air Blasat &
Static Electro-mech §F-6 (2 presurs)
REPAIRED FAILED COMPONENT | 13 3 T 7
IN PLACE OR $ENT OUT 9% 93x T8% T8% 30%
FOR REFAIR
R
BREPLACED FAILED UNIT 1 1 1 2 10
NITH SPARK 11% ™ 25% 22% 43X
OTHER ~0- -0- -0~ -0~ (]
28%
TOTAL FAILURES g 14 4 ] 23
100% 100% 100% 100x 100%

* Excludes Molded Case
*x Small Sswple S5ize - less than 8 falluree (or data points}

k3% In some cases a failed component, not the complets breaker, was replaced with a spare.

TABLE % 11 - CIRCUIT BREAXERS
VOLTAGE VES. FAILURE BREPAIR URGENCY

0-800 YOLT = 801-15KY Lo 34.5K7-138KV 345KV
Alr Magnetic ALlr Magnetic Bulk 0il Alr Blast &
Statio Electro-mech 5EF-68 (2 presure)
NOBKING ROUND-THE-CLOCK 2 1 1 -0-
22% 25% 11%
RORMAL WORKING HOURS T 14 3 ] 23
T8% 100% 5% 9% 100%
LOW PROIRITY -0~ -0- -0- -0- -0~
TOTAL FAILURES 9 14 4 9 23
100% 100% 100% 100% 100X

* Excludes Molded Case
** Spall Sample Size - less than 8 fallures (or data points)

M XIAN3ddV
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TABLE % 12 - CIBCUIT BREAKERS
POPUGLATION OF CIRCUIT BREAKERS VERSUS
MAINTENANCE QUALITY & HORMAL MAINTENANCE CYCLE

MAINTENANCE, NORMAL CYCLE
x MORE NO

1 H ) ]

) ] 1 1

i 0D - 24 ! THER 24 | PREVENTIV |
MAINTENAR H MONTHS ! MONTHS | WMAINTENAN | TOTAL

QUALITY H POPULATION: UNIT-YEARS !

.............. el R
EXCELLENT H 1198.25 } 383 ) -0- I 1581.25 agx
FAIR H 797.99 | 606.59 | T49.34 i 2153.92 53%
POOR H -0- i -0 H -0- 1 -~ 0x
NONE H -0- } -0- H 382 ' sz %

* The survey requested data for 0-12 month and 12-24 month pericde. Due to the uncertalnty
about which of these two perioda should ba used for entries of 12 montha slnce maintenance,
they wers combined into a single entry of 0-24 monthe.

0-800 Volt 801-15,000 Volt 345 kY
* Alr Blast &
Alr Magnetlc Alr Magnetlic Bulk 01l SF-§ (2 presurs)
Fault Operationa/Year

Average 0.175% 0.3481 0.6945 1.132%
Hinimum 0 0 0.05 0.2
Median 0.05 0.0769 0.75 2
Haxumum 1 1 2 2

Non-Fault Operationa/Year
Average 19.2834 47 . 5357 24.125 30
Minimum 0 0.5 3 10
Median 1.667 5 15 30
Haxumus 100 400 100 50

® Excludes Mclded Caae

LB61-E6F PIS
333l
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To get the non-weighted values for Average Fault {and Non-Fault) Operations per year, sach line entry

was counted as one unit (reguardless of how many circuit braakers were reported in that line). The average
number of operations for each entry line were summed and the result divided by the number of line antriea.
Twenty (20} line sntries would be counted as 20 units, even though each line might represent 5 qircult breakers.
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0-800 Volt 801-15,000 Volt 34.5-138 kY 345 kv
" Air Blast &
Alr Magnetic Alr Hagnetic Bulk 0il S5F-8 (2 presure)
Fault Operations/Year

Average 0.0174 0.5898 0.4877 1.2341
Kinimum 1] 0 0.05 0.2
NHedian 0 1 0.75 2
Maxumus 1 1 2 2

Hon-Fault Operations/Year
Average 5.0832 27.1841 20.0158 35.098
Hinlsum 0 0.5 3 10
Hedian 5 25 20 30
Eaxusua 100 400 100 50

% Excludes Nolded Case

To get the weighted values (weighted by number of circult breakers) for Average Fault, and Non-
the number of operaticns for each sntry line is multiplisd by the
line. The product (number of circuit breakers

divided by the total number of circult breakers reported in that catagory.

Table 13c - OVERALL CIRCUIT BREAKER OPERATIONS DATA (weighted by number of uwnit-yvears)

0-800 Volt 801-15,000 VYolt 34.5-138 kv 345 kv
x Air Blast &
Air Magnetic Alr Magnetic Bulk 0jil1 8F-6 (2 presura)
Fault Operations/Year

Average 0.0T8T 0.4938 0.5375 1.6948
Hinimum 0 0 0.05 0.2
Hedian 0.02 0.5 0.5 2
Maxusus 1 1 2 2

Non-Fault Operations/Year
Average B.3652 35.88 22.439 32.0313
Ninisum 0 0.5 3 10
Hedian 1.88687 5 20 3o
Maxumus 100 400 100 50

* Excludes Molded Case

Fault operations,
nusber of circult breakeras reported in that
times average cperationa) from each line was summed and the result

A XIANIddY

L6t

To get the weightad values (weighted by number of unit-years) for Average Fault, and Non-Fault operations,

the number of operations for each survey line sntry ia multiplied by the number of unit-years (¢ircuit braakera
reported in that line times the number years in service). The product (nuaber of unit-years times average
ope:;:lonu) from each line was summed and the result divided by the total number of unit-vears reported

in t catagory.
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REASONS FOR CONDUCTING A NEW SURVEY oOR
CIRCUIT BRERAKER RELIABILITY

by Circuit breaker Reliability

Working Group

. Heimsing, Coordinating Author

. Rorris, Chairman

. AQuilino L. G. Monaghan

. N. Ball P. 0 Donnell

W. F. Braun A. D, Patton-

The main purpose of this reliability
survey 1e to identify failurs data and
the effect of pertinent factore on
important classes and types of clrocult
breakers, thus providing the designer and
planner the waluable basic information
needed to inetall a relisble and econcmic
industrial or commercial power system.

wie O
X~

Previous IZEX-IAS oircuit breasker
reliabllity surveys of industrial &
commercial installations were published
in 1962 and in 1973/74. The latter has
been included in IEBE Standard NRo. 493-
18380 - "Reocamended Practice for the
Design of Reliable Industrial [ 3
Comaercial Power Systems.” Pertinent
information from the new survey will be
included in future revisions of IEEX
Standard Mo. 493,

Some of the important objectives in
this new survey ars: 1. Obtain failure
mode data, 2. Obtain estimatee of the
nusber of operating oycles per year,
3. Obtain data on static trip devices for
low voltage circuit breakers, 4. Obtain
information on the effect of preventive
saintenance on failure rate, 5. Obtain
bettar iaformation on suspected fallure
responsibility, failure initiating cause,
and failure contributing cause, and 8.
Obtain pertinent inforsation on new
circuit breaker technologies.

33% or more of the failures reported
in the 1973/74 survey did not contain
information on suspected fallure
responsibility, failure initiating ocause,
and failurs contributing cause. It is
hoped that this can be improved upon in
the new aurvey. This is considered
important inforsation when +trying to
improve the -reliability of olrouit
breakers used on industrial & comsercial
power systess. In the 1973/74¢ survey 23%
of the fallures were blamed on the
manufacturer and 23% were blamed on
inadequate wmaintenance and 36X were
unknown. These were the threes largest
causes of failures. Inadequate
saintenance is an area that an industrial
or commercial user can do sosething
about; and any pertinent inforsation on
this subject will be raquestad.

398
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The 1973/74 survey did not collect
inforsation on the estimated number of
operating crcles per ryear. This is
isportant information when trying to
estisate the probability of a cirouit
breaker successfully operating when
conmended to do so. This information will
permit a reliability assessment versus

duty application.

The 1873/74 survey did not collect
low voltage oircuit breaker data on
whether of not a statlc trip device was
used. This information is of interest to
designers of power syestems where there is
much concern about failure rate of solid
state versuas electromechanical trip
davices.

Approximately 30X of the circuit
btreakers in the 1973/T4 survey were over
ten years old. Circuit breakers more than
15 years old may not be typical of what
is being used in the deaign of new power
syetons.

Various classes and types of circuit
breakers in the 1873/74 survey had
significantly different distributions of
the various fajlure wmodes. Updated
information on this subject is of
interest to designers of power systems.

Reliability information on medium
and high voltage circuit breakere using
the newer technologies is of interest to

designers of power systeas. This ircludes
vacuum and SF6-puffer circuit breakers.

Switchgear bus ie not 1included in
this survey. A assparate asurvey was
publiehed on this subject in 1979.
Protective relaye, Zfuses, and switches
are not included in this survey. A survey
in 1978 on these eguipment categories
asked for information that many
industrial and commercial users did not
have readily available; and the survey
was unauccesasful. A limited amount of
information is contairned in the 1873/74
survey on disconnect switchea, relays,
and fuses.

Copyright © 1998 IEEE. All rights reserved.
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CIRCULT BREAKERS

COMPANY BAME AND PLANT:

INDUSTEY TTPE:

PERIOD RRPORTED - FROM: MOWTH TEAR
TO: NONTH YEAR

LOCATTON:

TOTAL POPULATION

# IF THIP INITTATION UMIT IS AN INTEGRAL PART OF THE BREAXER, INCLUDE ANT FAILURE
OF THE TRIP ONIT AS A BREAKER FAILORE.

#% CONSIDER EACH OPEN/CLOSE CYCLE AS ONE (1) QPERATION. INCLODE OPERATIONS
DURING MAINTEMANCE.

CIRCUIT BREAKER
COMPANY NAME AND PLANT:

FATLED OUNIT DATA - Fi1l la One Line for Each Failure

H plelo |efrfo|u|r]y X
&
4 § f
g J 44 £
DTN DN T
& §§$g§§ ‘&8 PATLED
ﬁf\‘:v‘&;’&bﬁ’@ «'}‘\
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CIRCUIT BREAKER RELIABILITY SURVEY
SURVEY CODE

Total Fopulation Form

Clrcuit breaker Type (B)

Alr Magnetic

Vacuus

Bulk 0t}

. Alr Blast

"Puffer" Type SF-8

All SF-8 other then "Puffer~
Other

-lana.pun.-

Noraal Maintenance Cycle (K)
1. 0-12 months
2. 12-24 monthe
3. Over 24 months
4. ¥No preventive maintenance

Maintenance Quality (L)
Your estimate of Preventive
!aintenance Quality:
Excellent
Fair
. Poor
. None

ﬁWNH

Failed Unit Fora

Failure Discovered (B)
1. During Routine Teating/
Maintenance
2. During Wormal Operation
3. Other

Failure Initiating Cause (C)
1.Transient overvoltage - such as
lightaing, ewitchiag surges, or
systan faults.
2. Insulation Breakdown.
3. Mechanical burnout, friction, or
aeizing of moving parts.

4. Mechanical breakdown - such as
cracking, loocsening, abrading,
or deforming of static or
structural parts.

8. Phyeical damage or shorting froa

outside source - such ae

vehicular acoident.

Electrioal fault or salfunction.

Malfunction of protective relay

or tripping device.

Other auxiliary devige

Malfunotion.

Low, or no, auxiliary voltage -

for olrcuite wesuch as air

conprassors, and S5P-8 heaters.

10. Other

®» o -~

Fallure Contributing Cauee (D)
1. Overload - persistent

2. Extreme hear (ambient temperature
if known ____ deg. C)

3. Extreme Cold (ambient temperature
it known ____ deg. C)

4. S8evere weather - such as wind,
raln, seow, or sleet.

5. Abnorsal mpoisture.

8. Aggressive chemicalas.

7. Dust, salt spray, cor other
contaminant exposure,

8. Normal deterioration from age.

9. Lubricant lose, or deficlency.

400
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10.Isproper operating or . test
procedure,

11. Tripping scurce deficient.

12. Lack or preventive maintenance.

13. Other

Suspected fallure Responsibility (E)

Dafactive component

Improper handling/shipping
Poor installation/testing
Inadequate malntenance
Inproper operation

Improper application
Inadequate physical protection
Cutaide agency (such as vehicular
accident)

. Othar

0. Unknown

- T

Fallure Mode (F)

. Failed to close on command

Failed to close and latch

Fajiled to open on command

Cleoses without command

Opens without command

Failed to break current when

opened

. Damaged while successfully

opening

. Damaged while closing

Failed to carry current

. FTault to ground, or phase to

phase (not while opening or
closing)

11. Fault across open contacts (not
while opening or closing)

12. Loes of vacuum {for vacuus
breakers)

13. Other failure requiring remcval
from service within 30 minutes

14. Other failure not requiring
iamediate remcval from service

15. Unknowm

[ -3 @O GO D)

o

Months Since Last Maintenance (@)

1. 0 - 12 months

2. 12 - 24 sonths

3. Over 24 aontha

4. Ro preventive saintenance

Rapair Urgency (H)

1. Working round-the-clock
2. Normal working hours
3. Low priority

Bepair Or Replace (J)

[1]

1. Repaired falled component in
place or sent out for repalr

2. BReplaced failed unit with spare

3. Other

ERKFBEKNCRE
ANSI/IREE Standerd 493-1980, “IEEE

Recommended Practice For Design of
Baliable Industrial and Commercial Fower
Systema” .
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IEEE Transactions on Industry Applications
Jul/Aug. 1990, pp. 741-755
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Reliability Survey of 600 to 1800 kW Diesel and
Gas-Turbine Generating Units

CLAYTON A. SMITH, MICHAEL D. DONOVAN, AsSOCIATE MEMBER, 1EEE, ANp MICHAEL 1. BARTOS

Abstract—In 1988 the US. Army Enginetring and Housing Support
Center (EHSC) sponsored s study of the reliability, availabitity, and
maiwininabllity {RAM) characteristics of diesel and gas-turbine power
sysiems producing less than 2 MW, The study, conducted by ARINC
Research Corporation, included collection and examination of source
data for power systems st commercisl and military facitities opernting
in continmous or siandby service. A dats base of system, subsystem, snd
componesl RAM dsta was esigblished. These data will be useful in the

design of primary and standby power systems for military or commercial
Tacilities.

INTRODUCTION

HE U.S. Army Engineering and Housing Support Center

{EHSC) sponsored a study {7] of the reliability, avail-
ability, and maintainability {RAM) characteristics of small
diesel and gas-turbine power systems. The study, conducted
by ARINC Research, produced a data base of system, sub-
system, and component RAM data for industrial and military
power systems in both continuous and standby service. Ap
updated RAM data base was needed to support the analy-
sis of power systems at command, control, comnwnications,
and intelligence (C*I) installations worldwide. EHSC wanted
higher confidence in the validity of the power-system reli-
ability data used 1o analyze C*] system retiability. Currently
available RAM data were outdated and were not tailored to
EHSC’s specific requirements. Further, these data did not per-
mit identifying component failure rates in alternative prime-
mover designs.

The primary objective was to obtain data reflecting the re-
liability improvements resulting from advances in power-plant
{prime-mover) technology since completion of the last com-
prehensive RAM study more than 15 years earlier. An addi-
tional objective was (o provide data on the major components
that failed in each system, together with data on the reliabil-
ity of the prime mover. The information will be used in the
evaluation of €31 power-generation systems.

The prime movers of interest were diesel and gas-turbine
generators ranging from 600 tw 1800 kW. The diesel-
generator configurations evaluated included both packaged

Paper 1CPSD 89-02, approved by the Power Systems Engineering Com-
mittee of the IEEE Industry Applications Society for presentation at the 1989
Industrial and Commercial Power Systems Annual Technical Conference, De-
trait, Mi, April 29-May 3. Manuscript released for publications January 9,
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IEEE Log Number %015434,
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systems and units with auxiliary support systems. Each of
these types was categorized as standby and continuous duty.
Because most gas-turbine systems in the siz¢ range of interest
are configured as packaged units, the gas-turbine generators
were categorized only by type of duty. Thus six categories
were addressed:

« continuous-duty auxiliary diesels,
« standby auxiliary diesels,
continuous-duty package diesels,
« standby package diesels,
continuous-duty gas turbines,

« standby pas turbines.

METHODOLOGY

The data collection comprised five tagks: 1) review existing
data bases and reports, 2) identify data sources, 3) collect field
data, 4) reduce data and prepare data base, and 5) calculate
RAM statistics. These tasks are described in the following
subsections.

Review Existing Data Bases and Reports

The results of previous and ongoing efforts in the collection
of RAM data were reviewed to determine their applicability to
the selected diesel and gas-turbine categories. Data bases such
as the Government Industry Data Exchange Program (GIDEP)
i1] and the Institute of Nuclear Power Operations (INPO) Nu-
clear Plant Reliability Data System (NPRDS) [5] were investi-
gated, but they were found to contain minimal detail on power
plants in the size ranges addressed by the study. Several man-
ufacturers provided the results of studies on reliability, start-
ing reliability, and unit availability conducted in preparation
for customer presentations or proposals. The RAM measures
from these studies were not included in the data base, because
the objectivity and accuracy of the data could not be validated.

Identify Candidate Data Sources

Three methods were used to identify as candidate data
sources the industrial and military facilities that operated
diese] and gas-turbine power systems in the specified cate-
gories. Equipment manufacturers and distributors were asked
to provide lists of customers having power systems that met the
category definitions. U.S. military and Government agencies
were similarly requested 1o provide names of equipment oper-
ators and sources of maintenance data, In addition, industrial
directories were used to identify facilities representing typi-
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USER SURVEY: DIESEL AND GAS-TURBINE GENERATORS

User/Company;

Address:

Contact:

Telephone: (__}

Date:

Apptication:

Staffing (No. of parsonnel and lities):

Hlems 10 Addrass:

How many units da you have on-site:

What gre thelr ratings?

Ara units standby or in conlinuous use?

1% there a central data bank for maintenance ironmation?

Do you collect maintenance data?

Do you collect operating data?

Do you record attempted and successful starts?
Do you keep logs for scheduled maintenance?
Do you have secords of faiure events?

Have there been a! least five failures 1o the unid?
Do you track administrative and logistic time?
Can these data be sent 1o us for this effort?

Yes No

Can ARINC Research obtain permission 1o review these recoris?

is thera a rmainienance program in use?
If yes, is it the manufacturer's program?
Are spares kept on sie?

Remarks: (Include brief history and line diagram of plant)
Fig. 1.

cal power-system users, such as computer centers, srail util-
ity sites, and cogeneration plants. The candidate data sources
identified through these surveys were listed in a project data
base for sorting and screening during the data collection task,

Collect Data

Potential data sources were screened by means of a struc-
tured telephone survey technique, using the questions shown in
Fig. 1, to identify candidate power plants for data collection,
The objective of this screening was to determine the appli-
cability, availability, and quality of operational, maintenance,
and failure data. Plants were selected from a wide variety
of applications (e.g., electric utilities, cogenerators, hospi-
tals, zirfields, military installations, and computer and com-
munication facilities) 1o represent a range of variables such
as manufacturer, plant usage, age, environment, and mainte-
nance practices. Where possible, plants with at least ten years
of operation and maintenance history were selected.

Selected power-plant operators with formal data collection
systems were requested to mail facility descriptions and his-
torical records of their operation and maintenance logs.
Follow-up technical questions to clarify data interpretation
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User Code:

User survey form.

were directed, via telephone conversations, to senior facility
personnel.

The problem most frequently encountered in obtaining data
from participating facilitics was the level of effort required
by the plant staff to assemble and reproduce the necessary
records. To ensure the acquisition of representative data, site
visits were made to facilities that could not respond to the
mailing requests. Technical personnel experienced in plant op-
eration and maintenance conducted these visits. In addition to
records collection, visits typically inciuded structured inter-
views with senior operations and maintenance persomnel to
obtain additional insights into failure events and maintenance
tasks.

Twenty-two plants participated in the study, providing data
on 71 power systems. The data represented 708 unit-years of
opetating experience, and all plants provided data for periods
of 3 years or longer.

Develop Data Base

The source data on maintenance and failure events were ar-
ranged in a consistent record format for computer entry and
validation. Data reduction was perforraed by examining events

Copyright © 1998 IEEE. All rights reserved.
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TABLE 1
RAM Statsncs
RAM Mcasures Formuia Based on Perinsd Hours Formula Based on Operating Hours
Failure Rate (FR) No. of Failyres _No. of Fallures .y 4 760
(Faileres per year) Period Hours X 8.260 Operating Hours &
Mean Tune Between Failures (MTBF) Perind Hours Operaing Hours
(Hours) No. of Failures No. of Failures
Mecan Time To Repaif (MTTR) Total Repair Time Toual Repair Hours
{Hours) Na. of Failures No. of Failures
Mean Time Between Planned Ouiages Period Hours Operating Hours

(MTBPO) (Hours) No. of Paanned Outages No. of Planned Outages

Mean Time To Maintain (MTTM) Pianned Qulage Houry Planned Owmage Hours

(Hours) No. of Planned Outages No. of Ptanned Outages

Mean Time Beiween Outages Penod Houes Operating Hours

(MTBO) (Hours) No. of Dulages No. of Outages

Mean Downtime (MDT) Repair Hours + Planned Outage Hours Repair Hours + Planned Untage Hours
(Hours) No. of Oulages No. of Outages

Mean Time Between Comrective ) i

Maintenance (MTBCM) (Hours) No. of CMs No. of CMs

Mecan Time To Pecform Corrective
Maintenance (MTTCM) (Hours)

Avaitability, Operationst {AO)

No. of CMs

Corrective Mainienance Hours

Period Hours - Repair Time - Planned Outage Houcs

Corrective Maintenance Hours
No. of CMs

Opecating Hours

Period Hours Operating Hours + Repair Hours + Planned Outage Hours
Arailabiiy. Tnheren (AT rered "li’c;uri'r‘d_lll‘oursh R Opemtin::ﬁour; 11‘:!1“;:& Hours
Redinbility for 24 hours (R24) £-24/MTBF &-24/MTBE
Reliability for 720 hours (R720) c-720'MTB¥F e-T20/MTBF

in the operating and maintenance records to identify the sub-
system and component, the type of outage, the impact of the
failure, 2nd the action required to compiete the maintenance.
This information was coded according to the equipment,
failure-impact, outage-type, and action codes listed in Ap-
pendix 1.

Summary descriptions of each maintenance event were also
prepared to provide insight into failure modes. Operating data
for each unit—such as period hours, operating hours, starts,
and start failures— were extracted from operating logs.

The event records produced by the data-reduction pro-
cess were entered into a microcomputer data base, The data
base architecture, developed with a commercially availabie
data base management system, included features for auto-
mated checking for data-entry errors or inconsistencies. Fol-
lowing data entry, samples of records were randomly selected
for validation against the raw data, ensuring consistency in
application of the evemt coding scheme during data reduction.

Calculate RAM Statistics

The maintenance-event and operational data and the formu-
1as shown in Table 1 were used to calculate RAM statistics for
cach of the six categories of power systems. The terms used
in the formulas are defined in Table 11.

Copyright @ 1998 |EEE. All rights reserved.

RAM statistics were also calculated for subsystems and
components in each category on the basis of both period
hours and unit operating houts. Subsystem and component
measures included failure rate (FR), mean time between fail-
ures (MTBF), mean time between corrective maintenance
{MTBCM), mean time to perform corrective maintenance
(MTTCM), and operational availability (AO).

The RAM statistics are intended for use by EHSC for a
variety of analyses, evalustions, and planning studies for C°I
facility support systems. To meet the requirements of these
applications, the RAM statistics were calculated using both
period hours (i.e., calendar time) and operating hours.

REsuLTs

The data base developed comtains more than 6000 main-
tenance events, representing 708 unit-years and nearly one
mitlion operating hours. Data from units within each of the
six categories were combined, becanse units within the same
category are of similar technology and utilization. The unit-
level RAM statistics for the six major categories from this
data base are compiled in Tables III and IV. Data for subsys-
tems and components within these categories are presented in

Appendix II.
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TABLE il
Dermrrions of Terms

Concurrent Maintenance Event (CC)
Corrective Maintenance Event (CM)
Corrective Maintenance Time
Failure

Maintenance action 1aken while unil is already in an cutage
An evenl in which some equipment had Lo be repaired (outage-causing or not)
Time, in hours, required (o complete a TM

An unexpected event Lhat resulis in the interruption of electrical power at the generaior ouiput lerminals

Forced-Outage Evemt (FO) Failure

Noncuirtailing Event {(NC) Maintenance action taken while the ynit is available to produce power

Operating Hours Mumber of hours the unit is producing power

Outage Event Any interruption of electrical power at 1the generator output terminals

Perwd Hours (PH) Number of calendar hours in a year (8,760)

Ptanned Ouiage Event (PO) Outage wken for any scheduled reason (¢.g.. inspections. overhauls, cleaning)

Planned Outage Time Time, in hours. taken to complete any planned outage event

Repsir Time Time, in hours, required to repair any faiture

Unil- Years Calendar hours in a year (8,760) multiplied by the number of units

TABLE III
Comrostie RAM Stamistics Basen on PEriop Hours
RAM Measures Diesel Auxiliary Diesel Package Gas Turbine
Continuous Standby Continuous Standby Continuous Standby
Number of Units 7 5 L 15 15 20
Period Hours 674,520 1,357,800 B14.776 1,068,394 133,888 1,951,224
Number of Events 1,702 1,408 1,535 498 509 k1t
Unit Failures 302 158 408 18 i74 0
Unit Qutages (Planned and Forced) 1311 615 959 365 385 218
Number of Corrective Maintenance Events 409 630 812 241 253 102
Failure Rate (Failures per Unit-Year) 39 1.2 43 09 45 0.3
MTBF (Hours) 2205 6.857.4 L9970 9.053.8 1.918.8 27.874.6
MTTR (Hours) 9 28 6.4 19 72 116
MTBPO (Hours) 668.5 3,256.1 1.478.7 4.326.2 1.582.4 9.380.8
MTTM (Hours) 13 38 12.5 78 211 10.6
MTBO (Hours) 5145 22078 2496 29217 867.2 7.0188
MDT {Hours) 1.7 35 99 6.5 148 36.1
MTBCM (Houns) 1,699.1 2,155.2 9213 4.897.5 1.319.7 19.1296
MTTCM (Hours) 28 .9 43 29 5.7 N4
Al 0.9985 0.9995 0.9967 0.9995 0.9962 0.9959
AO 0.9965 0.9984 0.9882 09977 09528 0.9948
R24 0.9892 0,9965 0.9880 09973 0,9875 0.9991
R720 0.7244 0.9003 0.6973 09215 0.6871 0.9745
Observations events, including a main bearing failyre (200 h), a reduction-

The objective of the study was to compile & data base for
use in the evalnation of power systems in C1 facilities; thus no
detailed analysis of the dats was performed. However, some
observations can be made from examination of the calculation
results.

Table IT1 indicates that, on the basis of period hours, units in
the continuous-duty categories have similar failure rates. The
period-besed failure rates for the standby categories are much
lower, because the low utilization of umits in this category
provides fewer opportunities for failures to occur. i

The gas turbines exhibit the lowest failure rates of units
in standby service. However, this is negated by long repair
times. The raw data show that the large repair-time value
is attributable to a relatively amall number of long-duration
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gear failure (350 h), seven broker starter shafts (150 h each),
and two events in which the turbine had to be sent back to
the manufacturer (3000 h each). The starter-shaft problem
was an initial design problem and has not occurred since the
implementation of a design change to the part.

For the continuous-duty diesels with auxiliary systems, the
failure ratc based on operating hours, shown in Table IV, is
significantly higher than that of the other categories in continu-
ous service. This difference is attributable to the relatively low
utilization of these dicsels at the plants reporting in this cate-
gory. These units were classified as continuous because they
were scheduled for operation on a regular basis. However,
most of them were operated in a cycling mode and operated
only for several hours cach day. The high failure rate results

Copyright © 1998 IEEE. All rights reserved.
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TABLE IV
Courotitt RAM STaTTcs Bamem on OesmaTivg Houms
Diesel Auxiliaty Diesel Package Gas Turbine
RAM Measures
Contingous Standby Contlinugus Standby Continuous Standby
Number of Units 7 ] 9 15 15 0
Operating Hours BO,t74 323,242 300.698 64,364 204,037 13.5¢1
Number of Events 1702 1,408 1.535 493 509 319
Unit Faitures 32 198 408 118 I 70
Unit Qutages (Planned and Forced) 1311 615 959 365 385 78
Number of Corrective Maintenance Events 409 630 8n 243 253 102
Failure Rate (Failures per Unit-Year) 329 53 118 16.0 74 45.1
MTBF (Hours) 264.4 1.632.5 737.0 545.4 L1726 194.1
MTTR (Hours) 29 2.8 64 19 7.2 116
MTBPO (Hours) 7.4 775.1 545.7 260.5 967.0 65.3
MTTM (Hours) 1.3 18 12.5 7.8 211 10.6
MTBO (Hours) 611 525.5 k]EX 176.3 520.9 483
MDT (Hours) 17 15 99 6.5 148 36.1
MTBCM (Hours) 196.0 513.0 3448 648 2064 133.2
MTTCM (Hours) 28 29 43 28 57 774
Al : 0.9889 N/A 09912 N/A 0.9938 N/A
AQ 09713 N/A 0.9682 NiA 0.97%0 N/A
R24 09122 0.9854 0.9680 0.9569 0.9797 0.8837
R720 0.0657 0.6434 0.376% 0.2671 0.5412 00245
from dividing the large number of failures induced in this TABLE V
type of operation by the relatively small number of operating Acniow, Fanurs-Iuract, anp Outace-Tyrs Copes
hours.
Similarly, for the gas turbines in standby service, the high Action Codes
failure rate based on operating hours can be attributed to the EL- - ‘E.'““‘d
- i s . . — Fixed 1.cak
relatively low utilization of these units. Most of the units in IN — Inspection
this category are used as emergency power supplies in com- le - lﬁlodﬂt‘!liogl!u .
puter or communications facilities. They are typically tested 03 - ofem:’," ¢
on a weekly or monthly basis and run for less than 1 h, with PM — Pr:ver::;e Maintenance
failures most likely 1o occur during the start sequence. On the T R e
basis of this limited operating time, the failure rate is high. TS — Tested
The subsystem and component data presented in Appendix Failure Impact
I provide information on the causes of unit failures and un- 0 — NoFailure
availability. For example, problems with the standby gas tur- ; - ';:::::: :"";!3 ?ﬂlr the Cﬂmmm
bines teside mostly in the starting system, particularly the 3 — Failure Affected Component. Subqnem.md Unit
battery. The fuel system, the generator, and the controls add Outage Type
1o the ovenall failure rate. It is alsg of interest that much of CC - Concurrent Maintenance
the unavailability is due to inspection and cleaning actions, lF_ts) - ;oriced ?“;:en
. ) + g - anyure to
even though these sctions do not cm'lnbute m? the overall ‘ful- NC — Noncurtsiling Maintenance
ure rate. For the continaous-duty auxiliary dicsels, the failure PO - Planned Oucage

rate is doe largely to the engine itself, specifically the cylin-
der heads and the crankcase. Tracking these same components
through all of the diesel categories shows them to have con-
sistently the highest failure rate.

SUMMARY

Information collected through this study is useful in the de-
sign asscssment of prisnary and standby power systema for
military or commercial facilities. The unit-level RAM statis-
tics for the six categoties provide & baseline for comparison
of RAM measures for a specific plant against a representa-
tive population similar in configuration and type of service.
The subsystem and component data, in conjunction with ap-
propriate modeling tools, provide a means for forecasting the
availability performance of specific plamt designs. Since the
data base includes all componEnl maintenance events rather

Caopyright © 1998 |EEE. All rights reservad.

than just outage failures, it provides information that will be
usefu! in maintenance and logistic plaaning for power systems.
Aregnpix 1
Cobes
Failure-impact, outage-type, and the action codes are listed
in Table V.
Areerpix 1l
SumsysTEM AND ComponNeNT Data

Tables VI-XI reflect the RAM statistics based on equip-
mem failure maintenance events for the units within the six
categorics. Components or subsystems that do not appear in
a table did not experience any failure or mainienance events.
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TABLE ¥l
SussysTem anp Component RAM Measunes For Conminuous-DuTy Auxitiary
DvEsELS
Period Hours . Operating Hours

Equipment Failures MTBF  MTBCM  MTTCM Operational  Failures MTBE  MTBCM  MTTCM
per Year  (Hours) (Hours) {Hours) Availability per Year (Hours) (Hours) {Hours)
CONTROL & INSTRUMENTATION (DS-CTI) 0.08 112420.0 11242010 1.7 1.0000 0.66 133623 13362. 1)
CIRCUIT BREAKERS (DS«CTIOI[' 005 168630.0 168630.0 1.5 1.0000 0.44 200435 2333% L5
FLECTRICAL MODULE (DS 02) 0.01 6745200 67452000 1.0 1.000G 0.11 80174.0 30174.0 k.0
SWITCHES (DS-CTIO&) 0.01 674520.0 674520.0 g 1.0000 0.1 801740 BO174.0 30
COOLING WATER SYSTEM (D5-C Q.13 6714520 44968.0 1.7 10000 1.09 80174 53449 1.7
(:00Llh!(‘- WATER PUMP (D5~ 2) 0.00 10 6745200 0.5 1.0006 0.00 0.0 aN174.0 ns
I:NGINT: COOLING (DS-CWT02) 0.0§ 6745200 6745200 a.( 10000 .11 BOIT4.0) 30174.0 40
THERMOSTAT (DS-CWTD5) 0.00 00 6745200 10 10000 0.00 0.0 $0174.0 1.0
VAIVES (DS-CWTD7) 0.0 6745200 1372600 08 1.0000 0.11 BOI740 40087.0 0.8
WATER LINE (DS-CWTD9) 0.06 134904.0 96360.0 0.9 1.0000 055 16034 .8 11453.4 ny
HEAT EXCHANGER (DS-CWTI10) 0.03 13726060  137260.C 5.0 1.0000 0.22 40087.0 40087.0 50
WATER HEADER {DS-CWT12) 0.01 6745200  674520.0 20 1.0000 011 801740 B0174.0 20
WATER MANIFOLD (DS- 13) 0.00 [HH1] 0.0 0.0 1.0000 G6.00 0.0 0.0 0
DIESEL ENGINE {(DS-ENG) 225 38990 31228 36 09984 18.90 4634 in.az 16
BEARINGS (DS-ENGO1) 008 112420.0 TAHE.T 29 0.9999 0.66 13362.3 %908.2 29
CYLINDER (D)S-ENGOZ) 0.32 26980 3 20440.1 20 0.9999 273 32070 24295 20
CYLINDER HEADS SwF.NGDJ) 0.99 B85} 82259 4.0 0.999% 8.3 10549 917.7 40
DRIVE SHAFT DS— NGO4) 0.00 0.0 [LA)] 0.0 1.0008 0.00 0.0 0.0 00
PISTONS DSv 6 0.26 337260 281050 4.7 0.9998 219 4008.7 3340.6 47
TURBO CHARGER (DS-ENGU07) 0.01 6745200 337260.0 40 1.0000 0.11 80174.0 40087.0 40
VALVYES (DS-ENGO8) 0.03 3372600 2248400 20 1.0000 0.22 40087.0 26724.7 29
RINGS (DS-ENGD9) 0.31 281050 18230.) 35 0.9996 162 3340.6 2166.9 s
TIMING (DS- EN(.-L[g 6.05 1686300 1349040 L0 0.9998 044 20043.5 16034.8 14
INTAKE MANIFOLD (DS-ENG11) 6.08 1124200 1124204 32 1.0000 0.66 133623 133623 32
CRANKCASE (DS-ENG12) o 6745200 224840.0 15.0 01.9999 011 801740 267247 15.0
RODS (DS-ENG 14} o0l 6745200 224340.) N 10003 11 801740 267247 37
CAM (DS-ENG15) 008 1124200 96360.) 10 0.9999 0.66 13362.3 11453 4 Pl
CHAIN DRIVE (DS-ENGIT}) 0.01 6745200 3372609 10 1.0000 .1t B0174.0 400870 1.0
TAPPET (DS-ENGIB) 0.00 00 0.0 0.0 1.0000 0.00 0o 0.0 0.0
EXHAUST SYSTEM (DS-EXH 0.04 224840 0 96360.0 2.1 09997 013 267247 114534 2.1
EXHAUST SYSTEM (DS-EXH) 0.00 10 o0 0.0 1.0000 0.00 00 0. (H1}
EXPANSION JOINTS (DS-EXH03) 0.00 0.0 337260.0 4.0 10000 0.00 0.0 40087.0 40
PORTS (D&EXHD.’)& 0.01 6745200 §74520.0 05 09997 0.11 801740 BOIM40 os
EXHAUST MANIFOLD (DS-EXHO06) 0.03 3372600 337260.0 0.5 1.0000 0.22 40087 .0 400870 ns
EXHAUST VALVE (DS-EXHOT) 0.00 00 6745200 10 1.0000 0.00 0 BOI1240 1.0
MUFFLER (DS-EXH10} 0.00 090 6745200 4.0 1.0000 0.00 00 BUL74.0 40
FUEL. SYSTEM (DS-FLS 0.9t 9636.0 8225 21 0.998% 165 1545.3 977.7 2.1
DEAERATOR TANK (DS-FLS02) 0.00 00 6745200 140 1.0000 0.00 0.0 80174.0 L]
FUEL FILTER (D5-FLS03 0.00 00 3372600 1.0 1.0000 0.00 00 40087.0 1.0
GOVERNOR (DS-FLS04) 0.12 74946.7 674521} 32 0.9997 0.98 8908.2 80174 12
PUMPS (DS 0.35 24982.2 217587 1.8 0.999% 295 2969.4 25863 1.8
VALVES (DS- 7} 4.01 6745200 674520100 1.5 1.0000 6.1 30174.0 801740 1.5
INJECTOR {DS-TLS(S .21 421575 396716 3 0.99%4 175 5010.9 47161 2.5
FUEL LINE {D5- H 0.22 196776 313 1.3 10000 1.86 4716.1 4454.1 1.8
FUEL OIL REGULATOR (DS-FLSI10} 0.00 00 33726040 20 1.0000 0.00 00 40087.0 0
GENERATOR (DS-GNR) 0.09 96360.0 T4946.7 22 0.9999 0.76 11453.4 8908.2 22
GENERATOR (D5-GNR) 0.00 0.0 0.0 0.0 10000 0.00 0.0 00 0.0
BEARINGS (DS-GNRO1) 0.00 G.0 0.0 0.0 1.0000 0.00 0.0 00 00
FIELD {DS-GNROS5) 005 1686300 112420.0 1.8 1.0000 044 20043.5 13362.3 18
FLYW EELJDS -GNR G} 0.04 224340.0 224840.0 30 1.0000 0.33 6724.7 267243 30
INSULATION (DS-GNRIL1) 000 00 0.0 00 1.0000 0.00 0.0 0.0 0.0
COLLECTOR RINGS (DS-GNR12) o 0.0 0.0 00 +.0000 0.00 00 0.0 0.0
LUBE OIL/HYDRAULIC SYSTEM (DS-LB())  0.2% 355011 19272.0 23 0.9994 208 8.y 22507 25
LUBE QOLL/HYDRAULIC SYSTEM (DS-LBO) 0.00 0.0 00 9.0 1.0000 ¢.00 0.0 00 00
COOLER (DS-LB0OOZ) 0.16 562100 56210.0 33 0.9999 531 6681.2 66812 18
FILTER {BS-1.RO04) 0.00 0 74946 7 0.4 1.0000 000 0.0 8908.2 1% ]
PIPING (LS-LBOOG) 0.01 6745200 3372600 20 1.0600 0.11 80174.0 40087.0 20
STRAINER (DS-LBOID) 0.01 5745200 134904.0 1.4 1.0000 otl 301740 16034 8 I.4
LUBRICATOR (DS-LBON2) 0.06 134904.0 96350.0 33 1.0000 0.55 604.8 114534 33
STARTING SYSTEM (DS 5TS) 0.18 481800 17295.4 16 0.9999 1.53 571267 2055.7 1.6
AlIR FILTER (DS-STSM ! 0.00 00 2580.8 14 1.0000 0.00 [} 32070 1.4
AIR CYLINDER (DS- 5) 0.00 0.0 00 00 1.0000 0.00 0o 00 0
STARTING AIR ELBOW (DS—SI'S!I) 0.13 67452.0 674520 12 1.0000 1.09 BOIT7 4 3017.4 22
AIR LINE (DS-STS07) 003 3372600 33726040 19 1.000C 0.22 400870 40087.0 LN
VALVES (DS-STS08 003 3372600 33726000 5 1.0000 0.22 40087.0 40087.0 25
GOVERNOR BOO! R {DS-5T$1Y) 0.00 0.0 0.0 00 1.0000 0.00 00 0.0 00
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TABLE Y1l
Susavstem AND ComronenT RAM Muasunes rox STasatry Auxiusny Dmssrs

Period Hours Operating Hown

Equipment Failuresk MTBF MTBCM  MTTCM Operational  Fail MTBF MTBCM  MTTCM
per Year (Hours)  (Howrs)  (Hours) Availebilicy per‘?::r (Hours)  (Hours) (Hours)

CONTROL & INSTRUMENTATION (DS-CTT)  0.01  678900.0  4526(0.0 1.7 1.0000 0.05 1616210 1077473 1.7
CIRSgEI']s' BREAKERS (DS-CTFI0I) g.g} :g;;n‘%g :g;mo.g %g :muo 0. ﬂg 32_1%‘%0 353242.0 20
gDs.{'ﬂm . . 18900, . 0000 04 IO 1616210 1.5
SWITCHES (DS-CTI04) 0.00 00 00 0.0 1.000G 0.00 00 0.0 no
COQLING WATER SYSTEM (DS-CWT) 0.05 1939714 135780.0 1.8 1.0000 019 46177.4 323242 1.8
AIR COOLER (_‘l_)ES—C WTU1) 001 13578000 1357801 0 1.0 1.0000 003 3231420 3232420 10
COOLING WATER PUMP (DS-CWT02) 001 6789000  271560.0 18 1.0000 005  161621.0 546484 1.8
COOLING TOWERS & 001 13578000 1357800, 0 20 1.0000 003 302420 323242 ﬂ 2.0
HEAT EXCHANGER (DS-CWTI10) 0.02 4526000  452600. 18 1.0000 0.0 7413 1077473 1.8
DIESEL ENGINE DS—ENG 0.64 13715.2 4417.3 38 4.9988 268 3J65.1 1056.3 a8
DIESEL NGIN &?G-E 0.0 1357'8(!].0 135'1'&1].0 00 0.9998 003 323420 .123241 0 00
BEARING. 0.10 84862.5 35794, 2.4 1.0000 043 0202.6 24
CYLINDER ENGO2 0.05 193971 4 150866, 7 2.8 1.0000 019 461774 339[5 8 28
CYLINDER HEADS ENG03) 0.12 11463.2 5222.1 34 0.9999 0.51 17012.7 12432.4 4
PISTONS ENi 0.19 45260.0 9236.7 44 0.9992 0.8} 107747 21989 44
VALVES ENGO# 001 135780090 2‘“560.0 2.3 1.0000 0.03 3232420 64648 4 25
RINGS ENG09) 0.15 590348 16972.5 16 0.9999 0.62 9 16
INTAKE MANIFOLD (D§-ENG11) 001 13578000 1357R000 20 1.0000 0.03 332420 32324820 20
CRANKC. ASﬁéDS-EN 12) 0.00 00 13878000 4.0 1,0000 0.0 00 32220 4.0
CAM (DS-ENG1S) 001 1357000 135TEO0.0 8.0 1.0000 0.03 3232420 3212420 8.0
EXHAUST SYSTEM (DS—EXH 0403 3394500 T9E10.6 19 0.9999 0.11 B80810.5 19014 Z 19
EXHAUST SYSTEM ;‘ 0.00 00 0.0 00 1.0000 0.00 0.0 [PA]
EXHAUST MA.N!FOLD 5-E Hﬂﬁ) 0.00 0.0 1357800.0 20 1.0000 0.00 0.0 3?3242 0 2.0
EXHAUST VALVE 0.02 52600.0 90520.0 19 1.0000 008  107747.3 21549.5 1.9
HEADER (DS-| /] 0.00 0.0 0.0 00 1.0000 0.00 0.0 0.0 040
MUFFLER (DS-EXHI10) 0.61 1357800.0  1357800.0 1.5 1.0000 003 3232420 3232420 1.5
FUEL SYSTEM (DS_FLIEBS 0.41 218524 7339.5 23 0.9998 L1 5130.8 17473 27
FUEL SYSTEM (D5~ ) 0.00 0.0 0.0 00 1.000G 0.00 0.0 0.0 0.0
FUEL FILTER 0.02  452600.0 215524 11 1.0000 0.08 1077 7.3 5130.8 1.1
GOVERNOR F‘LS)‘) 005 1939714 16972350 30 1.0000 0.19 177. 40405.2 30
PUMPS (DS-| } 1357800  113150.0 22 1.0000 0.27 32324 2 26936.8 22
INJE! R (DS-FL508 0.25 357316 139979 7 0.9999 1.03 85064 313324 37
FUEL LINE (é) ‘(8 003 2715600 2715600 2.6 1.0000 Gid 546484 .4 256
FUEL OIL REGULATOR (DS-FLS10) 0.00 [iX:] 00 1,0000 0.00 [:11] 0.0 00
GENERATOR (&)S—GNR 006 1357800 1234364 23 1,0000 .27 323242 29385.6 23
" GENERATO 0.00 0.0 0.0 0.0 1.0000 0.00 0.0 0D 0.0
BEARINGS NRDl) 002 4526000 3394500 22 §.0000 008 1077473 10.5 2.2
FIELD (D 004 2263000  226300.0 2.2 1.0000 0.16 538737 53873.7 2.2
COLLE('I"OR RlN 5 (DS-GNR12) 00t 13578000 13578000 0 1.0000 003 3232420 32420 kL)
LUBE O1L/HYDRAULIC SYSTEM (D5-LBO) 006 135700 64657.1 1.2 14.9999 0.27 325242 153925 1.2
LUBE OIUHYDRAUUC SYSTEM (DS-LBO) 0.00 00 040 0.0 L0000 0.00 0.0 0.0 00
COOQLER 0.0g 0.0 04 040 1.0000 000 0.0 0.0 00
FILTER 001 13578000 1131500 09 1.0000 003 3232420 26936.8 0.9
PUMP 1.300 005 1939704 1939714 16 1.0000 0.1% 6177.4 4617714 1.6
01 1357800.0  1357800.0 20 1.0000 0.3 31_1212 0 3232420 2.0
Sl'RAlNER Olﬂ 0.0 0.0 0.0 0.0 1.0000 0.00 0.0 (it}
OIL SWITCH (DS-LBO14) 001 1357900 13578000 1.0 1.0000 0.03 323241 0 3232420 19
STARTING SYSTEM STS) 002 4526000 17407.7 10 1,0000 008 107747] 4]44.1 1.0
AIR FILTER (DS ) ] 0.0 181040 1.0 1.0000 .00 0.0 AX9.9 10
VALVES (DS-5STS08) 0.02 4526000  452600.0 Ly 1.0000 008 1077413 1071413 1.7
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TABLE VIl
SumsysTam anp Comronent RAM Measukes ror Conmivuous-Dury Package
DreseLs
Pericd Hours Operating Hours
Equipment Failures  MTBF MTBCM MTTCM Operational  Failures MTBF MTBCM MTTCM

per Year (Hours) (Hours)  (Hours) Awailability per Year

(Hours)  (Hours) (Hours)

BALANCE OF PLANT BOP, 002 4073880 2715920 0.3 £.0000 0.06
BALANCE OF 8&- I? 0.00 0.0 0.0 0.0 £.0000 0.00
('OMSB_USTI(}N OAS MONITORING 001  BMTIED  B14776.0 0.0 1.0000 0.03

%I;Eésg)s-aom 0.00 0.0 814776.0 10 1.0009 0.00
FIRE SU ON/DETECTION 001 8147760  B14T76.D 00 £.0000 0.03
(DI5-BOPO3)

CONTROL & INSTRUMENTATION ) 012 74070.5 28095.7 3.0 0.9999 0.32
CONTROL & INSTRUMENTATIO! 0.00 00 4073880 L5 1.0000 0.00
('lgCUlT JREAKERS (DS—CT.IUI‘ 0.00 00 8147760 1.0 1.0000 0.00

ELECTRIC AL MOD! 2) 004 203694.0 162955.2 4.5 1.0000 012
GAUGES 004 203694.0 479280 1.2 1.0000 .12
SWITCH ) 001  8l47760 4073880 5.7 1.0000 0.03
WIRING ) 002 4073880 4073880 140 1.0000 0.06

COOLING WATER SYSTEM 043 20369.4 10720.7 L6 1.9998 1.17
COOLING WATER SYSTEM Q01 8147760  BI4T6D i6 1.0000 0.03
COOLING WATER PUMP 2) 0.13 67898.0 370253 2.2 0.9999 0.35
ENGINE COOLING ) 0.22 40738.8 23964.0 1.2 0.9999 0.58
THERMOSTAT & 0401 814776.0 162955.2 L3 1.0000 0.93

TURBO CHARGER COOLING (DS-CWT06) 0.00 04 214776.0 20 1.6000 0.00
VALVES 001 8147760 4073880 1.5 1.0009 0.03
C TOWERS ) 001 814776.0 4072880 i0 1.0000 0.03
WATER LINE 002  407388.0 135796.0 2.1 §.0000 .06
HEAT EXi 5-CWTI0) 001 BI4T6.0 8147760 10 1.0000 0.03
WATER H'EADE.R 12} 0.00 0.0 814776.0 20 +.0000 0.00
WATER MANTF i3 0.01 8147760 814760 10 10000 0.03

DIESEL ENGINENg)S—ENG 191 45774 3406.1 8.5 0.992 519
DIESEL ENGI QS—E G) 0.04 L] 135796.0 9.7 0.9950 0.12
BEARINGS ENGO1L 009 1018470 B1477.6 8.9 0.9999 0.23
CYLINDER ENGOZ 0.3 1 19399 .4 41 0.9999 0.82
CYLINDER ENGO3) 0 11316.3 104458  10.7 0.9968 210
DRIVE SHAFT E)G— 002 4073880 2715510 300 0.9999 0.06
PISTONS GO6 0.22 40738.8 325910 29 0.9999 0.58
TURBD GER (DS-ENGO7) 0.14 62675.1 384250 36 0.9995 0.38
VALVES ) 002 4073880 2035940 38 1.0000 0.06

004 2036940 B1477.6 83 1.0000 0.12

TIMING l i 0.00 0.0 0.0 0.0 1.0000 0.00
INTAKE ('DS—ENG 1) 008 162955.2 135796.0 99 0.9999 0.15
CRANKCME 0.10 .7 90330.7 5.6 0.9998 0.26
002 4073880 4073880 215 0.9999 0.06

008 11 6 581983 141 0.9998 0.20

S ENGi’J') 001 8147760 4073880 210 1.0000 0.01

D01 Bl47760 162958.2 9.7 1.0000 0.03

EXHAUST SYSTEM (DS-EXH! 0.12 T4070.5 407318.8 5.2 0.9997 0.32
EXHAUST SYSTEM 001  814776.0 4071880 50 0.9998 0.03
EXHAUST 1) 0.00 0.0 814776.0 20 1.0000 0.00
EXPANSION JOINTS EXFNY 001  §i14776.0 2036940 19 1.0000 0.03
EXHAUST M g)S—E ) 006 1357960 1163966 9.2 6.9999 0.17

UST VALVE XHOT) 003  271592.0 135796.0 28 1.0000 0.09

UFFLER (DS- 10) 0 1. 0.0 1.0000 0.00

150349.0  100232.7 9.3
0.0 0o
3006980 3006980 Do
0.0  300698.0 190
3006980 oo

27336.2 10368.9 30
00 150349.0 L5

- 00 300698.0 10
75174.5 60139.6 45
751745 17688.1 1.2
006980  150349.0 5.7
1503490  150349.0 140

300698.0  300698.0
15048.2 13668.1
150249 48441

300698.0 601396

0.0 300693.

300698.0 1503490

ot o b et il il
EEERE TR Y

i689.3 1258.2 &5
5145 S0116.3 9.
37587.2 3 89
10739.2 71595 4

4176.4 3855.1 10.7

1503490  100232.7 no
15034.9 1X21.9 29
23130.6 13073.8 36

150349.0 T5174.5 38
T15174.5 .8 83

0.0 00 0.0
60139.6 50116.3 929
34109 334109 156
504940 i 21.5

425569 21478.4 14.1

J00698.0 1503490 210

30698.0 97

27336.2 150349 5.2

30698.0 1503490 30
00 Py

.0 25174.5 29
501163 42936, 9.2
100232.7 50116.3 28
o an
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TABLE VIII {Contimsed)

Period Hours Operating Hours

Equipment Fadures MTBF  MTBCM M Opermtional  Failures MTBF  MTBCM  MTIUM
per Year (Houn)  (Hours) r!ioun) Awilability per Year (Hours)  (Howrr) {Hours)

FUEL SYSTEM (D5-FLS 119 73403 33668 33 09992 1 Y 1242 '
FUE.L S\’SKTEM FL? gg= g::’l’n'?gg sum.g }0 :% ggg mzm?.g ? g ?ISJ
FLSO i ! 203694 5 10000 03 3006980 751745 .
Fuu. FIL 002 4073880 127309 {3 10000 006  150349.0 4 02
mu"%m s 03 sy w3 13 M@y bn iEms  aeid 33
006 135960 1018470 21 10000 017 sDIl6) 375872 gi
nus(-m ms—n;& 040 220110 433370 &0 09998 108 “sI2Ng 29.5 60
FUEL LINE (DS- 018 479280 0640 Y] 0.999 050 (768R.)  BA4dt 21
GEARBOX (DS-GBX 00! BM760  BMTISD  1za 10000 03 3006940 300698
Gmnof?(os-oﬂ)x) 001 82147760 814760 120 1.0000 gios m’B mﬁ.’ 32
GENERATOR 0® I, 1 9909
GENERATD N&m—oﬁr) &mo gt 2336'3543 mﬂz: :éé [tf.'m §Z§ Noes e 159
m-:m D03 2713920 2036540 10 L0000 0.09 mwg:g s1793 b7
é ms-c?nnm) 001 Bl4776.0 2MML0 18 10000 003 06980 1002923 1
LUBE OIL/HYDRAULIC SYSTEM (DS-LBO) 030  29099.; 15807 20 09997 082 107392 20595 20
LUBE OIL/HYDRAULIC SYSTEM 000 00 MaATHEO 40 10000 0.00 00 3006960 40
HEATER LBOOI 0.00 0.0 00 0O 1.0000 0.00 0.8 0.0 0.0
R {DS-LBOO2 001 SUTI6D B0 M2 099 003 3006980 3006980 M2
COOLER FAN ) 001 8147760 847760 0 10000 003 0 006980 Y]
FILTER (DS-| ) 0.02 B7810 12 10000 006 1503450 323313 1.2
PUMP (DS-LBO0S) 0i2 005 428829 7 0.9999 032 273362 158262 17
%‘Pu’i“ L5000 7 ST St A T T - . Sl T et SR +
Eg:s-ud’m 002 4073880 1357960 L5 10000 006 150390 301163 LS
LBO0 002 &30 NWMO 12 1.0000 006 1503498 751745 12
LBO14 0 00 847TEE 10 LOOOO iy oo 10
swrrcnsubs_ 1801 o0 00
TING M (DS-5TS 019 452683 6866 16 0999 052 167054 28368 16
sranm svss;ﬁsrsu r}s 0.00 00 BMTIBO 23 1.0000 0.00 00 3006980 23
STARTING AIR cou%ss(fn 003 20 2IM20 42 10000 009 (002327 1001327 Q
)
ug FILTER 0.00 00 107207 L3 10000 000 09 9% 13
ST Aﬁ ELBOW (DS-STS06! 001 Bi4T60  SI47I0 10 10000 0.0) 3006980 3006940 10
Almc ) 001 Bid77%60 814760 1D 1.0000 001 3006980 3006980 10
VALVES 001 8147760 HT3880 12 10000 001 3006080 1503490 1.2
AR R et R e B R
l 1 .| |
ﬁ: %m. 12) 001 BTIE0 914768 13 1.0000 0.03 006980  300698.0 L$
BATTERY (DS-STS1 0.00 00 780 12 10000 0.00 00 1503490 12
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TABLE IX
SunsysteM anp CoMpoNENT RAM Measures ror Stanpey Packace Dresers
Period Hours Openrating Hours
Equipment Failures MTBF  MIBCM  MTTCM Operational Failures MTBF  MTBCM  MTTCM
per Year  {FHours) (Hours)  (Hours) Awailability per Year (Hours) (Hours) (Hours)
CONTROL & INS‘I‘RUMEN’I‘ATION (DS-CT1) 005 \78099.0 152656.3 1.2 1.0000 082 07273 9194.9 1.2
CIRCUIT BREAKERS (D5-CTI0} 0.00 0.0 0.0 0.0 1.0000 0.00 0.0 0.0 00
GA UGE%&DS—CI‘IDJ 0.04 213718.8 178099.0 1.2 1.0000 0.68 12872.8 10727.2 1.2
THERMOCOUPLES (D5-CT106) 001  1063594.0  1063594.0 1.0 1.0000 0.14 64364.0 364.0 10
COOLING WATER SYSTEM (DS-C' 0.07 1335142 56241.8 19 1.0000 1.09 5.5 33876 1.9
COOLING WATER PUMP 2} 004 213788 89049.5 1.8 1.0000 .68 12372 & 5361.7 1.8
ENGINE COOLING ) 0.00 0.0 3.0 Q0 1.0000 0.00 0.0 09 0.0
VALVES 0.00 0.0 1068594.0 10 1.000G 0.00 0.0 64364.0 10
COOLING TOWERS (DS-CWTDS) 001 10685940 1068594.0 0 1.0000 0.14 643640 643640 20
WATER LINE 0.0F 10685940  534297.0 10 1.0000 0.14 643640 321820 1.0
HEAT EXCH. GE&_D(S_&TCWTID) 0.01 1068594.0 534297.0 50 1.0000 0.54 64364.0 %20 5.0
WATER HEADER 12) 0.00 0.0 106859%4.0 1.0 1.0000 0.00 0.0 64364.0 1.0
DIESEL ENGINE E)S—ENG 0.26 33936 184240 . 41 0.9995 4,36 20114 1109.7 4l
DIESEL ENGIN g)s-lz G) 0.00 0.0 0.0 X 0.9997 0.00 0.0 0.0 0.0
BEARINGS ENGH 0.01 1068594.0 213718.8 2. 1.0000 0.14 643640 12872.8 2.0
CYLINDER {DS-ENGO 008  178099.0 152656.3 1. 1.0000 082 107273 91949 2.3
DER ENGO03) 008  105859.4 62858.5 5.6 0.999¢ L36 54364 3786.1 56
PISTONS 0.02 156198.0 17809%.0 4. 1.0000 .41 214547 10727.3 4.0
TURBO CHARGER ENGOT) 001 10685940 5342970 6. 1.0000 0.14 643640 32182 6.0
VALVES ENGOS) 0.01 1068594.0 5342970 30 1.0000 0.14 643640 uin 10
RINGS ENGO9) 007  1335M4.2 97144 9 54 1.0000 1.09 8045.5 5851, 54
TIMING 135—51!6[1‘(3 0.00 0.0 1068594.0 1 1.0000 .00 00 364 4 L0
INTAKE ENG11) 0.00 (.0 34297.0 1 1.0000 .00 [ TP IT P i) 1.0
CRANKCASE ENG12) 0.01 1068594.0 356198.0 1. 1.0000 .14 643640 21454.7 1.3
RODS ENG14) 0.00 00 594.0 2. 1.0000 .00 0.0 364.0 20
CAM ENGI'S:;S_ 0.00 2.0 0.0 0. 1.0000 00 00 0.0 0.0
CH, DRIVE ENGIT) 0.00 0.0 0.0 0.0 1.0000 00 0.0 0.0 0.0
TAFPPET g)s- Gll% 0.00 4.0 0.0 0.0 1.0000 .00 00 0.0 0.0
ENGINE SWITCH GEAR (DS-ENG19) 001 1068594.0 1068504.0 50 1.0000 14 643640 643640 50
EXHAUST SYSTEM (DS—EX!QH 002  156198.0 2137188 18 1.0000 41 214547 124728 18
EXHAUST SYSTEM 00z 5342970 A56198.0 1.7 1.0000 .27 321829 214547 1.7
EXPANSION JOINTS (D&E ) 0.01 10685940 1068594.0 R3] 1.0000 .14 64364.0 364.0 30
PORTS (DS-EXHOS 0.00 0.0 0.0 0.0 1.0000 .00 090 0.0 0.0
EXHAUST MANIFOLD (D§-EXH06) 0.00 00 10685940 1.0 1.0000 .00 D0 643640 10
" FUEL SYSTEM (DS-FI.S 024 .1 14841 6 23 0.9998 195 22194 893.9 23
FUEL SYSTE 001 1068594.0 5342970 Lo 1.0000 014 643540 321820 1.0
DAY TANK.S 001 10683940 1068594.9 1.0 1.0000 0.14 64364.0 64364.0 1.0
FUEL FILTE 3) 0.00 6.0 562418 1.0 |.0000 0.00 0.0 1387.6 10
GOVERNOR 0.00 08 0.0 0.0 1.0000 0.00 0.0 0.0 00
PUMPS 004 2137188  178095.0 1.8 0.9999 0.68 128728 107273 18
VAL g)s- 003 2671485 1068594 2.1 1.0000 054 16091.0 64364 21
INJECTOR (DS-] .13 66787.1 38164.1 16 0.9999 2,18 40228 2298.7 16
FUEL LINE (DS-| !EG T(} 0.00 00 1068594.0 20 1.0000 0.00 00 5643640 20
FUEL OIL. REGULATOR (DS-FLS10) 0.00 0.0 0.0 a0 1.0000 000 0.0 0.0 on
GAS JUMPER (D5-FLS11} 002  S3MXT0 2388 .0 1.0000 017 321820 128728 wn
GENERATOR E)S-G '3 003 2671485 2137188 28 0.9987 0.54 16091.0 128724 28
GENERATO R} 001 10685940 1068594.0 2.0 0.9987 014 643640 643640 20
002 3561980 267148.5 30 1,0000 041 21454.7 16091.0 3n
EEL NlllO} 0.00 0.0 00 0.0 1.0000 0.00 4.0 0.0 00
LUBE. QIL/HYDRAULIC SYSTEM (DS-LBO) 0.16 36241.8 01622 34 0.9998 2.59 33876 1214.4 34
LUBE OiljlléiYDRAUUC SYSTEM 0.00 0g 0.0 00 1.0000 0.00 0.0 0.0 00
HEATER LBOOL 045 1790990 76328.1 19 §.0000 0.82 107213 45974 1.9
COOLER LBOO2 0.00 00 1068594.0 1.0 1.0000 0.00 00 643640 1.0
COOLER FAN L&lﬁ-‘ 003) 0.01 0 10685940 150 1.0000 0.14 543640 643640 150
FILTER (DS } 002 356198.0 1.5 54 0.9999 0.41 21454.7 3876 54
PUMP (DS-1LBO0S) 002 3561960 1335042 19 15000 0.4] 21454.7 BD4S.5 1.9
PIPING LBO0S) 0.01 10685540 594.0 8.0 1.0000 0.14 643640 643640 8.0
TANI: 5-LBO0S 001 10685940 1068594.0 20 1.0000 0.14 643640 643840 2.0
('?S— } 0.01 1068594.0 594.0 0 10000 0.4 643640 364.0 2.0
SIRAINE _“%S—LBOIOE 0.02 5342970 351980 1.7 1.000¢ 027 11820 214347 L7
LUBRICA (DS~ 12) 0.01 10685940 1671485 1.2 1.000¢ 0.14 364.0 16091.0 12
STARTING SYSTEM (DS-STS! 014 62858.5 44524.8 26 0.9999 2.3 3786.1 181.8 16
STARTING SYSTEM a 002 5M297.0 5342970 2.5 1,0000 027 21890 321820 pA]
STARTING AIR COM (O5-STSN2) 0.02 356198.0 A56198.0 6.7 1.0000 0.41 1454.7 21454.7 67
AIR FILTER (DS-5TS04) 0.00 00 1068594.0 1.0 1.0000 0.0 00 1364.0 1.0
(D$-STS08 0.01 1068594.0 SMHT0 o 1.0000 0.14 64364.0 321820 10
AIR STARTS ID 0.07 133574.2 90495 20 1.0000 1.09 BOAS5.5 .7 20
AIR INTAKE 0.00 00  1068394.0 1.0 1.0000 000 0.0 1654.0 1.0
BATTERY 002 3561980 3561980 20 1,0000 o4l 214547 21454.7 20
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TABLE X
Sunsysrem aNp Component RAM Measurss For ConTinvous-Duty Gas
Turemes
Period Hours Operiiting Hours
Equipment Failores MTBF  MTBCM MTTCM Operational  Failures MTBF  MTBCM  MTTCM
per Year  (Hpurs) (Hours)  (Hours) Awailability per Year (Hours) (Hours) {Houes}
AIR INTAKE SYSTEM GT—AI 0.00 0.0 4765983 8.6 1.0000 0.00 o0 29148.1 86
AR INLET FILTER 1) 0.00 0.0 §5648.0 2.0 1.0000 0.00 040 34006.2 2.0
DUCTING (GT-AISD. ) 0.00 0.0 338830 480 1.0000 0.00 0.0 204037.0 48.0
BALANCE OF PLANT (I‘I'—B('.T!C_l)1 0.05 166944.0 834720 23 0.9907 009 102018.5 51009.2 2.3
l(lg_rsmf)SSI N ON 0.05 166944.0 834720 23 1.0000 0.09 102018.5 51009.2 2.3
TESTING (GT-BOP04) 0.00 0.0 0.0 040 1.0000 .00 00 0.0 0.0
CLEANIN OPSGT_BONS 0.00 0.0 0.0 0.0 0.9990 0.00 0.0 0.0 0.0
INSPECTION (GT-| ) 0.00 4.0 0.0 00 09918 0.00 0.0 00 0
COMBUSTION SYSTEM (GT-CM J 0.21 4]736.0 2349.1 1.5 0.9999 0.34 25504.6 14574.1 1.5
COMBUSI"ION SYSTEM GT-C B} 0.08 111296.0 111296.0 1.3 1.0000 4.1 68012.1 68012.3 1.3
FUEL NOZZI ES (GT. 013 66777.6 03535 16 1.0000 0.21 40807 4 185488 1.6
COMPRESSOR (G1-CMP 0.10 834720 47658.) L1 1.0000 017 51009.2 J9148.1 ]
FLEXLINE {GT-CMPU. 0. 0.0  333888.0 1.0 1.0060 0.00 00 240370 L0
BLEEDVALVE (GT-CMP06) 010 834720 33648.0 1.2 1.0000 017r 51009.2 ¥ 1.2
CONTROL & INSTRUMENTATION (GT-CTI) 0.6 139120 9274.7 L2 1.9939 1.03 8501.5 5667.7 94
COGN'{_nOL)t INSTRUMENTATIO| 003 I3EEA0 1318880 L0 1.0000 004 24037.0  204037.0 1o
('IkCUIT BREAKERS (GT-(‘mll 0.05 0 166944.0 1.0 1.0000 009 1020185  102018.5 1.0
ELECTRICAL MODULE (GT- ) 0.3 278240 23849.1 1.5 0.9999 (.52 17003.1 14574.1 1.5
GAUGES (GT-CTIO} 005 1660440 37098.7 0.8 1.0000 009 1020185 226708 0.8
SWITCHI GT- 0.16 55648.0 AT%.0 Ll 1.0000 026 34006.2 25504.6 15
THERMOCOUPLE (GT-CTI07) 003 3338880 166944.0 20 10000 0.04 2040370 1020185 2.0
EXHAUST SYSTEM (GT-EXH) 0.00 0.0 333888.0 [ K] 1.0000 0.00 0.0 2040370 10
EXHAUST FAN (GT-EXH03) 0.00 00 3)38880 Lo 1.0000 0.00 00 204007.0 1.0
FUEL SYSTEM (GT-FLS 1.89 4637.3 3442.1 0 0.9992 309 28338 2103.5 30
FUEL SYSTEM (GT- % 0.08 " 111296.0 111296.0 15 £.0000 0.13 68012.3 680123 1.5
AJR ANlFOLD GT— 1) 0.00 0.0 3)1888.0 20 1.0000 0.00 0.0 2040370 20
BOOST PUMP (G 0.13 1716 65777.6 2.2 1.0000 0.21 40807 4 40807 4 22
FILTERS (GT- %_ 0.10 BuT2.0 55648.0 1.8 1.0000 017 51009.2 34006.2 %1
GAS MANIFOLD (G -F‘LSO&) 0.00 00 0.0 0.0 1.0000 0.00 0.0 0.0 0.0
GOVERNOR (GT-FLS07) 0.60 145169 10770.6 59 0.9995 0.99 8871.2 6531.8 59
MAIN FUEL MI’éGT—FLﬁH) 0.1¢ 83472.0 06777.6 16 1.0000 0.17 51009.2 40807.4 1.6
ORIFICE (GT-FLS1D) 003 3338880 166944.0 20 1.0000 004 2040370  102048.5 2.0
ESSURE GAUGE (GT-FLS1Y) 003 33 .0 333888.0 10 1.0000 004 2040370 2040270 1.0
STRAINER -FLS 045 1 .0 834720 1.2 1.0000 0.09 102018.5 51009.2 L2
YALVES (GT- 14 0.39 222592 16694 4 L5 0.9999 .64 13602.5 10201.9 L5
PIPING -FL51%) 0.13 47698.3 333888 2.6 0.9999 0.30 29148.1 2G403.7 26
SEALG( T—FLSG‘} 0.16 55648.0 47698.3 1.1 1.0000 0.26 34006.2 29148.1 L
FL51T) 0.03 3238880 166944.0 1.0 1.0000 0.04 2040370 102018.5 Lo
GEARBOX GT—GBXB) D03 3318880  1665944.0 LS 1.0000 004 2040370 10201B.5 1.5
GEARBO (GT—G X) 0.00 3338880 20 1.0000 0.00 0 2040370 20
~GBX04) 003 3338880 3338830 1.0 1.0000 004 204027.0 2040370 1.0
GENERATOR (GT-GNR 0.1 66771.6 41736.0 4.1 {19999 .24 40807 4 25504 6 4.1
GENERATOR (GT-ONR) 000 0.0 3328880 L1l 1.0000 0.00 00 20403740 8.1
BEARINGS ~GNRO1) 0.00 a0 0.0 1] 1.0000 6.00 0.0 [{11] 00
FIELD (GT- NROS) 100 0.0 00 0 1.0000 0.00 0.0 0.0 0.0
STATOR (GT-GNRO9 0.00 0.0 0.0 0.0 1.0000 0.00 040 .0 00
TURBINE COUPLING (GT-GNR1D! .05 166944.0 834720 28 1.0000 009 102018.5 5100m9.2 28
VOLTAGE REGULATOR (GT-GNRI1) 0.08 111296.0 111296.0 47 1.0000 o413 68012.3 68012.3 47
LUBE OILHYDRAULIC SYSTEM (GT-LBO) 07} 12366.2 8347.2 K] 0.9998 116 75%6.9 51009 1.8
AIR-TO-0IL COOLER (GT-LBOOI) 0.13 667716 667776 3 1.9999 0.21 408074 4807 4 2.3
HYDRAULIC PUMP (GT-LBOO2) 005 166544.0 B6944, 20 1.0000 009 1020185  10AH8.5 24
EURE OIL FILTER (UGT-LBOO3 008 111296.0 303535 19 1.0000 0.1 68012.3 1RS448 k9
Oll. COOLER FAN GT—LBOOS; 0.08 1112960 8720 20 1.000G 0.13 68012.3 51009.2 0
OIL MANIFOLDS ( T -LBM) 003 3338880 33JE8K.0 10 1.000¢ 0.04 2040370 2040370 1.0
OIL TANK gl - 1) 0.05 166944.0 166944.0 10 1.0000 009 1020185 10285 1.0
PRE |.UBE OIL PUMP (GT-[ BO09) a.10 8M72.0 834720 6 1.0000 0.17 100%.2 51009.2 2.6
PIF!NG (GT-LB OIZ) .10 84720 556480 1.t 1.0000 017 310092 34006.2 1.}
ALS (GT-LBO 003 3338830 1112960 1.0 1.0000 0.04 7.0 58012.] LN
PRE.(‘I ATOI!. -LBO14) 003 1669440 1669440 25 1.0000 0.05 1020185 1020183 15
REDUCTION GEARBOX (GT-RGB 0.0) 2338880 1338350 20 1.0000 0.04 2040370 2040370 L0
REDUCTION GEARBOX {GT-RUB) Q03 313s880 3338830 0 10000 004 2040070 2040370 10

Copyright © 1928 IEEE. All rights reserved.
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TABLE X (Continued)
Period Hours Opecuting Bours
Equipment Fuilures MTBF  MTBCM  MTTCM Openational Falures MTBF  MTBCM
MTTCM
per Year (Howrs)  (Hours)  (Hours) Availability per Year (Hours) (Hours} (Hours)
STARTING SYSTEM (GT-STS) .71 12366.2 9820.2 193 0.99%0 .16 715569 0011 19.5
STARTING SYSTEM (GT- 08 111296.0 1112960 0.7 1.0000 0.13 68012.3 68012.3 0.7
AIR PUMP (OT-STS01) .03 338880 111296.0 23 1,0000 0.04 2040370 680123 23
FILTER (GT- } 103 3228840 3138880 1.0 1.0000 0.04 2040370 2040370 1.0
REGULATOR (GT-ST303) .00 00 0.0 0.0 1.0000 0.00 0.4 0.0 0.0
{GT ,00 0.0 2.0 0.0 1.0000 0.00 0.0 0.0 no
STARTING SHAFT }GT-S!‘SW; $.03  333888.0 1338880 20 1.0000 0.04 2040370  204037.0 20
ARTER MOTOR {GT-5TS08 13 66777.6 476983 316 0.9982 0.21 409074 29148.1 836
ARLOC SEAL (GT-5TS11) 0.42 20868.0 175731 s 0.9998 0.59 127511 107388 s
TURBINE g.‘ﬂ‘—TR .08 111296.0 1669440 121.0 0.9954 0.13 68012.3 102018.5 121.0
TURBINE (GT- Bf .08 166944.0 2138880 240.0 0.9934 0.09 102018.5 204037.0 2400
CASING (GT-TRBO .00 0.0 0.0 a.0 1,0000 0.00 0.0 0.0 0.0
BEARI! (GT-TR .03 333888.0 N3ase0 2.0 1.0000 0.04 204037.0 2040370 20
TABLE X1
SussyrteM aNp ComroNEnT RAM Mastunes pon Stamwpay Gas Tumamves
Period Hours Operating Hours
Eqaipment Failures MTBF  MTBCM  MTTCM Operational  Failures MTBF  MTBCM  MTTCM
per Year  {Hours) (Hourx)  (Hours) Awailability per Year (Hours)  (Hours) {Huwurs}
AIR INTAKE SYSTEM (GT-AIS) 0.01 975612.0 9756120 LO 1.0000 1.29 6795.5 67955 n
DUMPERS {GT- 1] 001 9736120 9756120 1.0 1.0000 1.29 6795.5 67953 1.0
BALANCE OF PLANT (GT-BOP} .00 0.0 0.0 00 4.9939 .00 4.0 a0 0.0
TESTING (GT-BO 0.00 0.0 0.0 00 1.0000 0.00 e on .0
CLEANING (GT-BO! 0.00 0.0 0.0 00 1.0000 0.00 0.0 0.0 {0
INSPE (GT- } 0.00 00 00 00 0.9989 0.00 0.0 a.0 a0
COMBUSTION SYSTEM (GT-CMB) 000 19512240 19512240 40 1.0000 0.64 13591.0 135910 4n
FUEL NOZZLES (GT- 2) 0,00 19512240 19512240 40 1.0000 0.64 135910 135910 .0
CONTROL & INSTRUMENTATION s?T—Cn) 004 216802.7 150094.2 83 0.9999 5.80 1510.1 1045.5 B3
CO&I’_}_‘ROL)& INSTRUMENTATIO 000 19512240 19512240 1.0 1.0000 0.64 135910 13591.0 1.0
ClaCUIT BREAKERS (GT. -(110-(1%0 0.00 0.0 19512240 0.5 1.0000 0.00 00 13591.0 ns
ELECTRICAL MODULE {GT- 2) 002  487806.0 325204.0 12 1.0000 2.58 31978 2265.2 12
GAUGES ESGT-C' T3 000 1951224.0 9715612.0 1.0 1.0000 0.64 135910 6795.5 [ 1))
SWTTCRHES (GT )] 001 9756120 9715612.0 290 1.0000 .29 6795.5 6795, 20
WIRING (GT-CTHS) 0.00 19512240 19512240 40 1.0000 0.64 135910 135910 a0
EXHAUST SYSTEM T-EXI-:E) 000 19512240 915612.0 55 1.0000 .64 13591.0 6795.5 £35
EXHAUST DUCTI GT- KHOI) 000 00 19512240 1.4 1.0000 0.00 0. 135910 14
EXHAUST FAN (CT-E 0.00 19512240 19512240 100 1.0000 .64 t3591.0 115910 104
FUEL SYSTEM {GT-FLS) 0.04 2439010 130081.6 0 1,0000 516 1698.9 906.1 50
BOOST PU gG‘I‘-FLﬁJZ) 001 65M080 6504080 20 1,0000 193 4530.3 4530.3 20
FILTERS GT- D00 19512240 2787463 1.1 1.0000 0.64 135910 19416 L.¥
I;U 000 19512240 19512240 2.0 1.0000 0.64 135910 13591.0 20
MAIN FLEL PUMP (GT-F1.508) 000 19512240 19512240 4.0 1.0000 0.64 13591.0 135910 0
S'I'RAINER GT-FL513) 0.00 0.0 Q0.0 Q.0 1.0000 0.00 0.0 0.0 .0
VALVES (GT-FLS14} 001 9756120 9756120 225 1.0000 1.29 6795.8 6793.5 213
PIPING (GT-FL51%) 050 00 19812240 10 1.0000 0.00 0.0 13591.0 t.0
GENERATOR G‘I‘—GNR 0.04 2168027 . 2168027 313 0.9998 5.80 1510.1 1510.1 333
GENERATO 0.00 195]224 IJ 1951240 720 1.0000 0.64 13591.0 135910 20
TURB T-GNR;?& 003 278% 2787453 322 0.9999 4.51 1941 1941 322
VOLTAOE IIEOIJLA R (OT-ONR11) 0.00 195!22A l] 19512240 0 £.0000 0.64 13591.0 135910 20
LUBE QIL/HYDRAULIC SYSTEM (GT-LBO) 002 3902448 1713840 1.6 1.0000 i 2M8.2 1235.5 16
LUBE OI, FILTER (G LBO0I) .00 00  650408.0 0 10000 0.00 0.0 4530.3 0
VALVES (GT-LBO11) 0.00 00 19512240 10 1.0000 0.00 0.0 135910 10
PIMING (GT-LBO12) 002 4870060 4878060 1.8 1.0000 2.58 1978 33978 13
SEALS (GT-1L.BO13) 0.00 1951240 6504080 1.2 10000 054 135910 45303 13
REDUCT‘ION OF.ARBOX GT- RGB 000 19512240 19512240 3600 0.9998 0.64 135910 135910 3609
EDUCTION G ({GT-R: 000 19512240 19512240 360.0 0.9998 0.64 138910 13881.0 3600
STARTING SYSTEM (GT‘S-S{'SI‘S 0.3 672816 453773 286 0.9994 18.69 468.7 316.1 236
STARTING SYSTEM (GT ) 000 19512240 19512240 0 1.0000 0.64 13591.0 135910 20
BATTERY (GT- 0.08 108401.3 60975.8 33 1.0000 11.60 755.1 424.7 33
STARTING SHAFT swn; 002 3902448 02448 935 0.9998 322 2718.2 2718.2 91.5
STARTER MOTOR (GT-STS08 002 902448 Y0245 1308 0.9997 3.2 27182 27182 130.8
TURBINE GT_“% 002 3902448 3902443 11584 Q9970 3.22 7182 1718.2 11584
TURBINE (GT-TRB) 002 4479060 4578060 1398.0 0.9971 2.58 13978 397 1398.0
BEARING {GT-TRBOS) 0.00 19512240 19512240 2000 0.9999 0.64 13910 13591.0 200
414 Copyright © 1998 [EEE. All rights reserved.
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Discusslon

R. H. Gawger (Holmey & Narver): This is an excellent sarvey and is the
most comprehensive one wvailable for the 600--1800-kW size range of dicsel
and gas-turbine-generating units. The results are not what T would have ex-
pected, and users of these date should be aliered to differing results from
surveys made by others. I have made & number of surveys of the reliability
of diesel and gas-turbine-generating units of various sizes and wil) be making
a comparison of the results with this new survey.

L. D Hon.hl(ﬂmdsmmnmlulmpe:mandlnwm:e
Company): My comments are di d at the ive cate-
gory. The corrective tmsintenance code should jndicate why the corfective
nmﬂmymmmummdﬁmulﬁnf

or s fi "t defect. Knowing the reason for
ummuhdpﬂnmdmmwdiﬁemmma
manufacturing problem and an operational problem. Another suggestion is
for the maistenance category to be subdivided imto routine, preventive, and
Tack of maintenunce.

Richard H, McFadden, Peter L. Appiguani, and Gary DeMoss (Science
Applicstions Imetnational Corporation): This peper represents a significant
aewbueofrelnbclhydmforﬂlemostpopmulypuofmntlgem
ing units and will be » valushie rescurce for intelligent d

IEEE
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mation appear to provide an excellent dats bese for meaningful relabilicy
#tudies on important equipment types. The resuits reflect an cbvious inense
and praiseworthy effort in assembling 3 well-organized wnd complete data
base for its intended purpose. Personal plant visits, a8 reported in the paper,
especially add to the credibility of the results. Although particular details on
spplications and circum of uge afe fot listed, the number of plants, the
, periods of time, and the number of events counted

her of power syste
are impressive and reflect very credible results.

A3 with any reliability survey, & given set of results always Yeads to ques-
tions and concerns releted to apy user’s given experience background, and
usually further manipulstion snd analysis of the dats are required. My in-
tent is 10 point out some questions and concerns that, hopefully, will jead

to sdditional analyses. In many mduumu econonuc studies comparing ges
trbine/gencrators with recip ing s are vsually straight-
forward and simple, with the exception of lelilbihly comparisons and the ef-
fects of reliability on economics, Hopefully, these new data will add a missing
}mklrﬂalluwmenmmngfuimdmmwm-ﬂmmbem

An important in evalusting the categories surveyed is the speed of
the diesel engine. Typically, continuous duty units are designed and spplied to
run at slower speeds than standby units, “High-speed” reciprocating engmu
(¢.g., 1200 r/min and higher) require frequent mai and preds
repair downlime compared with slow-speed units that simply do not experi-
ence the same mechanical stress. One would expect a higher failure rate of
higher frequency or maintenance, or both, for high-speed engines than for
nlowerspeedengim. Will the data allow speed ranges to be idemtified and

COrTesp g reliability parisons to be made?

dicsel- and gas-turbine-powered generstion, The authors’ component coding
spproach is excelient and would be a good basis for a standardized “‘compo-
nent taxonomy™' for diesel and gas-turbine generstors.

The paper raises some questions for which answers would be valuable to
system and relisbility engincers contemplating similar projects, and we wouid
appreciale the suthors' comments on them.

First, as the authors remark, failure to start s the predominant failure
mode of units of both types in “standby™ service. (Independently developed
relishility statistics o both nuclear-plant standby diesels and utility peaking
pmmemﬂMW)hmmdmlmply,

dby and conti service is biurred in the industrial-

| envi b cven the seis in nominally *continuous’

duty typically operate cycticaily, with many more starts than a base-loaded

generating unit. Since starting relisbility seems to be a critical RAM pe-

rameter, why are failure rates caleulsted exclusively in terma of failures per

umyurnﬂnrﬂunfuilumpadumﬂ?Thehwlofduaﬂotﬂxhlum
analysis in the paper suggests that the raw data were sufficient to distingui

Starting mllnblllty is an important ially for ¥ Of emer-
gency spplications. It is unclear if the failures l.huwn for “ml‘ung systems™
slso mean “failures to start.” The dats might, in some cases, reflect com-
ponent failures even though the gencrator set sucoessfully started. Actual
“'failures 1o start™ would be beneficial in comparing dicscl engines with gas
tarbines, since there arc many who believe there is a significant difference.
Whether a unit is locally or remotely started normally requires an assessment
of reliability in sarting. The impact of a failure 1o start u ol.wmaly d:ﬂ‘meil
when personnel are on site to add A problem | s
with when personmel must travel (o a aite 10 address a problem.

Another concern that is important to relisbility is the type of starter used.
It appears from the data presented here that air and cieciric molors are two
types of starters used. In the natural gas industry, expansion gas turbines are
commonly used for starting turbines and definitely are much more reliable
than ¢lectric starters, primarily because of the available gas supply. Can 2
closer lmlym be made comparing the ir systems with the electric motors?

p

b time- and d d-retated failures and allow both failure rate per-unit
tirne and failere-probability per demand 1o be calculated.

Second, although the RAM data were not conclusive and judgments about
the relstive merits of diesels versus gay hirbines probebly were outside the
acope of this study, did the swthors develop any insights into the opti
selection for various industrial, commercial bmlding nnd]mtmuoml-ppli—
cations?

P. F. Albrecht {General Electric Company): A key parameter for andby
units is sarting reliability. The dext mentions starting reliability but does not
give any statistice. I cannot desermine how starting failures were treated. 1
sssume they were counted as forced owtages,

Another important event is ““failed while not running. ™ This is not discussed
st all, These could be failures discovered by periodic testing or inspection,
Thus, tem frequency may be » very important parmheter in determining op-
crating availsbility. It does not appear that this factor was considered in the
ey,

Basically, the suthors have snalyzed the data using & conventional two-
stete model approach. They have expressed results on both a period-hour
and opersting-hour base 10 soit & “variety of applications.” In fact, & two-
state model is 0ot very wseful for standby units, and the results preseated are

Also reg mmng.ﬂnercmlu reflect significamt difference in failure
rates b " and “standby” diesel units and “continuous™
md"mndby"gulurbim and state that this may be related to differences
in actual in-use hours. One would also expect that the frequency of starting
is different and migit impact failure rates. Can this snalysis be made?

The fuel system appears to be s significant contributor to failures. Tt is

g that on i " gas turbines, the fuel system in the lesst
ltliablepmonhep-ch;e llwmldbebmnlicullfmlcmldbeldeml
tied. Are different types of fucls involved? If so, will the dats collected allow
comparing failure rates for each type?

The tabuisted resuits in Appendix 11, Tabies Vill and IX, of the report
suggest that possibly not all diesel units are truly packuged type (&.8., cooling
towers, water heater), Can the data be refined further to identify which units
are fruly self-contained?

A last point of concern tegards mai A recip ing engine is ex-
pected to be more d 1 in routine mak qui than a gat
turbine, quuhfythi.lmumt ﬂuhuwuyu’mnumlenom-w
tarbine ded, once it is £. than it is a reciprocating engine, espe-
chl!yifﬂnymmnningwﬁmmnly.ﬂmeluvﬁmmm,m
of which are the way the units are typically instrumented for protection and
the sumber of moving parts and wear, If the MTBCM data inchude scheduled
Mmaintenance cycles, a comparison of failure rates for different cycles would
be PR

therefore difficult o wee.

Pai O'Dounell (El Puso Natursl Gas Company): The reliability survey data
on diesel and gas-turbine penerators collected by ARINC Research Corpo-

Copyright @ 1998 IEEE. All rights reserved.

The results here reflect an excelient collection of data and should be very
bencficial in makiog comparisons of these equipment types. In the spplica-
tion of reliability deta an inevitable concern is the reason for differences in
reliability between oquipment types and spplications. One obvious practical
benefit is 1o be able 10 identify what cocrective actions sre encouraged by
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TABLE XIt
Comramson or Dizsa aNp Gas-Tumenve Staxtmeg RALIABMUTY Stupms
Number Sian Failed Stari
Saurce of Units Attempts Starts Rel‘:ﬂ:::y
Gas-Turhine Starting Reliabitity Studies
ARINC Research Corporation' 7 1555 17 0.9952
Bacz, Allen & Hamilton? M 12,316 &0 0.9935
Kongsberp, Dresser Power? k] 12.149 141 0.992%
AT&T 28 13,644 106 n.9922
Dicsel Swarting Reliability Studies
ARINC Research Corporation’ - - - 0.97
Electric Power Research Institote (EPRIP 155 230 83 0.9963
Consumers Power Company — Big Rock Point® 2 669 12 0.9521
Nonheast Utitivies—Millstone® 3 652 3 0.9954
Northeast Utilitics—Connecticut Yankec? 2 642 2 0.9969
Ce Ith Edison Company — Zion® 4 1.693 0 09823
Consolidated Edison Company of New York,
Inc.—Indian Primt® & 24 4 0.9906
Institute of Nuclear Power Operations (INPOY e [ata not - n9zn
EPRP Data not availabl 09829

'ARINC Research Corporation. Final Report—RAM Study of Diesel and Gas-Turbine Generator Sets. Publication 4219-03-01-4803,

October 1988

*Booz, Allen Applied Research. Small Gar Turbine Start Investigation, April 1970.
SKongsberg Dresser Power. Internal Stady Comparing Diesels with Gas-Turbine Engines (unpublished), 1984,

*AT&T. Internal Study for Gas-Turbine Reliability (anpublished), 1980,

#Electric Power Research Institute. Refiability of Ei y Déesel G

SU.S. Nuclear Regulatory C Nuclear C

v ot LS. Nuclear Power Plarts. NSAC 108, Sepiember 1986.

W

EGG-2458, Volume 5, RX, June 1988,

{ Library for A

g Reactor Reliability (NUCLARR). NUREG/CR-4639

“Institute of Nuclear Power Operations. Nuclear Plant Reliability Data System. 1982 Annal Report, 1983.
*Electric Power Research Institute. Diese! Power Refiability ar Nuctear Power Plants: Data Preliminary Analysis. NP-2433, June 1982

PR .+

a user and which are ‘byl fi . Hop 3
and other

analyses will be made g the of this di
similar concerns stimulated by lhe results presented here.

Closure
The suthors appreciate the thorough review and the many constructive com-
ments and recommendations cffered in the preceding discussion, While space
limitations prohibit addressing all of the suggestions offered, a response to
some of the more frequently cited comments is provided in the following
paragraphs.

Obtaining data on unit starting reliability was one of the objectives of
the study. However, most of the plants surveyed did not record dmia neces-
sary {o determnine starting reliability, While it was ofien possible 1o identify
start failures through interpretation of the maintenance evert descriptions, the
number of start atiempts was typically not retrievable. In sddition, our discus-
sions with plant personnel indicated that many start failures were corvected
through minor sdjustments that were usually not documented in maimenance
or operating records. Because of the limited data wvailable, starting reliability

istics were not pr fin the paper.

Sarne information on stanting relisbility was obtained during the study.
These data are presented in Table XII. Seven gaa-turbine units provided dets
on start attempts and start faitures daring periodic testing. To obtain estimates
of diesel starting reliability, we surveyed plam managers of four of the standby
diescl plants o esti the ber of atart fail in 100 pts. We then
averaged these estimates to obtain an estimated dicsel starting reliability. Table
XIT also shows a comperison of values for dicsel and gas-turbine starting
rehability.

With regard to maintenance, data were categorized on the basis of the na-

416

ture of the individual maintenance task performed for each event. The main-
lenance codes do not refer 1o the cause of failure o the overall maintenance
program for the plant. Additional reduction and analysis of the collecied data
would be required to investigate these ixsues,

An important feature of the compuierized data base developed in this survey
in the shility 1o sort and arrange the data to analyze specific issues regarding
plant coafiguration, design, or operation. The preceding discussions have
provided several heneficial suggestions for additional analyses. The results of
additional dsta analyses or data collection activitics under this program will
be discussed in subsequem papers.
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Reliability/Availability Guarantees of Gas Turbine
and Combined Cycle Generating Units

Thomas E. Ekstrom

Abstract— This paper is an updated and revised version of
the 1992 ASME paper 92-GT-208 “Reliability measurements for
gas turbine warranty situatiens.” It recognizes that reliability
performance is receiving significant and increasing attention in
the bid requests for new gas turbine genersting units. Reliability
guarantees backed by liquidated damages clauses are becoming
moxre the rule rather than the exception. But the power generation
industry does not have a universally accepted set of reliability
measurements, and the more commonly used measurements are
not always used appropriately, nor are they sufficiently refined
for the warranty situation,

This paper is intended to provide the guidance, structure, and
refinement needed for meaningful reliability measurements and
reliability warranties.

Four key areas of reliability measurement: starting reliability,
running reliability, availability and equivalent availability are
separately explored, Within each of these areas there is the flexi-
bility and the need to adapt the measurement system to the varied
operating regimes and philosophies encountered such as: peaking
versus continnous service, limited scopes of supply, different
levels of maintenance intensity, chargeable versus nonchargeable
outage events and emotional/political/optical acceptability (i.e.,
3% Forced Outage Factor versus 40% Forced Qutage Rate).
Warranty structuring rationale and suggested contract language
are provided to address such needs as a rigorous and explicit
operating log, certification of data, measurement uncertainty,
assurance of readiness, and risk assessment.

The suggestions presented herein have been constructed with
logic and fairness. They have been applied with good acceptance
te over 30 contracts in the past three years, This paper will be
beneficial to all architect engineers, utilities, independent power
producers, and OEM’s that become involved with the measure-
ment of reliability or the structuring of reliability warranties.

I. INTRODUCTION

T HAS been said that gas turbine value is measured in

terms of performance and reliability. And w0 insure the
receipt of that value, the electric utility industry is increasingly
seeking warranties on both performance and reliability in its
contracts for new gas turbine power plants. But common
practices and the available standards for measuring reliability
are inadequately structured for warranty situations. This paper
addresses these needs. In this paper the word “reliability” is
frequently used in the broad sense. Reliability warranties may
typically apply to any of the following specific measurements:

Paper ICPSD 94-52, approved by the Power Systems Eagineering Com-
mittee of the [EEE Industry Applications Society for presentation in part ai
the 1992 American Society of Mechanical Engingers Meeting, and in full ac
the 1994 |1EEE Industry Applicatiens Society Aanual Meeting. Denver, CO,
October 2-7. Manuscript released for publication February (3, 1995,

The authar is with GE Power Generation Engingering, Gas Turbine Appli-
cations Eagineering, Schenectady, NY, 12345-6001 USA.

IEEE Log Number 9411435.

1} Starting Reliability: The expected likelihood that a gen-
erating unit can successfully start on demand and/or within a
given time period.

2) Running Reliability: The expected likelihood that a gen-
erating unit can provide electricity when requested. Mea-
surements of runping reliability deal with unplanned events
and generally exclude all outages associated with scheduled
mainienance activities.

3) Availability: The expected portion of period time (typ-
ically a year) that a generating unit is capable of providing
electricity. Availability considers all outage activity, both
planned and unplanned, forced and scheduled.

4) Equivalent Availability: Similar to availability but fur-
ther refined by capacity adjustments to reflect the cumulative
energy production capability. It becomes the expected portion
of energy outpur available over a period of time (typically one
year) and is applied where the availability measurement must
also reflect the effect of reduced capacity operating modes, The
concept of “Equivalent . . . " can also be applied to running
reliability measurements.

II. CURRENT STANDARDS AND DDATA COLLECTION SYSTEMS
Technically speaking, the domestic {(USA) eleetric utility

_ industry has one formai standard for reliability terminology. It

is ANSI/IEEE Standard 762-1987, entitled “IEEE Standard
Definitions for Use in Reporting Electric Generating Unit
Reliability, Availability, and Productivity™ |1]. It was written
for base-loaded power plants and defines no less than 66
reliability-related terms plus some 25 performance indexes
(none of which are explicitly named “reliability” or “running
reliability.”) IEEE Std 762 is fairly new and to the author’s
current knowledge, there are no industry databases or operator
data collection systems that are strictly based on the IEEE
Std 762 definitions. The more commonly used definitions in
the United States are those of the North American Electric
Reliability Council (NERC), as applicable to its Generating
Availability Data Systern (GADS). A significant number of
domestic (USA) utilities supply annual operating data to the
GADS data base. The NERC GADS definitions are slightly
different from the IEEE Std 762 definitions but NERC is
gradually changing its definitions to be more in ling with the
IEEE standard. And despite the IEEE and NERC definitions,
the majority of utilities still use their own “home-grown”
traditional measures which tend to combine classical relia-
bility theory with specific system configuration, operating or
administrative needs.

00693-9994/95%04.00 © 1995 IEEE

Copyright © 1998 IEEE. All rights reserved.

421



IEEE
Std 483-1997

The objectives of IEEE and NERC relate to the gathering
and presenting of broad system operationai data on a consis-
tent basis. But component failure rate data and failure cause
data have not been rigorously kept and no effort has been made
to assess maintenance intensity effect. Force majfeure events
are not subtracted. Downiime is not segregated into active
repair effort, waiting time, or unapplied time. Consequently,
the IEEE and NERC definitions structures have not been ad-
equate to support the needs of equipment reliability engineers
nor to support real-world reliability/availability warranties.
Nonetheless, the concepts, definitions, and formulas of IEEE
Std 762 and NERC GADS still provide an excellent starting
point. The terms and recommendations in this paper utilize,
expand upon, and generally flow with these “standards.”

Another database receiving increasing attention is the Op-
erational Reliability Analysis Program (ORAP) which was
devised by GE in 1976 and is currently managed by Strategic
Power Systemns Inc, a private company in Albany, NY.
It utilizes the old standard terminology of Edison Electric
Institute but was set up as an “events-based” database to
specifically serve reliability engineering needs. It presently
includes more than 4500 unit-years of comprehensive gas
turbine operating data and provides fieet performance reports
and failure rate data to the users, EPRI, architect engineers
and the OEM’s. Today, with the ever-increasing flexibility
of computers, systems such as the ORAP system have the
capability to support the most detailed categorization of events
and then provide for multiple analysis and reporting. From one
set of operating data, the computer can generate the standard
fleet performance reports, the appropriately categorized NERC
GADS data (or results), the utility’s preferred internal perfor-
mance report and a uait or plant warranty performance level
measurement set under custom-tailored warranty conditions.

III. STARTING RELIABILITY

Starting Reliability (SR) is easily understood as the ratio
of the number of successful starts to the number of attempted
starts.

successful starts

Starting Rellablhly = m

(NERC). (1)
However, when starting reliability is to be measured care-
fully, there are a number of “special situations” that must be
considered, adjusted for, and sometimes contractually quali-
fied. The most typical are:
+ multiple initiations of the “start” command without inter-
vening corrective action(s),
* “test” starts and “maintenance” starts,
« starting failures caused by other than contract-furnished
equipment,
« starting time allowance period,
+ operator or procedural errors,
+ start sequence aborts by operator or dispatcher discretion
with no equipment failure,
*» load level reached for a “successful start,” and
« starting reliability measurements for components, subsys-
tems and partial plants.
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To illustrate the importance of the above “special considera-
tions,” consider the concept of the starting time allowance pe-
riod as incorporated in the IEEE standard but not in the NERC
GADS or standard ORAP definitions, The IEEE standard
allows that repeated initiations of the starting sequence, within
a user-specified period (typically 20 or 30 min) be counted
as a single attempt. The significance of this distinction is
evident by the fact that 74% of the starting failures (see Fig. 1)
reported in the ORAP data base under the NERC definition
are followed by a successful start within six minutes time of
the “failure” and have minimal impact to the service demand
request. When a five-year ORAP history of GE MS7T001E/EA
units was assessed the starting reliability averaged 93% by the
NERC definition but 98.2% by the IEEE Std 762 definition!

The IEEE Std 762 formula for starting reliability basically
enables fair treatment of all the “special situations” described
previously by focusing only on the number of chargeable
failures to start. This is accomplished by making a subtle
formula change to '

88
SS + 5F

where S8 = [Chargeable] Starting Successes, and SF =
[Chargeable] Starting Failures.

IEEE Std 762 then offers some basic qualifications through
its definitions. But warranty situations require expanded qual-
ification as suggested here along the lines of IEEE Std 762.

A Qualifying Starting Attempt is the action intended to bring
& unit trom shutdown to the in-service state under conditions
that qualify for inclusion in the warranty. Repeated initiations
of the starting sequence within the allowable specified starting
time period or without accomplishing corrective repairs are
counted as a single attempt.

A Chargeable Starting Success is the occurrence of bringing
a unit through a qualifying starting attempt to the in-service
state within a specified period, as evidenced by maintained
closure of the generator breaker to the system.

A Chargeable Starting Failure is the inability to bring a unit
through a qualifying starting attempt to the in-service state
within a specified period for failure reasons chargeable to the
warranty. Repeated failures within the specified starting period
are to be counted as a single starting failure.

Starting Reliability = (IEEE) (2)
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Fig. 2. Starting reliability M87001 domestic units.

A third formula for starting reliability is used in the QRAP
systern for engineering analysis of component and subsystem
performance.

SA - SF
SA
where SA = Qualifying Starting Attempt, and SF = [Charge-

able} Starting Failures.

This “Engineer’s” formula, like the IEEE formula, accom-
modates the “special situations” fairly well and actually offers
the most representative measure of equipment performance.
But it tends to err on the optimistic side while the NERC-
GADS and IEEE formulas tend to err on the pessimistic side.
For example, a starting attempt aborted midway through the
start sequence by the operator, but not associated with any
equipment failure, would be counted as a failed start by NERC-
GADS, would not be counted at all under IEEE Std 762, and
would be counted as a successful start by this ORAP formula.

When selecting a measurement formula and wamranty con-
text for starting reliability guarantees, there need to be rules:
What is chargeable, and what is not? The maintenance-
readiness environment should be addressed. And the measure-
ment should statistically reflect the inherent starting reliability
of the equipment. Financial penalties should not be incurred
in a warranty situation simply due to the natural randomness
of starting failures. Here are some examples of SR warranty
considerations:

1) Repair verification starts and failures-to-start from
cquipment not furnished under the contract should not
be chargeable to the warranty.

2} If the equipment has not been successfully started within
a reasonable period (¢.g., 30 days) then, for compromise
of readiness, the next starting attempt should not be
considered a qualifying start attempt.

3) In order to realize the significantly higher SR levels
associated with the IEEE starting time allowance clause,
there should be technically competent supervision and
appropriate maintenance personnel available at site to
expeditiously facilitate correction of the minor and “pro-
cedural” errors that typically account for the five-minute
start-up delays. Remotely dispatched sites typically do
not have this benefit. Fig. 2 illustrates the numeric
magnitude of this difference.

A good measure of starting reliability considers measure-

ment precision and representativeness, commonly referred to

Starting Reliability = (Engineer’s)  (3)
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as measurement uncertainty. It takes 100 start attempts for the
data alone to be precise to the nearest one percent. And it
takes 1000 start attempts for the measurement to statistically
represent the true-inherent equipment SR with one-percent
accuracy at the 90% confidence level! Therefore it is always
recommended to combine the starts data from all similar units
at the same site and maybe for multiple years to obtain a better
and more representative data set. Obviously a machine that is
started less than 50 times per year is a poor candidate for a sin-
gle unit starting reliability warranty, Here is a way, however,
that this measurement uncertainty can be fairly addressed,

If the starting reliability measurement must be made with
an accumulation of less than 500 start attempis, the statistical
measurement uncertainty shall be recognized by providing an
allowance from the guarantee level. The Measurement Uncer-
tainty Allowance shall adjust the point of damages initiation
based on the cumulative binomial probability function and the
actual number of start attempts so as o assure with 75%
confidence that the indicated (measured) shortfall is due to
equipment deficiency rather than the random nature of failure
occurrences.

The author recommends that the IEEE Std 762 formula be
used for starting reliability guarantees since it is most univer-
sally acceptable, allows focus on only the chargeable starting
failure events, and is already set up as a published national
standard. Starting reliability guarantees are not recommended
for base load and continuous service units that experience
infrequent starting. Appendix A provides a suggested generic
write-up for a multi-unit Starting Reliability warranty.

IV. OUTAGE CLASSIFICATIONS

Before discussing running reliability and availability, which
are primarily time-based measurements, one should review the
principal classifications of outage time. For this, a picture is
worth a multitude of words and this “picture” (see Fig. 3) is
' 'sed on the familiar NERC GADS definitions.

I} SF = Starting Failure. Under IEEE Std 762, this is

called a Class 0 Unplanned Outage.

2} Ul = Immediate Unplanned Outage. 1IEEE Sid 762

call- this a Class 1 Unplanned Outage and both NERC
and iEEE allow assignment to this classification from
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either the in-service {running) staie or from the shutdown
(nonrunning) state. IEEE additionally permits scheduled
outage extension time to be reclassified as Class |
depending on the cause of the extension. The ORAP
reporting system takes a different approach to Ul, U2,
and U3 forced outages which will be discussed later. Ul
failures are obviously the most critical failure events.

3) U2 = Delayed Unpianned Ouiage. Similar to Ul but
less urgent; NERC-GADS generally allows the machine
to delay the outage to the end of its daily run. IEEE
Std 762 calls this a Class 2 Unplanned Outage and
more specifically requires that unit be removed from the
in-service state within six hours.

4y U3 = Postponed Unplanned Outage. Both NERC GADS
and’ IEEE identify this as an outage that can be post-
poned beyond the U2 level of urgency but must be
removed from the in-service state before the end of the
next weekend. IEEE Std 762 identifies U3 outages as
Class 3 Unplanned Outapes.

5) MO = Maintenance Outages. IEEE Std 762 identifies
maintenance outages as Class 4 Unplanned Outages and
with NERC GADS qualifies these outages as those that
can be delayed beyond the next weekend but must be
attended to before the next [long-lead] planned outage.
The ORAP definition of maintenance outage is slightly
broader as it picks up a few of the U2 outages and many
of the U3 outages. Note that maintenance outages occur
for unplanned reasons but can be sufficiently delayed to
be classed as “scheduled” outages.

6) PO = Planned Outages. Both IEEE Std 762 and NERC
GADS identify planned outages as those that are sched-
uled well in advance and have a predetermined duration.
Extensions of planned outage are noied as such under
NERC GADS and continue to be counted as more
planned (and scheduled) outage hours. But according
to [EEE, planned outage extensions may be retained as
unplanned outage extensions or reassigned to Class |
or Class { unplanned outages depending upon extension
cause.

Administrative Outage Hours (AOH) are a category not
identified under either IEEE Std 762 or NERC GADS but
very necessary for warranty situations. It provides a charg-
ing category (or location) for outage hours that might not be
chargeable under the warranty such as force majeure cvents,
waiting time, nonapplied time, noncovered equipment outages,
etc. Furthermore, it can also be used to separate the service in-
tensity/effectiveness aspects from the nominal inherent equip-
ment aspects in cases where the warrantor is not responsible
for providing the maintenance service. In application, the AOH
hours are removed from the IEEE or NERC unplanned outage
hours and then either removed totally from the measurement
or credited as available hours.

As mentioned previously, the basic ORAP reporting system
treats the forced outage categories differently from the NERC
GADS and IEEE classifications. The distinction primarily
relates to whether the unit was running or in the shutdown

424

APPENDIX M

state at the time of initiation of the outage state. The four
standard ORAP forced outage categories are:

1) FS-Starting Failure

2) FOA-Automatic Trip from the running state

3y FOM-Manual Trip from the running state

4) FU-Forced Unavailability from the shutdown state.

The ORAP maintenance outage categories roughly corre-
spend to the NERC GADS' MO and PO and are:

1} MU--Muaintenance Unscheduled

2y MS-Maintenance Scheduled.

The ORAP outage classifications plus identification of non-
curtailing events particularly serve the reliability engineering
needs and enable the measurement of faifure rate from the
running state. MTBF data for gas turbines are generally more
appropriate when based on service time and failures from
the running state. The ORAP system also reports concurrent
maintenance activities to assist design engineers and to better
support MTTR assessments, NERC GADS is planning to pick
up these capabilities.

As can be seen from above, the NERC GADS, SPS-ORAP,
and IEEE outage classification systems are somewhat similar,
but not identical. The variations in outage classification def-
initions plus operator judgement on classifications are quite
minor in the aggregate of many unit-years of data. But in the
context of measuring performance for a single unit for a single
year, and then considering financial penalty or “liquidated
damages,” such variations can be extremely important. A well-
written warranty contract document will greatly reduce future
conflict over rules and operator interpretations.

V. RUNNING RELIABILITY

Reliability is defined (in essence) as “the probability that
the equipment, or system, can fulfill its function for rhe
planned period of need.” But while there is widespread general
agreement with this concept, there is unfortunately a large
number of significantly different measurement formulas being
applied to quantify “reliability.” This group is often referred
to as “Running Reliability” (RR) measurements (to distinguish
them from starting reliability measurements) and their one
point of commonality is that they all generally exclude planned
shutdowns from the measurement.

For the sake of reliability understanding, and to more
quickly relate to the many formulas faced by users, A/Es
and OEM’s; some of the more commonly used formulas will
be defined, explained and compared for different operating
service profiles. Please note that some formulas are better
suited to specific warranty or engineering situations than are
other formulas.

A. RR={1—-FOF) [GT traditional formula] (4)
where FOF is the Forced Qutage Factor and

Forced Cutage Hours

FOF = Period Hours

(5)

The author’s company has traditionally used this formula for
reliability because: 1) the Forced Qutage Factor tends to be
somewhat independent of service duty, and 2) the FOF can
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Fig. 4. Forced outage factor. MS7001 domestic {(USA) units.

be directly subdivided to the contributing elements. Forced
Outage Factor is formally defined by both NERC GADS and
IEEE Std 762; it typically runs in the 1% to 4% range (see
Fig. 4) and is a reasonably well accepted reliability measure
for high use machines. It is the reliability measure used in
ORAP. The minor problem with this measure is that while an
FOF of 2% yields a good reliability number of 98%, most
users/operators are not impressed with the thought of 175
forced outage hours per year on machines used only 100 to
500 service hours per year. The more common and preferred
form of this traditional GT formula, is as follows:

RR = Period Hours - FOH
- Period Hours

(6
For warranty situations, FOH are chargeable forced outage
hours.

B. RR =(1-UOF) [“UOF" formula
where UOF is the Unplanned Outage Factor and

)

FOH + MOH

UOF = 5T,

&

FOH Forced Outage Hours,
MOH unplanned Maintenance QOutage Hours, and
PH Period Hours.

This UOF formula is similar to the traditional GT formula
(4) except that it includes all unplanned outages (forced plus
maintenance). Some ORAP historical data has shown that the
Maintenance Outage Factor runs at about two-thirds of the
Forced Qutage Factor. So the “example” machine with a 2%
FOF might have 1.3% MOF for a total of 3.33% Unplanned
Outage Factor and a “UOF Reliability” of 96.7%.

C. RR=(1-FOR) [utility FOR formula]
where FOR is the Forced Outage Rate and

)]

FOR = Forced OQutage Hours

. I
Forced Cutage Hours + Service Hours (10)
The Forced Outage Rate (FOR) is a long established utility
industry measurement formally defined by both NERC GADS
and IEEE. It works fairly well on high use machines and it
is often used for utility reliability calculations including loss
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of load probability planning. It loses its appropriateness and
attractiveness when applied to low usage machines in standby
or traditional “peaking” service. The “example” machine with
175 forced outage hours and 100 service hours per year has
an FOR of 63.6% and a reliability of 36.4%! The optics are
bad. Part of the problem with FOR, as a measurement, is that
no credit is given for reserve shutdown time when the unit is
fully available on standby. Another part of the problem is that
ail elapsed time forced outage hours (FOH) are debited even
though a large percentage of the FOH might occur during
periods of nondemand,

D. _ PH—FOH -~ S0H - AOH

AR =~ PH 501 - AOH an
[European formula)
where
PH Period Hours (one year—8760 h),
FOF Forced Outage Hours,
SOH Scheduled Outage Hours, and
AOH  Administrative Qutage Hours,

This formula, seen frequently in European bid specs, is vari-
ousty called “Forced Outage Availability” or “Running Avail-
ability” or just plain “Availability.” It is the truest measure
of the time-based probability for avoidance of forced outages
and it is fully suitable as a warranty measure for units of any
service application whether peaking or continuous service, The
“Administrative Outage Hours” (AOH) category admirably
covers any number of “stop-the-clock™ provisions for outage
events that should not be charged against the equipment, To
continue the example: If the machine with 175 forced outage
hours and 100 service hours also had 200 scheduled outage
hours plus 20 administrative outage hours, its annual “running
reliability” would be 97.95%. The European formula also has
alternate forms that sometime appear in bid specifications

SH + RSH
SH + RSH + FOH

where SH = In Service Hours (fired hours), RSH = Reserve
Shutdown Hours, and FOH = Forced Qutage Hours, and also

RR = (12}

[European Version 2]

_ Avaiiable Hours
" Available Hours + FOH

MTBF
+

RR

fEuropean Vers. 3]. (13)

E. Reliability = [textbook formula](14)
where MTBF = Mean Time Between Failures, and MTTR =
Mean Time To Repair. This classical textbook formula [2] is
used in the EPRI UNIRAM program and is often applied to
components or subsystems. It originated as a measurement of
reliability for systems that were expected to be in continuous
service such as telephone and communications systems. If the
MTBF is measured in period time (clock/calendar hours), the
result numerically approximates the GT traditional formula
(4). 1f the MTBF is measured in service hours, the resuit
numerically approximates the utility FOR formula (9). This
formula and the terms MTBF and MTTR are more often
tools of the reliability engineer than the power plant operator.
There are at least two reasons why this is not a good formula,
or measure, for warranty purposes: 1) The terms MTBF and
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MTTR are derived, rather than directly-measvred values, and
2) it tends to be overly sensitive to event rate.

F. RR =(1 - CFOR) ([comected FOR formulaj (15)
where
CFOR = Corrected Forced Outage Rate
{FOH)(DDF)
FOR = —————— 1
¢ (FOH)DDF) + SH (16)
and

FOH Forced Quiage Hours,
DDF Daily Duty Factor,

(Fired Hours per Start)/24, and
SH  Service Hours.

The Corrected Forced Outage Rate (CFOR) is an attempt
toe more fairly apply the concept of Forced Outage Rate
(FOR) to low usage situations such as “peaking” duty. See
[3] for a complete discussion of this approach. This formula
is purported to be an applied approximation of a four-state
Markov model (with which some utilities are experimenting),
and through the Daily Duty Factor (DDF) it recognizes that
much of the forced outage repair time is accrued when the
unit is not in demand (and maybe not even being worked
on}. For the original example machine of 173 forced out-
age hours and 100 service hours, we might ascertain that
the average fired hours per start is 4.0. That gives a daily
duty factor of 0.167, a CFOR of 6.8%, and a reliability of
93.2%. Not as optically pleasing a number as the GT and
European formulas produce but tremendously better than the
36.4% associated with the uncorrected forced outage rate
formula (9). This is a fair reliability warranty measurement
for peaking units but it depends on a derived (or arbitrary)
correction factor. It has seen little exposure and even less
acceptance.

G. RR =e ™' [mission reliability] an
where ¢ = the base of the natural log (2.71828), b = the
failure rate in events per hour which is also equivalent to
I/MTBF, and ¢ = mission time in hours. Mission reliability
is a classical reliability measurement tool and represents the
probability that a mission of time (#) will be successfully
compieted once started. Mission reliability is extensively used
in military and aerospace design and is most applicable to
continvously functioning compoenents or systems where there
is no opportunity for in-service repair. Unlike all of the fore-
going reliability definitions (or formulas), mission reliability
is oblivious to the repair or outage time. But it is still useful
to estimate the probability of completing a run or to predict
component failures. If the “example” machine has a 250-
service-hour MTBF in peaking service, then the probability of
completing a 4-h run is 98.4%, and that would be called the
mission reliability. Mission reliability is an excellent design
or system planning tool but a poor warranty measurement
device.

H ORR=1-E+FOF o Index-1) (18)

where SF = Starting Failures, FOE = Forced Qutage Events
(from the ranning state), and SS = Starting Successes. The
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“Peaking Reliability Index” (PRI) is a fairly new approach that
is quite attractive as a single, simple, fair, and overall measure
for peaking or cycling duty units. It is strictly an “events”
based extension of starting reliability that views the probability
of not only starting, but completing a run. The simplicity
of the measurement offers strong argument, particularly for
warranty purposes. In the continuing example: As the peaking
“example” machine sees 25 successful starts and 100 service
hours, it likely endured one starting failure and maybe one
forced outage event (a trip) from the running condition.
The corresponding PRI Reliability is easily calculated at
92.3%.

UOE

1 =1- =
RR=1 SF + 38

where

UOE  Unplanned Qutage Events,

SF  Starting Failures, and

§8  Starting Successes.
This alternate “Peaking Reliability Index” is a little broader
than the first version, (18} above, in that it relates all unplanned
planned outage events to the number of attempted runs. It is
an excellent general measure of the freedom from unplanned
outages. As the peaking “example” machine sees 25 successful
starts, 100 service hours, one starting failure, one forced
outage (irip) event, and one unplanned maintenance outage
repair event accomplished during a period of no demand, the
corresponding PRI-2 Reliability is calculated at 88.5%.

J. RR = (Pavnil)(SR)(Pmission) (20)

where P,y = probability of being available using the Eu-
ropean formula (11}, SR = Starting Reliability, and Pyjsion
= probability of completing the mission using the Mission
Retiability formula (17). This demand reliability formula is
receiving increased usage by utilities as a planning tool for
peaking and daily cycling units. See [4], which is both specific
and encompassing in nature, and is an excellent collective
measure for most generating units. It has a disadvantage of
preducing poor appearing numbers for units that target for very
long continuous runs (thousands of hours). It is also somewhat
complex for implementation as a warranty measurement. If
the base case “example” machine has a starting reliability of
96%, then the demand reliability is (0.9795)(0.96)(0.984) =
92.5%. This is perhaps the best measure of the probability that
a generating unit in peaking service will provide electricity for
a period of demand.

The dilemma of the existence and usage of so many
formulas is tacitly acknowledged by the two leading USA
norms, ANSI/IEEE Std 762 and NERC GADS, in that neither
attempts to provide a specific mathematical formula for the
terms reliability or running reliability.

The author has provided his rating of the applicability of the
different running reliability formulas for use in different war-
ranty and engineering situations (see Fig. 5). The basic criteria
for the ratings on warranty measurements are as follows:

1) The measure should have a tangible feeling; that is, it

should be a simple measure calculated directly from
counting hours and/or events.

[P.R. Index-2] 19

[demand ret.]
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2) The measure should closely describe the probability of
the machine being able to deliver service when it is
expected to be in service,

3) There should be zero or minimum dependence on arbi-
trary or approximated factors.

4) The resulting number should have political and emo-
tional acceptability; i.e., if it is a measure of reliability,
it should read above 90%.

Warranties on running reliability are reasonable for all ser-
vice applications from peaking to continuous duty if the proper
formula is selected. Warranty structuring for running reliability
guarantees is concerned with good recordkeeping and careful
outage management {including correct categorization of the
forced outage events and the elements of restoration time).
Furthermore, it is good to decide when writing the warranty
terms whether the warranty is basically intended to nominally
cover the equipment only or the equipment plus the user’s
and/or manufacturer’s service system. Most manufacturers are
not keen to pay liquidated damages for downtime hours where
the user applied his limited maintenance resources to other
projects because of other priorities.

Appendix B includes a generic sample warranty statement
{plus qualifying clauses) for a running reliability warranty
based on the “European” formula.
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Interval Time 10 Parform
Continuo |_I_l_l___l_§
Eiaselonct
Cycling
Paaking
Sty i

10,000 B0G0 B000 4000 2000 0 100 200 300 400 600 600
Maintsnance

Oua: BPEOMAP Firgd Hours Hours
SERVICE APPLICATION
Service FH per #of Insp, Outage
Duty Factor Start Insp. Intervgl Hours
%
Continuous  80-100  >120 28 B6TS 88
Base Load 30-80 >60 178 5048 276
Cycling 10-50 10-20 160 3206 339
Peaking 2-10 3-10 120 1072 355
Standby 0-2 <4 2 1073 529

Fig. 6.

VI. MAINTENANCE INTENSITY

The time-based measurements of availability and running
reliability generally count the grand total elapsed outage hours
without differentiating actual applied repair time from unap-
plied time or planned tasks from ad hoc inspection activities.
Some critical peaking or cycling units are overly maintained.
And some minor two-hour repair tasks are logged at over a
hundred outage hours because of low maintenance priority
and idie time. Waiting time for replacement parts can have
an even more serious effect. Availability can become more a
measure of the service system than the inherent disposition
of the equipment to perform. In reviewing ORAP data for
many machines, it becomes obvious that the maintenance
intensity effect is a very significant factor, it is driven by the
operators’s need for the equipment and it can be cormrelated
1o the service application. Fig. 6 exquisitely illustrates this
effect.

The combustion inspection is a fairly standard gas turbine
maintenance inspection, yet some operators perform it more
often than others, and the average elapsed period hours taken
to accomplish this inspection vary by 6 to | across the service
application categories! From all 488 inspections the average
amount of hours to complete is 306, But is the “average” rep-
resentative? How about the manufacturer’s instruction book?
Reference [5] estimates 12 eight-hour shifts (or as little as 96
clock/period hours} for the MS7001 combustion inspection.
The data indicate that this is reasonably demonstrated by
the continuous duty units where the need and maintenance
intensity are high, where three-shift maintenance is ofien
employed, and where an offtine, “replace-then-repair,” parts
cortection technique is applied.
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Maintenance intensity effect is such a significant factor that
it must be addressed with every Lme-based availability or
running reliability warranty situation. All maintenance may be
performed by the equipment supplier, or agreement reached
on specific maintenance conduct, or a warranty qualification
set up to exclude excessive inspection events and excessive
waiting time. The additional subclassifications of outage time
necessitate more detailed recordkeeping and a separate set of
warranty performance measurements that will be numerically
different from the normal ORAP or NERC GADS measure-
ments. Two (or even three) “sets of books” will have to be
kept.

VII. AVAILABILITY

Availability is the popular measure of the portion of time
that a unit is available to serve load because it is not on forced
outage, maintenance outage, or planned outage. NERC GADS,
ANSVIEEE Std 762-1987 and ORAP recognize Availability
as a key performance index and more specifically cail it the
“Availability Factor” (AF).

Available Hours

Availability Factor = ———7——~
v Tty Factor Period Hours

(21)
where

Available Hours {AH) = PH — FOH — MOH - POH

and

PH Period Hours (one year—8760 h),

FOH Forced Outage Hours,

MOH (unp]anned) Mamtenance Qutage Hours, and

POH Planned Qutage Hours scheduled well in advance).

Sometimes the “availability” label is applied to a more
limited measurement, one that removes scheduled outage hours
or some other element. These situations have been addressed
in Section V. And when “availability” becomes concerned
with capacity levels or deratings or plant-level ratings (as it
should with multi-shaft combined cycle units) it belongs to
Section VIIL

It should also be pointed out that while availability is an
excellent measure for high usage machines, it is a relatively
poor measure 0 be applied to low usage machines. In periods
of low equipment need there is wsually little incentive to
accomplish scheduled or even essential maintenance in an ex-
peditious manner. The inevitable stretch of outage time accrues
unfavorably to the measurement. If the service application is
low usage peaking service, it is advisable to consider a more
appropriate running reliability guarantee along the lines of the
“European” formula {11} or the “Peaking Reliability Indexes”
(i8), (19) or perhaps just a Starting Reliability guarantee.

The structuring of availability warranties is similar to the
structuring of running reliability warranties. For both, the focus
is on the management of outage time, but for availability
there must also be some control over the conduct of planned
maintenance. And, in recognition of the fact that there will
be nonchargeable outage time, the warranty version of the
availability formula is preferably written as follows;

AH

Availability of Warranty = P ROR

(22}
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Fig. 7. Availability. MS7001 domestic (USA) units.

where Available Hours (AH) also equals PH - FOH - MOH
- POH - AOH and

PH  Period Hours (one year—8760 h),

FOH Forc.ed Our.age Hours,

MOH (unplanned) Ma:menancc Qutage Hours,

POH Planned Outage Hours (scheduled “well in advance),

and

AOH Administrative Qutage Hours (nonchargeable hours).

Fig. 7 traces the average annual availability performance
of the domestic (USA) MS7001E/EA units participating in
the SPS-ORAP data system. Appendix C includes a generic
sample of an availability warranty statement with gqualifying
terms.

VIIH. EQUIVALENT AVAILABILITY

When the term “Equivalent” is applied to availability or
reliability it could mean several things, Under IEEE Std 762-
1987 and NERC GADS it extends the concept of availability or
reliability to account for varying capacity levels and in effect
becomes a measure of energy production availability. This is
the context advocated by this author. In other uses, the term
“equivalent” is sometimes associated with an approximation
type measurement that may have nothing to do with capacity.
Sometimes, the tern “equivalent” might be used to distinguish
the subsystem level or component level from the full system
generation level. For example, the reliability performance of
a problematic limit switch might be described in terms of its
Equivalent Forced Outage Rate (EFOR} which was deduced
from its MTTR divided by its (MTTR + MTBF). This paper,
with its focus on warranty conditions, will look at three types
(or levels) of “system” equivalent availability measurements
which increasingly accommodate the capacity element.

A. Equivalent Availability (EA}—Level 1 "Block Method™

The SPS-ORAP system has for many years been measuring
the equivalent availability of combined cycle plants by merely
extending the traditional time-based availability measurements
to the full (multi-unit) plant. If one gas turbine of a four-
unit combined cycle plant is unavailable, the plant may still
be operated at about 3/4 capacity. If only the steam turbine
is unavailable, and there are provisions (e.g., HRSG bypass
stacks) for operating the gas turbines simple cycle, then about
2/3 of the plant capacity is available. During these periods
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of partial equipment unavailability the plant is respectively
considered to be at 75% or 66.7% equivalent availability.
This measurement system is fully described by [6]. By this
measurement method, each major generating block is treated
as being either available or not available to contribute a pre-
established percentage of the plant’s output. This block method
of equivalent availability measurement can also be calculated
using the NERC and IEEE suggested procedures outlined
later.

The IEEE Std 762-1987 procedure for calculating the Equiv-
alent Availability Factor (EAF) first establishes the normal
time-based availability factor then provides a deduct in the
form of equivalent derated hours for operation at derated
capacity levels.

__ available hours — equiv. derated hours
- peried hours ’

EAF

(23)

where
Available Hours
(AH) = PH — FOH - MOH - POH
Equiv. Derated Hours
(EDH) = EUDH + EPDH + ESEDH

and
PH Period Hours (one year — 8760 h),
FOH  Forced Outage Hours,
MOH  unplanned Maintenance Qutage Hours,
POH  Planned Outage Hours (scheduled well in ad-
vance),
EUDH Egquivalent Unplanned Derated Hours,
EPDH  Equivalent Planned Derated Hours, and
ESEDH Equivalent Seasonal Derated Hours.

The Equivalent Derated Hours are determined by multi-
plying the derated operating time (hours) by the percentage
of derating. If a four-unit combined cycle plant experienced
unplanned unavailability of one gas turbine for 100 period
(clock-time) hours, it is treated as a 25% “block™ derating of
the plant. For calculation purposes the piant available hours are
still 100 hours (100%) but there would be the accumulation of
{0.25) x (100 h) = 25 equivalent unplanned derated hours (100
AH - 25 EUDH)/100 PH = 75% EAF. When the equipment
capacity is limited, all hours are derated including not only the
service hours, but also the reserve shutdown hours. Seasonal
derated hours, as defined by IEEE and NERC and discussed
later, are excluded or set to zero in the block method.

B. Equivalent Availability—Level 2
“Proportional Block Derating”

A second example illustrates the “proportional” derating
method which goes beyond the previous block method by
considering deratings due to partial equipment failures. If
another gas turbine generator in the same four-unit combined
cycle plant had a generator rotor heating problem that pre-
scribed a limit on output power to 92% of its rated capability
for a period of 1000 h, then that gas turbine generating set
would be operating with an 8% shortfall of capacity. By
the proportional derating method, the plant would accumulate
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(0.08)(0.25)(1000) = 20 equivalent ptanned derated hours for
the 1000 period hours of this generator shortfall. These 20
EPDH would not have been counted under the previous block
derating method, but here at level 2 they are counted together
with the other equivalent derated hours.

Using the Level 2 Proportional Block Derating Method, the
plant is considered 100% available except when equipment
failure reduces generating capacity. Then the amount of equiv-
alent derating is established based upon engineering logic and
negotiation. Accurately measuring the true amount of capacity
shortfall is difficult as will become evident in the discussion of
level 3 EAF. (Note: Appendix D provides a sample equivalent
availability warranty based on the proportional block derating
method).

C. Equivalent Availability—Level 3
Energy Measurement”

The IEEE and NERC standards strive for a good measure of
energy availability but have not fully addressed the significant
(and nonfailure) factors influencing gas turbine output power
levels such as:

“Full

» Ambient Climatic Conditions: Temperature, barometric
pressure, and humidity can cause gas turbine cutput
capability to vary by 10% or more in a 24-h period
without any equipment failures or faults chargeable to
unreliability. And seasonal variations can be worth as
much as 30% change in oulput power capability.

* Compressor and Turbine Cleanliness Levels: The state of
cleanliness of the gas turbine’s compressor and turbine
sections can impact output capability by uwp 10% in
extreme cases. This is a site environment/maintenance
issue; it is not a reliability issue, but should it be counted
as equivalent unavailability?

» Compressor and Turbine Degradation: Aging and wear
cause clearances to increase and flow path surfaces to
roughen, ultimately decreasing output capability by 5%
or more in a normally unrecoverable manner. This is not
usually categorized as equipment failure but some would
have it be counted as equivalent unavailability.

So, the measure of equivalent availability, on a full energy
preduction capability measurement basis, is not just one of
reliability or equipment failure, but also how to deal with
the other major performance factors. An equivalent availabil-
ity guarantee especially needs a very clear and explicit set
of warmranty terms and conditions. Despite the complexity,
the full energy measurement basis of EAF is exactly what
some independent power producers and nonutility genera-
tors are seeking in order to insure the profitability of their
ventures.

One technical solution suggested by the author is 1o utilize
a small computer model to first calculate the theoretical “new-
and clean” performance on an average hourly basis from the
manufacturer’s plant performance algorithms. Then, acteal
hourly output capability would be calculated by subtracting
a cleanliness (fouling) comection, a degradation correction
and an equipment failure correction (derating). Negotiation
would determine which corrections would be included in the
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TABLE 1

85% Confidence Levels
on 95% inherent SR

Number of to Favor or Protect
Start
Attempts Seller Buyer
20 90 Not
Possible

50 92 98
100 93 97
400 93.75 96.0

1000 94.3 95.7

EAF measurement. The value of each of the corrections is
determined by regularly pressing the gemerating machinery
to maximum operating level and recording the actual output
power. Since most of these measurements would not have
equipment failure deratings in effect, it is possible to determine
the average deterioration of performance due to long term
degradation, the rate of deterioration due to fouling, and the
amount of recovery associated with cleaning. The derating due
to equipment failure can also be tested, or even measured on
an hourly basis. Those corrections that had been agreed to be
inciuded in the EAF measurement would then be integrated to
equivalent derated hours for use in the EAF equation (23).

Unfortunately, several known projects have been committed
to EAF guaranties without preestablishing the measurement
system, measurement formulas, or rules. When the equip-
ment finally enters commercial operation, the dilemma of
the measurement system becomes clear and the warranties
have defaulted to compromise positions such as negotiated
seasonal (monthly or quarterly) production quotas with asso-
ciated bonus/penalty conditions. EAF has become the percent
achievement of the quota and it has sometimes exceeded
100% (defying all traditional reliability theory). Even the
variance of the weather has been passed back to the equipment
manufacturer! When IEEE and NERC standards invoke the
“Seasonal Derating” term for gas turbines, it effectively offers
the same compromise position and the same problems for gas
turbine power plants.

Thinking broadly about all equivalent availability guaran-
tees, they can be applied for simple cycle gas turbines up
through the most complex combined cycle plants, but the
measurement system and warranty structure must be very
carefully thought out and agreed upon between all parties to
the contract. The simple time-based measures of availability
and block methad EAF are often more appropriate, and more
easily measured and preferred for their simplicity. And like

availability, the EAF is a good measure for high usage plants.

and a poor (undesirable} measure for low usage machines.

In recognition of the fact that there will be nonchargeabie
cutage time, the warranty version of the equivalent availability
formula is suggested as follows:

AH - EDH

EAF Under Warranty = PHCAOH

(24)
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Fig. 3. Typical availability distnibution. Percent samples per percent avail-
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where Available Hours {(AH) = PH - FOH - MOH - POH
— AOH and Eguivalent Derated Hours (EDH) = EUDH +
EPDH + ESEDH and

PH Period Hours (one year — 8760 h),

FOH  Ferced Quiage Hours,

MOH  unplanned Maintenance Qutage Hours,

POH  Planned Outage Hours (scheduled well in ad-
vance),

AOH  Administrative Qutage Hours,

EUDH Equivalent Unplanned Derated Hours,

EPDH Equivalem Planned Derated Hours, and
ESEDH Equivalent Seasonal Derated Hours.

IX. MEASUREMENT UNCERTAINTY

When money or reputation are at stake, it is important that
the measurement system be both accurate and representative.
The accuracy of the data is accomplished through a “rigorous
and explicit” logging system that identifies the nature of each
operating event {and outage)} together with the starting and
stopping times to the nearest minute or tenth of an hour.
Representativeness of the data is a little tougher to deal with
because of the randomness of occurrence of failure events and
the widely distributed spacing of planned maintenance events,

The term “representativeness” is used here to relate the ac-
tual measured value to the inherent long-term operating norm
of the equipment. This was partially addressed under starting
relisbility with reference to the number of start attempts
required in the measurement to be statistically representative of
the real, inherent mean. Table I illustrates the 85% confidence
band around 95% inhcrent starting reliability to protect seller
and buyer.

A similar situation of randomness exists with Runaing Reli-
ability and Availability measurements. The statistician will ad-
vise that at least 25 to 30 unplanned outage events are needed
in the measurement set in order for the MTTR and MTBF
to be considered representative of the inherent performance
level of the equipment. Once again it is appropriate to average
multiple vnits and even muliiple years of operating data.

Fig. 8 shows the smoothed probability distribution function
of a sample set of availability data for simple cycle gas turbine
generating sets taken on a single unit, single year basis. It
nicely shows the “mode” units which the sales personnel love
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to tout: the fleet “average™ (mean) data which is commonly
shown as the collective performance statistic, and then a couple
of distribution statistics. To the author, the “median™ machine
performance is a better indicator of expectations for single
units than the “average” fleet performance, but the important
number for warranty situations should be somewhere near the
85th percentile. At that point there is about 5% probability of
successful achievement and only 15% probability of failure.
By averaging multiple units and multiple years of data in the
measurement, the gap between the 85th percentile and the “av-
erage” can be significantly closed. Bonus/penalty arrangements
can also drive the guarantee point closer to the “average.”

It should therefore be recognized by all partics that guar-
antee points will normally be more pessimistic than fleet
average performance, median machine performance or the
mode example machines.

X. WARRANTY TERMS

A contractual warranty requires not only a measurement
formula, definition of factors, and a guarantee number, but a
set of terms to qualify the environment. Here is a reasonably
full house of terms to choose from:

For all Reliability Warranties:

1) The reliability warranty is fully separate and independent
from the equipment warranty. The warranties may have
separate sterting times, ending times, and commercial
remedies.

2} A rigorous and explicit operating log shall be maintained
from which the performance under warranty is to be
determined. The log shall clearly identify the time, the
cause, the capacity reduction, the amount of waiting time
and/for idle maintenance time associated with each and ev-
ery outage event and be periodically reviewed and jointly
certified with the warrantor’s technical representative.

3) With the seller’s assistance and concurrence, the equip-
ment operator shall have a documented maintenance
program which covers scheduled maintenance plans, a
work schedule agreement, and well planned replacement
parts support.

4) The equipment shall be operated and maintained in accor-
dance with the suppliers’ recommended procedures with
particular attention to maintenance inspection intervals
and preventative maintenance activities.

5) A two-week {minimum) reliability demonstration period
including no less than 5 start-stop cycles, 50 fired hours
and mutually acceptable results shall precede the warranty
measurement petiod.

Outage hours or events not directly chargeable to failure
of equipment furnished under the contract shall not be
chargeable to the warranty.

Additional Clauses for Starting Reliability Warranties:

7y Test starts and failures 1o start from equipment not

furnished by the secller shall not be counted as stan
attempts, failures, or successes.

8) As a general assurance of readiness: If a unit has not

experienced a successful start during the prior thirty
days, then the start attempt shall be considered as a

6

-
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nonwarranty-qualifying “test start” and shall not be
counted.

9) Measurement biocks of at least 500 unit start attempis
are desired 1o ensure that the measured SR is statistically
representative of the inherent (true) SR. Where liqui-
dated damages without bonus provisions are associated
with the measurement of SR, and the measurement block
has less than 500 start attempts, then a measurement
tolerance band shall be inserted between the puarantee
point and the point of damages assessment. The mea-
surement tolerance shall consider the actual number of
start attempts and relate the measured SR to guaranteed
SR with 85% statistical confidence.

Additional Clauses for Running Reliability, Availability and

Egquivalent Availability Warranties (as Applicable):

10) For purposes of the wamranty measurement: Inspec-
tions, maintenance, and repair shall be gauged on a high
priority, high need basis. To achieve this, waiting time
and inactive maintenance time in excess of four hours
per outage event shall be charged to administrative
outage hours and not charged against the warranty.
Equipment outages shall be considered on a “block”
basis. Each individual major piece of equipment (gas
turbine, generator, HRSG, or steam turbine) shall be
treated as either available or unavailable at any point
in time. Equivalent outage hours shali be accumulated
for “block” outages but not for reductions in capacity
of the individual major pieces of equipment.

12) Planned outage inspections shall be performed on a
“replace then repair’” basis with all needed replacement
parts on hand at the start of the inspection. NDE inspec-
tions, repairs and cleaning up of removed components
are to be done separately from the outagefinspection
activities.

13) Planning for outage inspections shall address all ma-
jor equipment on a concurrent maintenance basis to
be consistent with the basis of formulation of the
guarantee level. If concurrent maintenance cannot be
practiced, then the nonconcurrent planned outage hours
for nongas turbine equipment shall not be chargeable
as either cutage hours or period hours, but as admin-
istrative outage hours.

Whereas seasonal deratings {(due to ambient cenditions)

do not constitute any form of equipment failure, the

Equivalent Seasonal Derated Hours (ESEDH) shall be

set to zero and not factored into the measurement.

11)

i4)

XI1. CONCLUSION

In the author’s experience of writing and negotiating relia-
bility warranties, there was much new ground to break, There
are also several major steps in the process of reaching an
equitable warranty structure:

Step 1: Recognize the value of reliability to the point that
it must be insured during the contracting process.

Step 2: Realize the fact that there are no commonty ac-
cepted standards and definitions that can be directly and solely
used to establish the warranty measurement.
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The current “standards,” including IEEE Std 762, NERC
GADS, ORAP, and the German VDEW, take a total plant
operation approach. There are no provisions for dealing with
nonchargeable outages or for separating nominal equipment
restoration aspects from service system aspecis.

Different site applications require different treatment. Single
unit peakers operating 200 fired hours per year should be
under warranty by different measurements than base-loaded,
multi-unit, combined cycle plants.

Step 3: Reconcile the “real-life” warranty consideration
factors and determination of the appropriate measurement for
the specific application. .

Part of this process is to “rough in” the qualifications
concemning which outage events or hours shall be chargeable to
the warranty, or fully excluded from the warranty or handled

APPENDIX M

on a “stop-the-clock” basis. To aid this process, Appendix E
contains a Worksheet for Allocation of Outage Hours.

Step 4: Capture the ideas of step 3 in suitable contract
language.

Step 5: Implement the measuring system with log sheet
forms (hopefully computerized) to semi-automatically track
each machine covered by the warranty. The degree of detail
or categorization afforded by the log shall support multiple
reporting needs including the qualified warranty performance,
NERC GADS reporting data, traditional performance measures
{e.g., ORAP) and engineering-desired events data.

As reliability gets more widely and properly measured, so
will its value become more appreciated and sought after on
a tangible basis.

APPENDIX A
Starting Reliability G
[Project/Contract Title]
{Date}

A. Starting Reliability Statement

The average Starting Reliability of the [Model/Type] gas
turbine-generator units fumished under this contract is guaran-
teed to be not less than {96.7%] over the warranty measure-
ment period as measured in accordance with the definitions
and concepts of ANSIIEEE Std.762-1987. The warranty mea-
surement period for each machine shall commence on the date
of first commercial operation and expire [three years] from
that date.

B. Starting Reliability Warranty Context

1. The ANSI/IEEE S1d.762-1987 provides definitions and a
formula for Starting Reliability that allow for the fact that not
afl failures-to-start or incomplete start attempts are chargeable
to equipment failure or to the warranty. Starting Reliability is
to be measured by the IEEE formula as follows:

ing Rellabilty = _SS __
Starting Rel Ity 55 . 5F
Where:
$S = Chargeable Starting Successes
SF = Chargeable Starting Failures

And:

A Qualifving Starting Attempt is the action intended to bring
a unit from shutdown to the in-service state under conditions
that qualify for inclusion in the warranty. Repeated initiations
of the starting sequence within the allowable specified starting
‘time period or without accomplishing corrective repairs are
counted as a single attempt.

A Chargeable Starting Success {(SS) is the occurrence of
bringing a unit through a qualifying starting attempt to the in-
service state within a specified period, as evidenced by main-
tained closure of the generator breaker to the system.

A Chargeable Starting Failure (SF) is the inability to bring
a unit through a qualifying starting attempt to the in-service
state within a specified period for failure reasons chargeable
to the warranty. Repeated failures within the specified starting
period are to be counted as a single starting failure.
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2. On an annual basis or at each accumulation of 500 quali-
fying start attempts (whichever is greater), the Starting
Reliability shall be calculated collectively as a single average
measurement of 2il of the contract units that are within the
warranty measurement period. If the calculated average
Starting Reliability falls below the guarantee level, it shall be
remedied in accordance with the terms set forth [in the
Commercial section].

If the measurement must be made with an accumulation of
less than 500 start attempts, the statistical measurement uncer-
tainty shall be recognized by providing an allowance from the
guarantee level. The Measurement Uncertainty Allowance
shall adjust the point of damages initiation based on the cumu-
lative binomial probability function and the actual number of
start atterpts to assure with 75% confidence that the indicated
(measured) shortfall is due to equipment deficiency rather
than the random nature of failure occurrences.

3. A rigorous and explicit operating log shall be maintained
from which the starting reliability measurement is to be deter-
mined. The log shall be periodicaily reviewed and jointly cer-
tified with a [Supplier] technical representative.

4, Tesl Starts and failures to start from equipment not fur-
nished under this contract by [Supplier] shall not be counted
as start attempts, failures or successes.

5. As a general assurance of readiness; if a unit has not
experienced a successful start during the prior thirty (30) days,
then the start attempt shall be considered as a non-warranty
“test start™ and shall not be counted.

6. Procedural errors that do not constitute equipment failure
involving repair shall not be counted as failures-to-start.

7. The units shall be operated within the design conditions
specified in the contract and maintained in accordance with
[Supplier] recommended procedures with particular attention
to maintenance inspection intervals and preventative mainte-
nance activities,

Copyright © 1998 IEEE. All rights reserved.
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APPENDIX B
Ruoning Reliability G
[Project/Contract Title]

A. Running Reliability Statement

Running Reliability shall be guaranteed in terms of the
ratio of actual available hours to planned available hours. The
Running Reliability for the gas turbine-generator units fur-
nished under this contract is guaranteed to average not less
than [97.2%] over the warranty measurement period. The
measurement period shall commence on successful comple-
tion of the two-week reliability readiness test. It shall expire
[two years] after the date of first cotnmercial operation.

B. Running Reliability Warranty Context

1. In recognition of the fact that there wili be non-charge-
able outage time, the warranty version of the running reliabili-
ty formula shall be as follows:

AH
PH - POH - AOH

where: Available Hours (AH) also equals

PH-FOH-MOH-POH-AOH
and: PH = Period Hours
(usually one year - 8760 hours)
FOH = Forced Qutage Hours
MOH = (unplanned) Maintenance Qutage Hours
POH = Planned Qutage Hours
(scheduled well in advance}
AOH = Administrative Qutage Hours
(non-chargeable)
and:  The above terms (except AOH) are more fully
conceptualized and defined by
ANSI/IEEE Std 762-1987

Running Reilabllity =

Copyright © 1998 IEEE. All rights reserved.
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2. A rigorous and explicit operating log shall be maintained
from which the Running Reliability measurement is to be deter-
mined. The log shail clearly identify the cause and the amount
of waiting time and/or idle maintenance time associated with
each and every outage event and be pericdically reviewed and
jointly certified with a [Supplier] technical representative.

3. With [Supplier] assistance and concurrence, the equip-
ment operator shall have a documented maintenance program
which covers scheduled maintenance plans, a work schedule
agreement and well-planned replacement parts support.

4. The unit shall be operated and maintained in accordance
with [Supplier] recommended procedures with particular
attention to maintenance inspection intervals and preventative
maintenance activities.

5. A two-week (minimum) refiability demonstration period
including no less than 5 start-stop cycles, 50 fired hours and
mutually acceptable results shall precede the Running
Reliability warranty measurement period.

6. For purposes of the warranty measurement; inspections,
maintenance and repair shall be gauged on a high priority,
high need basis. To achieve this, waiting time and inactive
maintenance time in excess of four hours per outage event
shall be considered as Administrative Outage Hours (AOH).
As such, they shall have “stop-the-clock™ treatment and effec-
tively not be counted as outage hours, derated hours or includ-
ed in the period hours base.

7. Outage hours associated with the [Supplier] furnished
equipment but not directly chargeable to equipment failure
shall be considered as Administrative Outage Hours (AOH).

8. Operator shall operate the gas turbine unit within the
design conditions specified in the contract.
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APPENDIX C
Availability Guarantee
{Project/Contract Title]

A. Avaitability Statement

Availability shall be guaranteed in terms of the Availability
Factor as described in the definitions and concepts of
ANSI/IEEE Std 762-1987. The average Availability Factor
for the [#/model] gas turbines generator sets furnished under
this contract is guaranteed to average not less than (95]% over
the warranty measurement period. The measurement period
shall commence on successful completion of the two-week
reliability readiness test. It shall expire [three] years after the
date of first commercial operation.

B. Avgilability Warranty Context

1. In recognition of the fact that there will be non-chargeable
outage time, the warranty version of the availability formula shall
be as follows:

Warranted Avallability Factor = ... AH__
PH - AOH
where: Available Hours (AH) also equals
PH-FOH-MOH-POH-AOH
and: PH = Period Hours
(usually one year - 8760 hours)
FOH = Forced Qutage Hours
MOH = (unplanned) Maintenance Cutage Hours
POH = Planned Qutage Hours
(scheduled well in advance)
AOH = Administrative Qutage Hours
(non-chargeable)

2, A rigorous and explicit operating log shall be maintained
from which the Availability measurement is to be determined.
The log shall clearly identify the cause and the amount of
waiting time and/or idle maintenance time associated with
each and every outage event and be periodically reviewed and
jointly certified with a [Supplier] technical representative.

3. On an annual basis the Availability Factor shall be calcu-
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(Date]

lated collectively as a single average measurement of all the
contract units that are within the availability warranty mea-
surement period. If the calculated average Availability Factor
falls below the guarantee level, it shali be remedied in accor-
dance with the terms set forth in the [Commercial] agree-
ments.

4. With [Supplier] assistance and concurrence, the equip-
ment operator shall have a documented maintenance program
which covers scheduled maintenance plans, a work schedute
agreement and well-planned replacement parts support.

5. The unit shall be operated and maintained in accordance
with [Supplier] recommended procedures with particular atten-
tion to maintenance inspection intervals and preventative main-
tenance activities.

6. A two-week (minimum) reliability demonstration period
including no less than § start-stop cycles, 50 fired hours and
mutually acceptable results shall precede the availability war-
ranty measurement period,

7. For purposes of the warranty measurement; inspections,
maintenance and repair shall be gauged on a high priority,
high need basis. To achieve this, waiting time and inactive
maintenance time in excess of four hours per outage event
shall be considered as Administrative Qutage Hours (AQH).
As such, they shall have “stop-the-clock”™ treatment and effec-
tively not be counted as outage hours, derated hours or includ-
ed in the period hours base.

8. Outage hours associated with the [Supplier] fumished
equipment but not directly chargeable to equipment failute
shall be considered as Administrative Outage Hours {AOH).

9. Planned ocutage inspections shall be performed on a
“replace then repair” basis with all needed replacement parts
on hand at the start of the inspection. NDE inspections, repairs
and cleaning up of removed components is to be done sepa-
rately from the outage/ inspection activities.

10. Operator shall operate the gas turbine unit within the
design conditions specified in the contract.

Copyright © 1998 |EEE. Al rights reserved.
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APPENDIX D
Equivalent Availability Guarantee
(Proportional Block Derating Method)
[Project/Contract Title]

A. Availability Statement

Availability shall be guaranteed in terms of the Equivalent
Availability Factor as generally described in the definitions
and concepts for the ANSHIEEE Std 762-1987. The average
Equivalent Availability Factor for the contract-furnished gas
turbines, generators and supporting controls and accessories is
guaranieed to average not less than {90%] over the warranty
measuremnent period. The measurement period for each gen-
erating set shall commence on successful completion of the
two-week reliability readiness test. It shall expire two years
after the date of first commercial operation.

B, Availability Warranty Context

1. In order to reflect capacity reductions due to equipment
failures and deal with non-chargeable outage time, the warranty
version of the equivalent availability formula shall be as follows:

Warranted Equlvalent Avallability Factor = g.';—'_—fgﬁ

where: Available Hours (AH) also equals

PH - FOH - MOH - POH - AOH by the
conventional, time-based, IEEE 762 definition

Equivalent Derated Hours (EDH) equals EUDH + EPDH
calculated for periods of derating due to specific equipment
failure and excluding seasonal derating and nominal degradas-
tion of performance

and; PH = Period Hours (usually one year-8760 hours)
FOH = Forced Qutage Hours
MOH = (unplanned) Maintenance Qutage Hours
POH = Planned Qutage Hours
(scheduled well in advance)
AOH = Administrative Qutage Hours

(non-chargeable)
EUDH = Equivalent Unplanned Derated Hours
EPDH = Equivalent Planned Derated Hours

2. A rigorous and explicit operating log shall be maintained
from which the Equivalent Availability measurement is to be
determined. The log shall clearly identify the cause and the
amount of waiting time and/or idle maintenance time associated
with each and every outage event plus all data required to cal-
culate EDH incleding minimum and maximuem ambient tem-
peratures and the effective reduction in dispatchable depend-
able capacity. The log will be periodically reviewed and joint-
ly certified with a [supplier) technical representative

3. The Equivalent Derated Hours {(EDH) shall be calculated
on a daily basis as follows:

a. For days wherein generating capacity is not limited by spe-
cifi¢ failure of contract-furnished equipment, the EDH shall be
taken as zero (0).

b. For days that generating capacity is partially derated due
to specific failure of the contract-furnished equipment, the
EDH shall be calculated as the ratio of the capacity shortfall to

Copyright © 1998 IEEE. Alf rights reserved.
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the daily dependable capacity multiplied by the number of
hours the derating was in effect. General degradation shall not
be considered as specific failure,

For example; for each day with some capacity derating, the
minimum and maximum ambient temperatures for the operating
period are noted, recorded and averaged to determine the medi-
an daily operating temperature. Utilizing performance curves
from the manufacturer, a “new and clean” plant capacity level is
determined for that median temperature. Then that capacity is
reduced by a nominal predicted degradation amount to arrive at
the median dajly dependable capacity. Now, because of the
impact of the specific component failure, a maximum dispatch-
able capacity level will exist which must be rationally deter-
mined. (If the plant is fully dispatched for the full day, then the
full day’s generation in kWh divided by 24 hours is the maxi-
mum dispatchable capacity.) The difference between the medi-
an daily dependable capacity and the maximum dispatchable
capacity is the shortfall.

The ratio of the shortfail to the median daily dependable
capacity is the degree of derating. Then muliiplying the degree
of derating by the number of hours that the derating was in
effect that day, yields the Equivalent Derated Hours.

4. With [Supplier’s] assistance and concurrence, the equip-
ment operator shall have a documented maintenance program
which covers scheduled maintenance plans, a work schedule
agreement and well-planned replacement parts suppott.

5. The unit shall be operated and maintained in accordance
with [Supplier] recommended procedures with particular atten-
tion te maintenance inspection intervals and preventative main-
tenance activities.

6. A two-week (minimum) reliability demonstration period
including no less than 5 start-stop cycles, 50 fired hours and
mutually acceptable results shall precede the Equivalent
Availability warranty measurement period.

7. For purposes of the warranty measurement; inspections,
maintenance and repair shall be gauged on a high priotity, high
need basis. To achieve this, waiting time and inactive mainte-
nance time in excess of four hours per outage event shall be
considered as Administrative Outage Hours {AOH). As such,
they shall have “stop-the-clock™ treatment and effectively not
be counted as outage hours, derated hours or included in the
period hours base.

8. Outage hours asseciated with the [Supplier] - furnished
equipment but not directly chargeable to equipment failure
shali be considered as Administrative Outage Hours (AOH),

9. Planned outage inspections shall be performed on a
“replace then repair” basis with all needed replacement parts
on hand at the start of the inspection. NDE inspections, repairs
and cleaning up of removed components is to be done sepa-
rately from the outage/ inspection activities.

10. Operator shall operate the gas turbine unit within the
design conditions specified in the contract.
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APPENDIX E
Worksheet for Allocation of Qutage Hours

A = warranty chargeable hours
B = non-chargeable *stop-the-clock™ hours
C = non-chargeable fully-excluded hours

Classifications by Event Cause
Clearly covered equipment

Forced cutage

Maintenance (delayed) outage

Planned Outage

Unplanned Extension of planned outage

Non-covered equipment outages

Equipment modifications
Special tests or inspections

Flood - hurricane
Externally caused fire
Labor problems, strike

System problems

Excessive frequency swings
Lack of proper (in spec.) fuel
Inadequate cooling water supply
i v,
Cement dust fouling of inlet
Planned outages for residuat fuel

Service Interruption Outage Hours

Waiting time or idle maintenance time in excess
of (4) hours per outage event considering:

Buyer stocking responsibility
Supplier stocking responsibility
Carrier (transportation) mishap
Delayed in Customs

Notification delay
Delayed arrival

2nd shift not working

3rd shift not working

Weekend day or holiday

Higher priority elsewhere

Work stretch-out labor problem
\i

Traveling cranes or lifting gear

Special welding equipment

Qil conditioning equipment

Other Considerations
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AN IEEE SURVEY OF U.S. AND CANADIAN OVERHEAD TRANSMISSION QUTAGES AT 230 KV AND ABOVE

Data Analyeis Task Force, Working Group an Statistics of Line Outages,
General Systeme Subcowmittea, Transmiesion & Distribution Committee

R. B. Adler (Chairman),
M. G. Lauby,

Abstract - The Working Gfoup on Statistice of Line
Outages was formed in 1981 to develop, implement and
summarize the resulta of a survey of design character-
istica of and outage experience with overhead transmis-—
sion at voltages 230kV and apove. The survey, diatrib-
uted in July, 1985, requeated the veluntary submission
of apecific data on ¢vaerhead linee in service within
the period, 1965-1985. The purposes of the effart were
twofold: to update earlier surveys (1949 and 19%65),
and to address a growing need for line outade data to
support evolving probabilistic eystem models for
planning and operation. Data were submitted Dy utili-
tiea from all nine RERC/USA reliability regione and by
the Canadian Electric As#ociation representing all of
canada. The outage data ware pooled and analyzed to
produce average statistice which are summarized in this

paper .

Beywords - Overhead Tranfmiseion, Qutage Statistics.
Performance Data, Reliability Analyais.

INTRODUCTION

gince the sarly 1970's, there has been a growing
need for tranemission line cutage yatea and restoration
times to support probabilistic wodels for aystem
planning and ¢peration. Prompted by an EPRI Study of
transmission outage data requirements [1]1, the working
Group on Statistics of Line Outages was created in 1981
to gevalop and implement a survey %o update two earlier
surveys of overhead trapnsmission in which the IEEE took
a leading rele [2,3]. Reference (4] provides a dedcrip-
tion of the background and development of the new
survey and of the method for its distributien to
potential respondents. Work on a Tranamipsicn Outage
Data Submispion Guide to support the survey progressed
in parallel with work on standard¢ definitions for
reporting cutages of tranamission facilitied (5]. To
the degree posasible, the standard definitions were
employed in the guide.

Similar to ite precedents, the new aurvey,
dietributed in 1985, was intended to serve two broad
cbjectives: to provide a snapshot of the design
characteristics cf overhead tranemigsion fa¢ilitiea
operating at 230kV and higher, and to quantify tha
performance of the various classes of linea on which
data were submitted. The background and results in
meeting the first objective are reported in [6]. The
present paper reporte on the second objective.

93 WM 054-7 PWRD A paper recommended and approved
by the IEEE Transmission and Distribution Committee

of the IEEE Power Engineering Soclety for presenta-
tion at the TEEE/PES 1993 Winter Meeting, &Golumbus,
OH, January 31 - February 5, 1993, Manuscript sub-
mitted September 16, 1992; made available for printing
November 3, 1992,
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€. R. Heising,

Specific goals adopted for the 1985 survey of
overhead transmission outage evente were:

1. To develop generic estimates of failure rateés and
restoration timee for ovarhead lines, as functions
of operating veoltage, circuit length, and number
of terminals; and t¢ gain a better grasp of the
nature and diateibution of gutage cauges aa a
function of voltage.

2. To develop statiatics on rare events such as
three-phase faulte at 500kv and 765kV.

3. To develop a better underptanding of the nature
and cauge of related multiple outage events.

g. To correlate circuit availability with circuit
design characteristics.

5. To determine how, in general, performance may have
changed since the laat Burvey in 1965.

5. Toc enccurage and foster the uniform and conaistent
collection Of transmissicn line outage data.

The 1985 survey differed from the 1949 and 1965
gurveys in that it requested data on (a) related
multiple cutage events, (b) outage event gtart and end
times, (c) 5Q0kV and 766kV overhead linea, and (4)
planned gutage events. Outage ratea are given on three
bases: per 100-miles of circuit, per terminal, and per
circult.

Since the information summarized in thie paper
repreésents a second get of 1985 survey results, the
numbering of tables and figures continues where (6]
left off. That is, the firat table of this paper is
designated Table 18 and the first figure ig Figure 2,

DATA REQUESTED

To use outage experience to estimate outage rates
and repair timea, two types of informaticn are re-
quired: circuit exposure [population) data, and out-
age-event data. The desired exposure data (summarized
in [6])} included basic data on each transmiseion
circuit which could have conttributed to the history of
outage events, Reguired data on each circuit consisted
of: circuit namé (to which was appended the hoset
utility identification number), operating voltage,
length, number of terminale, and tha epecific time
pericd over which the ¢ircuit, of a fixed design and
configuraticon, wae in service and pubject t¢ outage,

The raquest for gutage data presumed that the
responding utilitiee would translate data already
caliected into the format specified in the Tranamiasicn
Cutage Data Submission Guide (distributed with the
request for data). In wome cases this tranglation was
performed on data that had already been assembled and
pooled on a regional basis. In other cases, the data
were aesembled and pubmitted by individual utilities on
coding forms.

© 1993 IEEE
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Figure 2 illustrates the ceding form uped for the
submipeion of outage event data. (An outage avent may
have involved a mingle circuit outage, or two or more
related circuit outagee.) This form provided a means
for identifying the circuit(e) aesociated with the
initiating cause {(primary/indepandent or common-mode
ocutage(s) ), and for identifying any other circuit
cutage(s) required to lsolate or remedy the problem
[secondary/dependent outage(s} ). Secondary outages
were of two kinde: direct and indirect. If a sacondary
cutage waa a natural congequence of isclating the
problem, it was considered a "direct" secondary. If
the secondary outage wae a result of a mecond failure,
such as a stuck breaker or faulty protective relay, it
wag considered an "indirect" secondary.

Figure 3 shows the codes available to classify
each circuit outage in an event according to: ({(a)
type of outage, (b) the relation of tha particular
circuit outage to the initiating cause, {¢) whether
the circuit was completely or only partially remcved
from pervice, (d) whether the initiating problem
involved line equipment or terminal equipment, (&) the
means by which the circult was restored tc sarvice,

the

X-273 REV. 8-85

APPENDIX N

(f) the type of fault, (g} the suspected caume of the
outage, and {(h) the effect of the cutaye event on the
system or its compconenta.

When the outage svent involved more than one
circuit in a common-mode faahion [(because of common
tower, common right-of-way, or common terminal), then a
"common mode' designation was appropriate. If the
irnitiating cause of an event had directly resulted in
the common-mode outage of twe or more circuits, then
all of these circuits were considered primary outages.
For example, if tha fault had occurred on a bus, it may
have been necessary to remove all circuite connected ta
that bus tc isolate the fault. Each circuit would have
beten conelderad part ¢f the same common-terminal,
common-mode primary outage. Depending on network
configuration, one or more secondary outagas may also
have been required to ieolate the fault.

SURVEY RESPONSE
Seventy-eight utilities volunteered data, repre-

senting all nine USA regions of the North American
Reliability Council (NERC). The Canadian utilities

TRANSMISSION CIRCUNT OUTAGE REPORTING FORM
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Figure 2. Transmiesion Circuit Cutage Reparting Form.

Cutage Claasiication (OUTAGE CLASS)

Suspactad Cause of Outage (OUTAGE CAUSE) [Col 85-84]

Effacts of Outage (EFF) (Co: 7o)

OUTAGE TYPE [Col 547 CEFECTIYE POWER

FOREIGH INTERFERENCE

ERYIRQNMENTAL

A . CASCADING
A - AUTOMATIC EGUIPMENT WYY - FOREIGH INTERFERENCE . 8 -LOSS OF GEN
MW - ENVIRONMERT

£ - FORCED MANUAL LW - TRANSMISSION CIRCUIT JANY - ANIMAL SAYY - LGHTNING G - LOSS OF TEAM BANK
5 -FLANNED Eauw IBYY - BiRD SBNY - WEATHER D -LOSS OF LOAD

ILGE - CONDUCTOR ICHY - CRANE sB E - INSTAGILITY

TWTH - TGWER/ETRUGTURE 3riW - HUMAN 525: JRAN F - LOSS OF INTEACONNECTION

- OwW

MULTIPLE QUTAGES [Col B&-54] TLEN - SHIELD WIRE JKPN - KITE OR CTHER OBJECT sasL zen G - OVEALDAD

ILIF - INSULATOR: 3 _ AIRGRAFT -
¥ - FRIMARY INSULATION 8YS ]::: o - W - LINE DAMAGE
DD- DIAECT SECONDARY ILXK - GABLE SBML - L 1 - EQUIPMENT OAMAGE
DI - INDIRECT SEGGNDARY 3:"' - VEMICLE SBWH - HGHWIND J - CONTAGLLED LOAD SHED

IZPK - ANOTHER LINE _

B - COMMMON TERMINAL 1M - TERMINALISTATION EQUIP W SBHG - HURFICANE K - BLACKOUT
CR - COMMON ROW 154N - SUAGE ARRESTOR SBTH - THUNDERSTORM L- ‘E‘I’fglﬁ:;’;";;m
CT - COMMON TOWER 158 - CIRCUIT BREAKER SHTN - TGRNADO W - N AGYERSE EFFECT

DEGAEE GF OUTAGE [Col 5T)
C - COMPLETE
P - PARTIAL

PROBLEM TYPE [Cot 28]
L - LINERELATED

Y - TERMINAL RELATED
U - UNKHOWH

Nature of Restoration (AReT) [Cel 4]

- AUTOMATIC
- MANUAL/SUPERVISOAY

1SCK - SHUNT CAPACITOR GANK

15PY - PROTECTIVE SYSTEM
+8TH - BUs

1G5) - DISCONNECT SWITCH
1TBY - TRANSFORMER

TTRY - SHUNT REAGTOR BANK

UMY - UNKNOWN

HUMAN ELEMENT

)WY - HUMAN ELEMENT RELATED

2A00 - MPROPER RELAY 3ETTING

20N - INCORRECT INSTALLATION

2CH¥ - MPROPER DESIGN/

POWER BYSTEM CONDITION/

CONFIGURATION

ANPY - POWER 3YS. CONGGONF

AAY - STABLE OVERLOAD
OPERATION

ADNY - STABLE OSCILLATICH
ACH¥ - OUT OF 8TER

ALY - OVERVOLTAGE

AEMY - LOSS OF GENERATOR

AFPY - RELAY INGOAREGT
OPERATION

4G - OVERLOAD TRIP
AHYY - UNDERVOLTAGE
48 - UNDERFREOUENCY

A - SWITCHING SuRGE
(VOLTAGE)

SCHY - CONTAMINATION
SCSM - SMOg

SCEY - SALT

5CAD - BIRD CROPPINGS
ACIF - INDUSTRIAL

SCAG - AGRICULTURE

SEMY - EAATH MGVEMENT
SFAY - FIRE
SFLY - FLOOD

5&# - GALLOPING CONDUCTORS

SHY) - AEOL|AN VIBRATION

SCHEDULRD QUTAGE

- REPAIR/REPLACE
- UNKNOWN

APPLICATION
2ZO¥Y - MAINTENANCE ACTNITY

ZENY - CONSTRUCTION ACTIVITY
ZFMN - VANDALIGM OR SABOTAQE

cnz>

Fault Type {Cal 2-43]

AKYY - DYNAMIC OVERYOLTAGE
ALYF - INETABILITY

¥y - UNSPECIFIED PLANNED
OUTAGE

SApY - GONSTA. INBTALL.
MOBIFICATION

MY - NO FAULT OR NG OFEN PHASE
1G - SINGLE PHASE YO GAD

2P . PHASE TO PHASE

24 - DOUBLE PHASE TO GRD,

3P - THREE PHALE

3G - THREE PHASE YO ARD

OP - CPEN PHASE

UF - UNKNOWN

Figure 3.
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2GM) - IMPROPER QRERATION

Kote:

OTHIA

TAMPY - MISCELLANECUS OR OTHER

TUNN - UNKNOWN

Tranemigsion Circuit Outage Reporting Codes.

SBY) - TRANSMISSION CIRCUIT
MAINT,

BCHY - TERMINAL EGUIF. MAINT.

SO - TEST OR INGPECTION

AFMY - FOREIQN UTILITY AEQUEST

BEW - $YSTEM GONDITION
AGHY - AOUTINE OPERATION

Under “Suspected Cause of Outage," the symbol "¥" represents a blank space.

Copyright © 1998 |[EEE. All rights reserved.
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ware reprgsented in an additional single pubmisaion by
the Canadian Electrical Association. A total of 38 439
outage records were judged valid and accepted. These
‘conaisted of outage types: automatic, forced-manual,
and planned, and included primary, eecondary, aad
common-mode outage classes. These ocutages ware derived
from 14 120 circuit-years or 583 712 mile-years of
circuit exposure. The data submitted were derived from
circuite of voltage 230kV and higher in service during
varioua periode within the 1965-1985 tima frame.

Taple 1 (repeated from {6]) provides a snapshot on

July 1 of each year of the circuit population coatrib-
uting to the database. In those NERC regicne where the
submission wa® based on regionally pocled data, the
number of cireuite ahown in Table 1 remaing roughly
constant from year to year over tha period that data
were submitted. In thoae regicons where submissions
ware by individuval utilitiee, the numbar of participat-
ing circuite displays a wider year~to-year varlation.

Circuit outage event data were submitted with
varying levels of cars and detall. Some utilities
reported single and multiple-line ocutages as well as
forced and scheduled outages, providing start and end
times to the minute, carefully conforming to the
recommended format, and using the codes defined in the
Tranamission Outage Data Submissicon Manual. Other
utilities were less careful, and perhaps reported all
circuit outages am independent evente without identify-
ing related outages. Some gave outage start and end
dates, but omitted the time of day (hour and minute).
In some cases, important data fields were left blank.
The instructions for coding outaged ware at timea
miainterpreted.

Some utliiities simply submitted their data in
their own epecific format, leaving the Working Group
with the option to convert the data to the desired
format. 1In the latter came, difficulties were cften
encountared due to a lack of information to guide the
required conversion.

Only those outages recorda which satisfied the
minimum data requirements were included in the data-
bage. An acceptable cutage record was one that provid-
ed the minimum required data on an outage event, and
documented an event which occurred within the in-ser-
vice pericd eetablished by a correaponding valid
circuit exposure record.

IEEE
Sid 493-1897

RESULTS

In the letter requesting circuit cutage event
data, utilities were assured that all data that were
submitted would be pooled and the resulte presented in
summary form only. In an affort to publish survey
resulte without further delay, only basic data analysis
has been performed. More detailed analysia, guch as
the correlation of circuit design characteristics and
circuit availability, may yet be performed, dapending
on the level of interest revealad in the discussion of
this paper.

Data Summaries

Table 18 summarizes the nature of the primary
forced cutages. A primary outage is the circuit that
experiencea the initiating event. Although two or more
circulits involved in a comnon-mode cutage svent may
alsc experlence an initiating event, the decision was
made to exclude these multiple related cutage eventa in
Table 16. As tha title of Table 1B implies, gecondary
circuit outages are alee not included. Table 18
claspifies 15 525 primary forced cutages by cause,
voltage, problem type (line-related, terminal-related
or unknown), and general duratien (“momentary" for
reetoration times less than or sgqual to one minute, and
"auptained" for restoration times aqual to or greater
than two minutes}). The causes of the primary outages
are classified into the same categories used in the
Outage Reporting Form (see Figure 3). If the problem
type was not spacified, and it could not be deduced
from information on the outage cause (refer to mection
entitlad Cata Enhancement), it was clapeified as
“Unknown. "

Qutage rates are expressed per 100-mile-year for
line-related ocutages, per terminal-year for tegminal-
relatad outages, and per circuit-year for all outages
combined {terminal-related, line-related, and unknown}.
In calculating terminal-years exposure, if the number
of terminale of any clreuit was not specified, it was
assumed to have two.

The exposure to outage ie summarized at the bottom
of Table 18. This represents the mile-years (in
hundreda), terminal-years, or circuit-years that were
exposed to failure. The total number of line-relataed
primary ¢utages for each voltage is normalized by line

Table 1. Reported Line Population ( Number of Circuite) *.
BY REGION BY VOLTAGE LEVEL

CEA NPCC MAPP  SPP  SERC MAAC  MAIN ECAR  ERCOT WSCC 230 345 500 165
1965 [ 0 0 ] 12 0 0 ° 0 0 18 0 4} 0
1966 Q 0 0 6 14 0 0 0 0 1 21 Q 0 0
1967 0 0 0 6 17 0 i 1} 4] 1 24 0 0 0
1968 0 0 0 19 21 0 0 0 0 1 28 4 0 0
1969 0 0 0 10 22 0 0 0 0 2 29 5 0 ]
1970 0 0 0 11 26 0 0 0 0 2 34 5 0 9
1971 1 0 1 19 28 0 0 0 0 2 43 7 0 0
1972 0 0 1 25 34 0 0 0 0 21 55 7 19 0
1473 0 0 I3 30 38 0 i} 0 0 21 62 9 19 0
1974 0 0 1 37 41 0 0 0 1 28 69 14 25 0
1975 0 0 2 38 46 0 94 103 3 28 91 197 25 1
1976 0 22 2 42 54 0 104 238 11 28 108 334 44 15
1977 0 22 111 49 58 9 112 254 15 29 163 422 45 21
1978 0 22120 55 64 0 115 263 19 32 178 446 45 21
197% 0 29 134 64 99 376 124 269 20 30 566 479 14 21
1980 502 24 149 66 215 g 123 283 28 k3 1021 395 125 61
1981 511 49 161 69 217 389 125 290 38 33 1045 640 130 67
1982 526 49 14 n 218 393 132 302 12 34 1062 664 143 12
1983 550 23 1N 75 262 393 123 315 15 36 1071 660 184 85
1984 532 23 0 ik 266 197 93 3z3 49 36 932 567 204 93
1985 0 23 0 63 268 402 0 0 46 37 603 104 130 2
» a8 of July 1 for the years shown. {Tabie 1 16 ~epeated from [6].)

Copyright © 1998 IEEE. All rights reserved. 443
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exposure (in 100-mile-years) to obtain a line outage
rate per 100-miles per year. 1In a eimilar fashion, the
total number of terminal-related primary outages is
normalized by the terminal expceure (in terminal-years)
to estimate a line outage rate per terminal per Year.
The total number of cutages for each voltage level
{line-related, terminal-related, and unknown) is
normalized by the number of circuit-years to develop a
general cutage rate per circuit per year.

A8 an example of the use of the outage rates given
at the bottom of Table 18, conalder the calculation of
the rate of occurrence of sustained outages on a
particular 230kV circuit, OR$(230), as a function of
circuit length and number of circuit terminala. The
following equation would be used.

ORS(230) = ORSL{230) * Circuit Length in Miles
100

+ ORST(230) * (No. of Circuit Terminala)

+  ORSU{230C)

where OR5(230) le the rate of occurrence {per year} of

austained outages for a particular 230kV
circuit,

ORSL(230) is the sustained outage rate per
100 miles for 230kV circuits,

QRST(230) is the suatained ocutage rate per
terminal for 230kV circuita, and

ORSU(23Q) is the sustained outage rate for the
average 230KV circuit reflecting those
cases where the origin of the problem ia
either unknown or not specified.

Thua, for a three-terminal, 50-mile, 230kV circult,
ORS = 1.287 » &0 +

10C
= 0.8625 pustained forced outages per ysar.

0.062 * 3 + 0.033

To calculate the rate of occurrence of sustained
outages of the average 230kV circuit, ORSA(230), the
following equation would ba used.

ORSA(230) = ORSLA[230) + ORSTA(230) + ORSU(z30)
where ORSA(230) is the sustalned outage rate {pér year}
for the average 230kVv circuit,

ORSLA(230) im the sustained ocutage rate for the
average 230kv circuit due specifically
to line-relatad outages,

ORSTA{230) ils the Bustained outage rate for the
average 230kv circult due spscifically
to terminal-related cutages,

ORSU(230) is defined above.

Thug, for the average 230kV line,

ORSA(230) = 0.412 + G.131 + 0.033

= 0.576 austained forced cutages per year.

The reader ig cautloned not te draw conciusions
about the ratio of line-related to terminal-reélatad
outages reported in Table 18, since a significant
numbar of terminal-related outage recorda were temaved
from the database due to an irraconcllable data defi-
ciency,

Table 19 aummarizes the distribution of causes, by
voltage, of the circuit outagee designated as

446
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“pPlanned.™ Of the 78 repponding utilities, §3 reported
planned outages. After reviewing the ratio of reported
Planned outages to the total numMber of reported outayes
for each utjlity, it was observed that some utilities
seemed to report planned outages only on an occasional
basis. To adjust for thie inconaistency in the calcu-
lation of planned outage rates, only the planned
outages and circuit exposures of those utiiities whose
ratic of reported planned outages to total reported
outages excaeded 15% were used. A8 a result, Table 19
represents the planned outages and circuit-years
exposure of 58 utilities. The number of planned outage
records used drops by a mere 0.03% {from 21,321 to
21,259). The ratios for the remaining 58 utilities
ranged from 25% to 98% (with an average of 65%}.

Table 19 includes 129 of the 181 "Automatic” or
“"Forced Manual™ outages with "Scheduled" outage cause,
listed in Table 18, Theee belong to the 5B utilities
assumed to have reported all planned outages.

Table 20 ciaasifies the variows ¢ombinations of
one or mora clircuit outages that comprise the databage
of outage events. Since the data from several NERC
reglone consisted only of single-circuit Qutage events,
circuit outages with ldentical initiation times (tc the
minute) within the same utllity were ldentified.

There is a high probability that these simultanecua
circuit outages were, indeed, related avents. Theae are
summarized in Table 20 as "Independent Simultanacus"
outages. (Note that the independent simultanecus
multiple-cutage events may easily be racast as indepen-
dent events. For example, an independent simultanecus
event involving three circuit outages in Table 20 may
alternativaly be considered as three independant
eventa, each lnvolving one circuit.)

Excluded from Table 20 are the data from those
submieeione consisting entlrely of independent primary
outages where the duration of the cutage was given,
rather than the speclfic cutage start and end times (a
rasult of a required data conversion}. In this cape,
Lt was impoesible to identify saimultanecus start times.

wWhen an outage event involved a number of cir-
cults, each with a differsnt "Multiple Outage" code,
the question arises: What multlple-outage classifica-
tlon should be assigned to this cutage? The Working
Group's reapcnse was arbitrary, but rational., The
seven different multiple—outage types were subjectively
rankad in order of decresasing probakllity of occur-
rence:

-~ Indepandent

- Independant Simultaneocus

- Direct Secondary

- Common-Terminal Common Mode

- Indirect Secondary

- Common-Towar Common Mode

- Common-Right-of-Way Common Mode

In Table 20, an event is claasifled according to the
least probable multiple-cutage type recorded for one or
more circuits within the event, and by the voltage of
the clrcuit(e) on which this least probable outage type
ogeurred. For exampla, using the above ordering for
decreasing propability, if an event had involved thres
circuit outages of types: primary, direct secondary,
and indirect secondary, the three-c¢ircuit event would
have been claseified "indirect secondary"--the least
probable cutage type in the event. The evant would have
been classified under the voltage level of the circuit
whose outage wae & specific ¢onasquence of the indirect
pacondary occurrence, As another example, coneider an
event that had included a common-tower common-mode
outage cf two linea and, because of a stuck breaker,
also had included an indirect secondary outagae. This

Copyright © 1998 |[EEE. All rights reserved.



IEEE

APPENDIX N Std 493-1997
r— CAUSE 230KV 5KV, SOOKY 765K V]
lUNSPECIFIES PLANNED 2068% 57.19% 40.87% 84.69%

CONSTRUCTION, INSTALLATION, MODIFICATION $1.51% 10.55% 489% 1.26%)
{(TRANSMISSION CIRGUIT MAINTENANGE 18.86% 11.22% 8.66% 183%
TEAMINAL EQUIPMENT MAINTENANCE 13.28% 12.12% 5.40% 267

TEST OR INSPECTION 11.45% 6.32% 11.84% 1.61
FOREIGN UTILITY REQUEST 1.83% 0.36% 1.19% 0.00%)
llsysTEM conpmon 0.52% 1.83% 21.36% 6.04%)
I_FQJ'HNE CPERATION B.55% 0.22% 1.79% 0.00%]
OTHER THAN SCHEDULED (2) 4.33% 0.20% 0.99% 0.00%
TOTAL PERCENT 100% 100% 100% 1005
TOTAL NUMBER OF GUTAGES (3) {4) _ 5031 12972 1512 1744
SCHEDULED OUTAGES FROM TABLE 18 (5) 78 28 23 0
TOTAL SCHEDULED OUTAGES 5109 13 000 1535 1744]
TOTAL NUMBER OF CIRGUIT-YEARS (3) 2415 4112 411 207
YEAR) 2.12 318 3.73 a41

Rotea: (1)

Excludes outagea claseified as secondary or commeon mode.

{2) Outage Type listed ae "Planned" but Outage Cause was other than “Scheduled.”
{3) Includes circuits from only those utilities whose reported "Planned" cutages
comprige at leaat 15% of their total reported outages.
{4) Total excludes the 181 cutages in Table 18 with "Scheduled" Outage Cause.
(5) 179 "Scheduled" outages from Table 18 from those utilities whoee reported
"Planned" outagee comprise at least 15% of their total reported ocutages.

Table 20. Classification of Multiple Cutaga Event® by Outage Type and Voltaga.
INVOLVING INVOLVING INVOLVING INVOLYING INVOLVING
TOTAL CIRCUITS INDEPENDENT DIRECT COMMON-TERMINAL INDIRECT COMMON-TOWER COMMON-R.OW.
VOLTAGE INVOLVED IN SINGLE AND SECONDARY COMMON-MODE SECONDARY COMMON-MODE COMMON-MODE

{KV} OUTAQE EVENT SIMULTANEOUS QUTAGES QUTAGES OUTAGES OUTAGES OUTAGES
230 1 3320 41 11 6 2 0
2 303 46 26 26 1 0
3 39 4 2 [} [t} 0
4 18 Q 1 3 1 0
5 7 1 Q Q 1 0
6 ¢ 0 0 0 0 Q
7 3 g 0 Y} 0 9
8 2 0 Q 0 0 0
Total 230KV 3 692 92 40 41 5 0
345 1 5 807 20 8 a8 3 4
2 577 52 81 14 18 4
3 89 -] 13 2 5 1
4 16 0 2 0 i 0
5 1 1 o V] o 0
6 1 a 2 1 0 Q
7 1 0 Q 0 0 0
Total 345KV 6 502 81 87 26 27 9
500 1 721 10 5 1 [} Q
2 35 58 4 4 ] 0
3 3 18 0 1 0 o]
4 9 2 0 o Q 0
5 0 1 ° [ [ Q
Total 500KV 759 S0 g § [+ 0
765 1 205 1 0 0 0 9
2 38 i2 4 o 0 0
3 2 4 1 1 ] ]
4 2 0 0 0 0 ]
3 0 ¢ 0 0 1] 1]
[} 1 0 0 0 0 Q
Total 765KV 336 17 5 1 o 0
Orand Total 11289 280 141 74 32 g
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event would have been classified "common-tower commoen
mode." The voltage level under which the event would
have been classified was that of the common tower line.
The above ordering of multiple cutage types is somewhat
validated by the decreaslng magnitude of the Grand
Totals in Table 20, as one moves from left to right,
corresponding to moving freom top to bottom of the above
list of multiple outage types.

The first row of entries in Table 20 lists multi-
ple-line cutages that appear to involve only a aingle
circuit. These entries arise where the multiple outage
involved one or more circuitse operating at a veltage
lower than 230kV or when the initiating event was a
planned outage. Neither lower voltage nor planned
circuit outages would appear in the forced outage
database cn which Table 20 ie based.

Table 21 summarizes the incidence of each of the
varioue types of fault that ipitiated primary cutages.
These are clapsified by voltage, by problem type
(line-related, terminal-related, or unknown}, and
whether the resulting outage was momentary or sus-
tained. A high percentage of the fault types were
designated as "Unknown" or were not classified at all.
Table 21 includes the 181 automatic and forced-manual
cutage events with "Scheduled" outage causes presented
in Table 18.

Table 22 summarizes the diatribution of the
reptoration timee cof automatic and forced-manual outage
eventa. The first portion of the table reports an
analysis of the outage durations that excludes all
forced outages of unusually long duration (arbitrarily
defined here as outagea lasting more than 100C houra).
Inclusion of even cne such outage event would signifi-
cantly increase average duration. The raticnale for
this action was that, even though such an cutage may
have, in fact, begun as a forced outage, it was eventu-
ally transformed to "scheduled™ outage as the power
system was adjuated to reestablish a secure and econom—
ic operating state, The extracted outages are summa-
rized in the second portion of Table 22Z.

If the outage duration were exponentially diptrib-
uted, the ratio of the average to the median would be
.632/.500 or 1.264. In Table 22 the ratio ranges
between 9.1 and €4.1. It is reasonable tc conclude
that the urgency of repalr {(e.g., working overtime, not
working overtime, etc.) variee from cutage to outage ae
do the requirements for restoration (ewitching, repair,
replacement, etc.).

Table 23 summarizes by voltage level, firet, the
incidence cf the different cutage types. Of a total of
35 846 primary outage records, 15 525 were "Automatic™
or "Forced-Manual" outages, the remaining 21 321 were
"Planned." At 345kV and abcve, there jes a high ratio
of "Forced-Manual, Sustained" outages to "Automatic,
Sustained" outages relative to the same ratilo at 230kv.
This raisee a guestion about postponable cutages and
the variations among utilities in the distinction
between a deferred forced-manual outage and a acheduled
cutage. {Reference (5] provides a definition for
Scheduled Cutage: "An intentional manual cutage that
could have been deferred without increasing riskx to
human life, risk to property, or damage to equipment.")
Unfortunately, information on this arbitrary distinc-
tion was not requeated in the survey.

The second portion of Table 23 summarizes the
degrees of sustained primary forced cutage. Since most
circuits have only two terminale and no sectionalizing
breakers, a fault on the circuit usually resulted in
completely de-energizing the circuit., A terminal fault
may or may not have de-energized the circuit.
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The third portion of Table 23 shows the variation
in the effect of sustained primary forced outages.
Nearly 30% of all sustained cutages had no adverse
effect; the effect of 62% were not classified.

Table 24 summarizes the data reported on the
sature of restoration following forced (automatic,
forced-manual, and not-specified) and planned primary
outages. AF expected, most planned outages are susa-—
Tained in nature and are returned to eervice through
manual or superviecry-controlled switching. Most
sustained forced outages are similarly reatored. Moat
momentary forced outages are returned through automatic
switching. 1n this table, planned cutage events with
missing end times were assumed to be momentary.

DATA ENHANCEMERT

Often outage records were found to be incompiete.
bepending on which fields happened to have been left
i>lank, the use of an outage record may range from
limited application to none at all. Certain inferences,
however, were made based on information provided
elsewhere in the same cutage record (that is, the start
and end times of the outage, and outage cause). This
information provided a basia for filling certain blank
fields with codes other than an "NC'" for "Not Classi-
fied." The basea for aseigning a meaningful code to
particular fields are as follows. (Any addition to a
data record was identified in a new field of what
oecame an augmented data record; the original record
was not altered.)

Outage Type An ocutage may be clasaified ae
automatic, forced-manual, or planned based on how it
wae initiated. When the Qutage Type field was left
blank, the sutage was ¢lassified as “Automatic" if the
outage caune was onae that would precipitate a phase-to-
ground fault. Referring to the Cause Codes given in
Figure 3, this was coneidered the case for outage
causes: Contamination (5C), and Foreign Interference
{cause coden with prefix ™3") except for Human (3H) and
Tree {3T). &An cutage wase also classified "Automatic"
if the outage cause was identified as a Defective
Pratective System (1SF), Improper Relay Setting (2A),
or Powsr System Condition: Out of Step (4C), Relay
Incorrect Cperation (4F), Overload Trip {4G), Switching
Surge {(4J), Dynamic Overvoltage (4K), or Instability
{4L). If the outage type was left blank and the outage
cause wag any scheduled outage {(cause code with prefix
"6"), the outage type was classified "Planned.”

Multiple Outages In capes where a utility had
left the Multiple Outage field blank, the circuit
outage was assumed to be “Primary/Independent™ (I). If,
however, it had the mame start-time (to the minute) as
one or more other circuit outages reported by the pama
utility, it was, in addition, recognized as "Simultane-
oup” (IS). If a utility was observed to report all
zircuit outages as primary/independent, and it was also
obeerved that eome of that utility's circuit outages
had identical ptart-times, an "S" was added to the
exiating "I to yield the independent and simultaneous
code {IS}. In either case, the "15" indicates that the
circuit outages in the same utility with simultaneous
start times may have keen related and part of a single
event.

Fault Type The Transmission Outage Data Submis-
#ion Guide stated that a blank entry in the "Fault
Type" data fieild ies intended to mean "No Fault." This,
however, led to some confusion in the interpretation cf
i-he data submittsd. That is, when the data submitter
made ne attempt to enter fault-type information, care
wad required not to confuse thie with a seriea of
outages each of which had "No Fault." An "NC" waa
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Table 23. Distribution of Primary Outageg with Respect to Outage Type,
Degree of Outage, and Effect of Cutage, by Voltage.
OUTAGE TYPE 230 KV 345 KV 500 KV 765 KV
SUSTAINED - AUTCGMATIC 31.80% €.80% 12.47% 7.56%
SUSTAINED - FORCED MANUAL 2.61% 672% 9.75% 6.90%)
SUSTAINED - NOT SPECIFIED 1.34% 585% 0.17% 1.56%)
MOMENTARY - AUTOMATIC 17.50% 14.33% 25.33% 11.70%)
MOMENTARY - FORGED MANLUAL 0.55% 0.34%. 0.07% 0.00%
MOMENTARY - NOT SPECIFIED 0.30% 2.67% 0.00% 0.66%
PLANNED 46.08% 63.30% 52.21% 71‘62ﬂ
TOTAL PERCENT 100%: 100% 100% 100%{
TOTAL NUMBER OF OUTAGES 10948 20583 2802 2 435
IDEGAEE OF QUTAGE (SUSTAINED) 230 KV 345 KV 500 KV 765 KV|
COMPLETE 95.66% §7.97% 91.23% 100.00%|
PARTIAL 0.85% 1.06% 8.77% 0.00%]
NOT CLASSIFIED 3.49% 0.98% 0.00% 0.00%]
TOTAL PERCENT 100% 100% 100% 1Q0%|
TOTAL NUMBER OF OUTAGES 3852 3981 650 g_%
EFFECT OF QUTAGE (SUSTAINED) 230 KV 345 KV 500 KV 765 KV
CASCADING 2.00% 0.00% 0.00% 0.00%
LOSS OF GENERATION 0.62% 0.08% $.00% 0.00%)
1.0SS OF TERMINAL BANK 0.00% 0.00% 0.00% 0.00%
LOSS OF LOAD 2.47% 0.08% 1.85% 0.00%
INSTABILITY 6.10% 0.00% 0.00% 0.00‘5’3
LOSS OF INTERCONNECTION 2.24% 4.14% 892% 0.00%
OVERLOAD £.00% 0.00% 0.77% 0.00%]
LINE DAMAGE 2.80% 0.03% 1.54% 0.00%]
EQUIPMENT DAMAGE 0.05%| 0.05% 7.54% 0.00%
GONTROLLED LOAD SHED 0.03%| 0.00% 0.00% 0.00%]
BLACKOUT 0.00%| 0.05% 0.00% 0.00%
LOSS OF GTHER CIRCUITS {<23GKV) 0.59%| 0.38% 0.00% 3.33
NO ADVERSE EFFECT 40.34% 15.10% 4B 46% 43.85%
NCOT CLASSIFIED 48.77% 80.11% 3092% 52.82%|
TOTAL PERCENT 100% 100% 100% 100%]
TOTAL NUMBER OF OUTAGES 3892) 3981 650 3504
“ NOTE: EXCLUDES COMMON MODE OUTAGES
Table 24. Mode of Restoration as a Percent of Total Number of Primary Outagen.
230KV 45KV 500KV TBSKY
FORCED PLANNED FORCED PLANNED FORCED PLANNED FOACED PLANNED
MOM SUST MOM. SUST. MOM SUST. MOM SuUsT MOM SUST. MO, SUST MOM.] SUST. MOM.| SUST]
IAUTOMATIC 31.45% 2 05% 0.10% 0.18%| 39.84% 2.00% 1.05% 0.21%| 5242%| 11.68%) 0, 26%| 0.00%] 41.39% 0.28%| 1.26%| 0.00%]
MANUAL/SUPERYISORY 1.00%) 3225% 2.50%)| B6.87% 0.42%) 35.86% 138%| 56.59%| 038%| 25.99%| 053%| B226%| 000%] S52.2d4%| C.06%| 98.68%
AEPAIRREPLACE 017%] 541%] 157%| 557% 0.04%| 4.32%] 001%| 0.26%| 007%| 404%| 000%| 7.80%| 000%| 0.58%| 0.00%[ 000%
LINKNOWN 142%[ 2625% 0.10%) 23.12% £.94%] 1058% 0.02% 1.49% 0.07%| 1.15%| 0.00%| §.13% 217% 3.33% 0.00% 0.00%)
[TOTAL # GUTAGES 5301 5031 7 546 12972 1387 1512 €91 1744
[TOTAL PERCENT 100% 100% 100% 100% 100% 100% 100% 100%

* NOTE: EXCLUDES COMMON MODE QUTAGES

inparted in this field to indicate "Not Classified”
only when it was obvicus that a utility uniformly made
no attempt to classify the type of fault. If a utility
had occasicnally a non-blank code in thie field, it was
assumed that the data submitter was consistent and that
a blank field was intended to mean 'No Fault.'

COMPARISON WITHE 1965 SURVEY

The 1949, 1965 and the 1985 surveys had ¢ommon
basic objectivee: the pooling of transmission line
outage experience to gain & better understanding of
outage occurrence rates and caudea (especially of rare
evants), tha correlation of line performance with
degign, and, in general, the promotion of formal
collecticn of circuit outage and exposure hiatory.

450

Unlike the previocus two surveys, the 1985 survey

partitioned initiating probleme into "Line-Related" and
“Terminal-Related" in an attempt to develop cutage
rates that were functions of circuit length and number
of circuit terminals, respectively. Whersas the 1949
and 1965 surveys claseified outages only as "Temporary"
or "Permanent," the 1985 survey requested outage start
and end times to provide a bamis for estimating average
outage duration. The 1985 survey alec collected data
on pianned outages.

Table 25 provides mample comparisons of the
resulte of the 1965 and 1985 surveye. (A pimilar table
could be developed using 1949 survey resulta.} The
Firet column provides direct compariecns of the re—
mponse to tha survey, the fraction of the forced
outages that were "Suetained" (aesumed egquivalent to

Copyright © 1998 IEEE. All rights reserved.



APPENDIX N

"permanent” in the 1965 survey), and the fraction of
forced outages that were caused by lightning. (Light-
ning continued to be the prevalent cause of outage.)

The comparisons in the second column of Table 25
required some manipulation of the data collected in the
1965 survey to ensure a common bagis. Because the
exposure data for the 1965 survey wers expressed only
in circuit-mile-years, comparison must be confined to

IEEE
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primary forced ocutage rates as a result of line-related
problems. This requires that outages initiated by
terminal-related problemas be removed from the 19685
regulte.

In the calculation of the lightning cutage rates
in Table 24, it was assumed that the outages of "Un-
known" problem type collected in the 1985 survey {Table
18) were line-related. These were then combined with

Table 25, Sample Comparisons of the Results of the 1985 and 1965 Surveys.
1985 Survey| 1665 Survey | 1985 Survey] 1965 Survey]
[Time Period Surveyed (1} 21 Years 15 Years Lightning Qulage Rate (4] (Per 100-Mile-Yuear) :
AL 230KV 0.566] 0.409)
|_No. of Circuits Invalved At 2B7KYV | 0.282]
At 230KV 1071 325 AL 345kY 0.683] 3,039
At 287V 0 10 At 500KV 0.473] -
A 345KV 664 51 At 75KV 0.458| -
At SO0KY 204 0 Ovarall 0.556] 0.627]
A1765kY 93 0
Total 2 032] 386 Foreed Cutage Rate {5) (Per 100-Mile-Yoar)
AL 230KV
Circult Exposure (Mile-Years) Momentary 0.714 0.8454
Al 230KV 232 454 145 645 Sustained 1.287 0.3c1}
At 287KV 0 10 678 Totaf {6} 2.000 0.571
At 345kY 232 949 14 743 AL2B7KY
At 500KV 78 364 0 Momentary - 1.461
At 785kY 39 945 0 Sustained == 0.468)
Total 583 712 171 068 Total (6} - 1.939(|
At 345KV i
[Mo. of Primary Forced Outages (2) (Events) Momentary 0.869 3.276]
At 230KV 5901 1659 Sustained 0752 0.692||
AL 287KV [} 213 Total (8) 1.621 3988
At 345KV 7 548 808] At 500KV
At 500kY 1387 Q Momentary 0.853 -
At 765kY 891 7 Sustained 0.527 B
Total 15 525 2 568 Total 4.380 -
AL 765KV
No. of Primary Plannsd Oulages {Events] Momantary 0.471 —
Total I 21 250] [ Sustained 0.536 -
I Total 1.008 -]
Fraction ot Primary Forced Outages
[That wers "Sustained® {3} Phase-to-Ground Fault Rate (5) (Par 100-Mie-Year}
At 230kV 66% 34%, A1 230KV 0.713 0.548)
At 287KV - 24%) At 287kY - 0.3
Al 345kY 53% 19% At 345kV 0.510) 344
At 500KV 47% - At 500KV 0.952 -1
At 765KV £6% - At 765KV 0.418] -
Overall 57% 29%
3-Phass & 3-Phese-to-Ground |
Fraction of Primary Forced Outagas Fauit Rate (5) (Per 100-Mila-Year)
Caused by Lightning At 230kV 6.037 4.010
At 230kV 22%| 36% At 287KV - 0009}
At 2B7RV - 13% At 345kY 0.018 0.163
At 345KV 22% 54% At 500KV 0.019 -
At 500kY 27% - At 765kV 0.000 -
AL 765KV 24% -
Ovarall 22% 42%

Notas:

(1) Time Period Surveyad: 1985 Survey, 1/65-12/85; 1965 Survay, 1/56-12/64.

(2) The event count for the 1985 survey excludes common-mods outages.

(3) Assumas that all cutages of duration class "Not Reported” in the 1965 survey were sustained in nature.

(4) Assumes that all lightning autages in the 1965 survey werse line-related. Includas “Line-Related" and "Unknown™ and excludes
“Terminal-Related” lightning problem types assembled in the 1945 survey.

(5) To approximate cutage rates due t line-related problerns, 1965 outage rates are adjusted to exclude erminal-related outages by
removing thase caused by "Terminal Equipmant’, "Undesired Relay Ciparation” and "Personnet Error®. The 1985 outage rates

exclude "Tarminal-Related” and "Unknown” probiem types.

(8) Includes those events for which Outage Type (Momentary/Sustained) was "Not Reportad” in the 1965 survey.

Copyright © 1998 IEEE. All rights reserved.
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thoee known to be “Line-Related" to calculate the
line-related rate. In the results of the 1965 aurvey,
all lightning cutages were assumed to have been line-
related in the calculation of a comparable rate.

Teo calculate forced outage and fault rates as
functions of circuit length, the following assumpticns
were made. ©On the 1985 side, only the line-related
cutages were considered. (If the outages of "Unknown"
problem type were alac assumed to be line-related, the
cutage rate would increase--especially for 345kV.) ©On
the 1965 side, the assu
caused by "Terminal Equipment Failure," "Undesjred
Relay Operation” and "Personnel Error" were terminal-
related, and that all cther cutages were line-related.
These were subtracted from the total ocutage count
before calculating the forced outage rate as a function
of circuit length.

tion was made that cutages

ption was made that outages

The sample comparison of the resulte ol the two
surveys, as presented in Table 25, auggests the follow-
ing shifts in outage characteristics. In more recent
years, the fraction of primary forced ocutages that were
sustained has increased, while the fraction cf primary
forced outages that was caused by lightning has de-
creased. Lightning outage rates, however, appear to
have increased in the 1985 survey (recognizing that the
345kv sample in the 1965 survey was small). The
line-related primary forced outage ratee alsc appear
generally to have ilncreased (an increase that would be
even more pronounced if some fraction of the cutages of
"Unknown" problem-type in Table 18 were assumed to be
line-related).

CONCLUSIQNS AND RECOMMENDATIONS

On Meeting Survey Goals

In the Introduction, six goals adopted by the
Working Group are listed. The first three gcals relate
to estimating failure rates and restoration times and
gaining a better understanding of causes and effects.
The results reported in this paper address all three
goals with the exception of summarizing the causes of
the related multiple outage events. Because of the
multiplicity of cutage combinations, an event-by-event
study is reguired to adegquately generalize the nature
of the causes. Further effort in this area will be
guided by the interests and concerna of the readers as
expresaed in the discussion of this paper.

To expedite the publication of the basic survey
data, the fourth goal ©f expleoring the correlaticn of
circuit deeign characteristics with circuit outage rate
has been left to a future effort. The nature and depth
of this effort will again depend on the level of
intereat displayed by the readers.

The degree of success in meeting the f£ifth goal of
updating results and determining how performance has
changed since the lagt Burvey is difficult to assess.
The comparison attempted in Table 25 is based on
surveys of two different populations. Although the
geale were similar, the circuits and their environmenta
were not. The general manner of collecting and record-
ing outage data may have alsc been different.

With regard to the sixth goal of fostering the
uniform and conaistent collection of tranamission line
outage and exposure data, the 1985 survey process was a
success. The Transmission Outage Data Submission Guide,
along with its companion Circuit Characteristic Data
Submiasion Guide, developed by the Working Group,
served as a model and starting point for a number of
utilities that had not previocusly formally collected
the data.
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Ag more utilities institute transmiseion data
collection aystems, and as the data are standardized
and pooled on a regional basis, the justification for
and value of pooling data over a broad and diverse
geegraphic area such as North America falle into
guestion. Tt is likely that, by the year 2000, most of
the utilities that responded to the 1985 survey will be
contributing transmission data to regional databases,
Becaume of the increasingly evident inadequacies of

doterm

gtic approaches to ensuring the adeguacy of
stic approachas to ensur ing the adeguacy of

tranamisaion systems, many other utilities will have
likely implemented data collecticn systems. Because of
these tendencies, the task of updating this survey will
bz less formidable, and more likely to succeed in
satisfying goals similar tc those of the 1985 effort.
If, however, by the year 2000, many utilities remain
uncommitted to the systematic collection of transmia-
8ion data, then the new survey will collect data that
would not otherwise have been aesembled, and, as in the
past, utility participation in data collection will
have been encouraged and advanced.

Whether the effort be focused on the development
cf a regional database, or on a aurvey of North Ameri-
ca, there should be an effort teo better capture and
characterize the nature of related multiple outage
events. An unfortunate aspect of the 1985 survey was
that large blocks of cutage data were reported totally
ag slngle-circuit independent events.

Time taken in careful preparation of a future
survey will pay a significant dividend when the time
arrives to analyze the data. Spend time investigating
the nature of available data, 80 that the reguest for
data will not reguire a hercic effort in response. Care
should be taken to clearly define terms and provide
codes for all poasible situations. Never use an blank
field as a response option. Finally, aveid, if possi-
ble, undertaking the conversion of a contributing
entity's data to the desired format. This task is besat
done by somecne with an intimate and working knowledge
of the original data collection system.
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DISCUSSION

RONALD O©O. GUNDERSON, Nebraska Public Power
District, Hastings, Nebraska: The authors are
to be commended for the effort in this immense
task. The authors state that a significant
number of terminal related outage records have
been removed from the outage database because
of irreconcilable data deficiencies. Not
including these outages in the calculation of
outage rates will lead to outage rates which
are significantly lower than the actual ocutage
rates of the lines. Would the authors indi-
cate how many ocutage records were excluded and
some examples of the type of irreconcilable
data deficiencies which occurred,

Historically, outage rates for terminal
related outages have been expressed in terms
of outages per terminal year. The assumpticn
is made that the number of terminal related
cutages is directly proportional to the number
of terminals. It would be interesting to kncw
if the data supports this assumption. 1Is the
cutage rate per terminal year for two terminal
lines essentially the same as that for three
terminal lines or four terminal lines? Or are
the outage rates for multiple terminal lines
greater because of the increased complexity of
the associated protection systems and the
possibility of incorrect operations? Similar
questions can he asked of the bus configura-
tion at each terminal. Reference [1] cen-
cludes that outage rates and durations for
terminal related outages are different for
different bus configurations. Can the task
force give estimated cutage rates for differ-
ent bus ceonfiguraticns? Future cocllection
efforts should collect data on the type of bus
configuration at each terminal.

The goal of correlating circuit design
characteristics with circuit outage rates is a
worthwhile geal. Utilities need to know how
the different design characteristics such as
single circuit line vs. double circuit line
and different types of construction material
and configuration affect the performance of
transmission lines. This information becomes
more important as the transmission system
becomes mors heavily loaded and outages become
more critical.

The industry needs to better understand what
factors influence transmission line perfor-
mance. By collecting data over a large area
with the same format, analyses can be per-
formed which may improve this understanding.
For example, do relatively short 1lines in
urban areas have the same performance charac-
teristics as relatively long lines in rural
areas? What is the effect of different cli-
mates on outage performance? Reference [2]
describes an outage data collection format
which was developed by two NERC regions and is
being utilized by them. This format collects
characteristic data on different types of
basic construction, terminal configuraticon,
and common exposure. Information is collected
for related outage events also.

REFER ES

[1] M. G. Lauby, D. D. Klempel, C. G. Dahl,
R. 0. Gunderscn, E. P. Weber, P, J.
Lehman, "The Effects of Termlnal Complex-
ity and Redundancy on the Fregquency and
Duration of Forced Outages", IEEE Trans-
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the Mid-Continent Area Power Pool, M. G,
Lauby, "Joint Development of Consistent
Bulk Transmissicen Qutage Reporting and
Analysis Procedures by Two NERC Regiona",
IEEE Transactions on Power Systenms,
Vol. 4, No. 2, May 1989, pp. 5G7-516.

M. Oprisan {Canadian Electrical Association, Montreal, (ue-
bec, Canada): 1 wish to compliment the authors, members of the
Working Group on Statistics of Line Cutages, on the excellent
and comprehensive analysis provided in their paper. From per-
sonal experience | know what a formidable task it is to compile
such a vast amount of information, ensure the consistency of
data and try to derive meaningfu! statistics which could be of use
to the contributors.

The Canadian Electrical Association has collected transmis-
sion equipment outage data since 1978 and I have included
below, for comparison, a portion of the report covering the
S-year period 1986-1990 for 230 kV trunsmission lines, both
momentary and sustained outages.

Summary of Transmission Line Statistics for
Line-Related Sustained Forced Outages

Voltage Kilometwre  Number  Tawal  Frequency Mean Unavail-
Classi- Years of Time {Per Duration ability
fication (km.a) Cutages th} 100 km.a} (h) (%)
200-299kV 171104 929 11,502 0.5429 12.4 0077
Summary of Transmission Line Statistics for
Linc-Related Momentary Forced Qutages
Yoltage Kilometre Number Frequency
Classi- Years of (per
fication (km.al Qutages 100 km.a)
200-29v kv LI LR 0.5891
Summary of Transmission Line Siatistics for
Terminal-Related Sustained Foreed Outages
Yoltage Termmal  Number  Tolal Mean Unavaii-
Classi- Years of Time  Frequency  Duration ability
fication (a) Outages (h) (Per a} th) (%)
200- 299 kV 4,870 658 3070 0.1351 47 0.007

With regard to momentary and sustained outages, 1 noticed
on page 3 of your paper under Data Summaries that a momen-
tary outage is defined as having a restoration time of less than or
equal to one minute. However, a sustained outage is defined as
having a restoration time equal to or greater than two minutes.
The CEA system defines a sustained outage as having 4 restora-
tion time greater than one minute. Was the restoration time
between cne and two minutes purposefully excluded from your
definitions?

On Table I8, page 4, among Defective Equipment Primary
Causes you list Circuit Breakers, Transformers, Shunt Reactor
Banks, etc. [ was wondering if these should be actually lumped
together with the transmission lines and if by doing so one does
not get a somewhat distorted image of transmission line perfor-
mange. In the CEA system these pieces of power equipment are
analyzed separately as components of the transmission system.

1 should also note that all Canadian utilities have agreed,
from the beginning. to submit the transmission cemponent in-
ventory and outages in full and in a consistent format which
resulted in meaningful and useful statistics based on a large
database, This can be partly attributed to the fact that the
number of utilities involved is rather smail even if some of them
are large in size. This comment applies to the last paragraph of
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the “On Meeting Survey Goals” on page 12 and I should add
that as far as the Canadian utilities are concemed the interest
has been and | believe will always be there for collecting this
type of information. I suspect that the same will be true tor the
U.S. utilities.

In concluding, I would like to know how you sce the useful-
ness of such a survey conducted every 15-20 years. Surveys were
conducted in 1949, 1965, 1985 and you seem to be talking about
the next one in 2000, You will certainty appreciate the reason
for this question since, as | mentioned before, CEA has pro-
duced such surveys annually since 1978.

Manuscnipt received January 26, 1993,

MAIN Transmission Outage Task Force: G. A. Johnson, chair-
man (Central Tilinpis Public Service Co.); E. C. Pfeiffer (Union
Electric Co.); P. B. Burke (Commonwealth Edison Co.), D. L.
Smith (Wisconsin Public Service Corp.); A. W. Schneider, Jr.
{MAIN Coordination Center): The Mid-America Inierconnected
Network (MAIN} Transmission Outage Task Force was amung
the participants in the survey leading to this paper; thus we
appreciate first hand the difficulty of providing certain requested
data items which were not in our computer file of EHV trans-
mission outages, The Data Analysis Task Force has succeeded
beyond our expectations in providing “typical” performance
measures which can help the industry to prioritize development
of analytical 1ools. In addition, this survey has stimulated revi-
sions to MAIN data collection procedures so that relevant
characteristics of EHV outages are recorded permanently in an
casily retrievable form.

From time to time suggestions are made to cstablish an
ongoing collection of EHV transmission outage data covering alt
of North America. This would be similar to the GADS collection
of generating unit outage data. This would be of guestionable
value because indices computed from such data would probably
be poor predictors of the performance of any particular line,
There are at jeast two reasons tor this, First, overhead lines
operate in very diverse environments, compensated to some
extent by the line design. Second, the “vintage” of a transmis-
sion line is much more difficult to establish than that of a
generating unit. as old lines are cut and extended o new
terminals to meet new system requirements.

However, periodic efforts such as this paper stimulate the
trend toward complete datz collection on outages which is
essential to make rigorous estimates of future performance, as
in comparing the reliability of alternative designs.

The Data Analysis Task Force has presented forceful conclu-
sions which should be carefuliy considered in creating or revising
regivnal data collection schemes. The resulting data will be
greatly enhanced, and future pooling of data will require much
less effort and fewer interpretations and assumptions.

Indices computed using the methods of this paper will be less
adequate for lines of more complex topology, such as the 115 kV
through 161 kV transmission lines used to supply distribution
substations and industrial customers from EHV points of supply.
These lines may have greater impact on the reliability of supply
to customers, hecause there is often a lower level of redundancy.
They arc also subject to frequent sectionalizing and switching.
Does the Task Force plan to recommend data collection meth-
ods to develop useful performance indices for such lines?

Manuscript received February 1A, 1963,

Copyright © 1998 IEEE. All rights reserved.

J. Endrenyi and L. Wang (Ontaric Hydro, Toronto, Canada):
One of the purposes of this survey is to address the need for
line outage data in probabilistic modelling for planning and
opetation. The survey results reported in this paper involves
the pooling of line outage data submitted by uilities in the U.S.
and Canada. A pertinent question to ask is: can the pooling
process be carried out without considering such factors as
homogeneity in line design and operating environment? Similar
questions have been asked in the pooling of generating unit
data, and these questions are now being addressed by the Task
Force on Generating Unit Data Pooling of the Application of
Probability Methods Subcommittee, Unconstrained pooling
may reduce the usefulness of the information.

We noticed that in Table 1B the weather-related outages are
separately identified.  This is, however, not sufficient
information to calculate separate good- and severe-weather
outage rates required in some reliability models. To obtain
these rates, the average duration of severe weather periods
would aiso be needed. Yet, this information is dependent on
the region and probably cannot be pooled. Is any extension of
the work foreseen to address this problem?

Finally, we would like to congratulate the members of the Data
Analysis Task Force for their effort and valuable contributions
in compiling and analyzing a tremendous amount of line outage
data.

Manuscript received February 22, 1993,

HELENANN VOLPE AND BRIAN SILVERSTEIN
(Bonneville Power Administration, Portland, OR), We
commend the Data Analysis Task Force for the excellent
job that they did in gathering and analyzing the large
volume of outage data that was collected. The results are
good indicators of large scale trends in outage rates for
transmission lines operating at or above 230-kV.

Would the authors please expand on the “irreconcilable
data deficiency” that leads to the caution not to draw
conclusions about the ratio of line-related to terminal-
related outages.

Reference was made, both in the paper and at the pre-
sentation, to the large amount of unanalyzed design
related material in the data base [6] and the question
arose as to what should be done with it. Perhaps some
exploratory multi-variate analysis will point to those
design parameters which warrant further investigation,
either by this group or by others.

One possibility for future work is to join with the
Working Group on Performance Records under the
Application of Probability Methods Subcommitiee, who
have an ongoing effort on Data Pooling for Generators.
With contributor permission, and removing utility iden-
tification, the data could also be made available to
researchers in computer readable form,

Through the efforta of the Task Force, the authors now
have a comprehensive understanding of the strengths
and weaknesses of the data collection format that was
used in this project. Some suggestions are made for
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improvement in the section on The Next Survey. If data
subsequent to 1985 can be collected in a materiaily simi-
iar form, it may be possible to observe trends in outage
rates. This common baasis for comparison will make the
analysis more valuable.

Manuscript received February 22, 1993,

R. J. Ringlee {Power Technologies, Inc., Schenectady, NY):
Appreciation and compliments are due the Data Analysis Task
Force for its success in presenting results much more compre-
hensive than preceding surveys, results that represent a signifi-
cant contribution te the overhead line performance data base
and which should be of value in improving estimates of vutage
rate and restoration for overhead lines. Collection of data on
multiple outage events is a significant addition to the data base.
Data on the likelihood of these events are essential for bulk
power system reliability prediction and knowledge of their likeli-
hood is a necessary input to rational formation of reliability
criteria for design of lines and stations. For example, Table 20
indicates that a significant fraction of the multiple outages were
identified as arising from common-terminal common mode. Table
18 indicates that nearly one third of the sustained outages for
300 and 763 kV circuits were identificd as terminal related. Dawa
in both Tables prompt the question of root cause for the high
numbers of terminal-related outages and raise the opportunity
to explore the reliability benefit /cost of improved station equip-
ment performance and alternative station designs.

The step of exploring the correlation of circuil cutage rate
with line design characteristics is of fundamental importance;
may the Task Force receive the encouragement it seeks to
continue its efforts in this direction.

The authors have indicated that trend analysis should not be
attempted by comparison of the data between successive surveys
uwing to the differing data sets involved. The discussor agrees if
the comparison were to be made between statistics representing
the aggregate performance of all circuits of a given voltage.
There's an alternative that might be considered if the informa-
tion on specific circuits were available in successive surveys:
paired comparisons. Circuits that appear in both surveys would
be candidates for making estimates of trends. In like manner,
paired comparisons could be made with the circuit data in the
latest survey to compare the effect of design by pairing circuits
of dissimilar design but located in simifar geographical areas and
using the data that span the same period.

Manuscnpt received February 24, 1993,

T. E. McBermott (Power Technologies, Inc., Pittsburgh, PA):
The task force has effectively presented a large amount of data
on transmission outages, and this information should be valu-
able o the industry, Other investigators may wish to pursue goal
4 of the survey, by correlating outages with certain design
parameters. Would it he possible to maintain the raw data
presented in this paper and in [6], in electronic format. under
the auspices of the General Systems Subcommitiee?

Many of the reported outages were caused by lightning. The
[EEE: Working Group on Estimating the Lightning Perfor-
mances of Transmission Lines has a public-domain computer
program {FLASH) to predict the lightning performance of over-
head lines. With the outage data in this paper and the design
data in [6], it may be possible to validate or improve the models
in FLASH. The Electric Power Research [nstitute zlso has a
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program (MULTIFLASH) that offers a prediction of multi-phase
and /ot multi-circuit outages. The data collected by this task
force would be very useful in analyzing the results of both
programs, if the data were kept accessible in an electronic
format.

Manuscript recelved March 1, 1993,

Y. 8. Rashkes (former Chief of EHV Ficld Tests Division of
Electric Power Research Institute, Moscow, Russia; now with
General Electric at the EPRI High Voltage Transmission Re-
search Center, Lenox, MA}): Statistical data on the service per-
formance of HV/EHV transmission lines were collected and
analyzed also in the USSR during many tens of years. The high
interest of power engincers in each new publication on this
subject demonstrates that they recognize very clearly how impos-
tant and beneticial it is to use service experience for future
improvements in transmission reliability.

For American power engineers it would be of interest to
compare their own service experience published in the discussed
paper with the Soviet one which is summarized in recent publi-
cations [1-3].

General characteristic of Soviet rransmission network, The terri-
tory of the former USSR is much larger than that of the US
(22.4 and 9.4 million sq. km respectively), its population exceeds
the US population only by 10% (284 and 245 million people in
1988), so the medium density of population was much lower than
in the USA. Electric energy production was significantly less
than that of the USA and in 1990 rcached 1.8 million GW . hours.
As a result, main power flows were less than in the USA, and
the HV transmission network was not so dense and multicircuit
transmission was rare. Nevertheless the total length of HV
transmission lines was very targe and increased fast {in thou-
sands km):

in 1960- about 130, in 1970- 430, in 1980- 780, in 1990- 1100.

Total length of EHV lines--- 345 kV and above—was (in thou-
sands km):

in 1960- about 5, in 1970- 28, in 1980- 55.in 1990- G8.

The voltage level of 400-500 kV in Sovict transmissions was
reached in 1956-62, 750 kV- in 1966, 1150 kV- in 1985, and in
1990 there were in operation (in thousands km):

330 kV- about 32, 500 kV- 55, 750 kV- 10, 1150 kV- 1.

All Soviet 750 and 1150 kV lines, as well as the absolute majority
of 500 kV lines are single circuit. Reserves in network transmit-
ting capacity and in generating capacity are small, so for the
Soviet power utilities is very important to reach high service
reliability, especially for EHV lines. Progress in line design,
proper choice of insulation and overvoltage protection, wide
application of high-speed autorcclosing, especiatly single-pole,
efforts to maintain necessary level of service and repair works
permitted to reach this goal. Service expertence in the USSR
was analyzed on a regular base {annually). This helped consider-
ably in improving reliability.

Service experience data. For analysis in [1] author used data of
19811985 with totat volume about 2.6 million km.year. These
data were compared with earlier published [4-7)}, which covered
abeut 0.3 million km.years during 1959-1980 but were for dif-
fizrent regions of the USSR.

The specific rumber of Sovict line outages for each rated line
voltage were (per 100 km.years):

For lines 1I0kV 150kV 2200kV 330 kV 500KV 750 kV
In 1981-1985 3.0 1.8 1.5 1.5 0.6 n.2
In{4-7] {5-35 - 1.5-2.0 1.5-32 0.58
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The spread in the data of [4-7] is caused by regional differ-
ences in insulation contamination, lightning protection etc.. so
the averaged figures from the more recent survey based on a
bigger observation volume are more reliable. For 1150 k¥ lines,
their total length and observation period are too small for
dependable evaluation, but preliminary results show that the
specific number of outages is about (.1 per 100 km.year. It is of
interest 1o characterize the reasons of outages for EHV lines.
According to [8, 9] the causes of outages of Soviet 500 and 750
kV lines are (in % of total aumber of outages):

SO kY 7SO kY

Defects of manufacturing and maintenance 179 13.7
[ce, snow, conductor galloping, etc. 1.6 3.8
Wind 9.3 206
Lightning 12.7 200
Flashover of contaminated insulation 4.2 8.6
Fire, mechanical damages by outgoing

people and transport 16.6 13.8
Unknown reasons 217 175

Specific number of outages in the Soviet network is in satisfac-
tory agreement with previously published American and Cana-
dian data including [10].

One of the goals for the analysis performed was 10 check the
effectivencss of high-speed autoreclosing as a very inexpensive
measure to improve line reliability. The percentage of arcing
faults which could be potentially cleared by high-speed reclosing
could be assessed only approximately because faulty phase voli-
age was not always of sufficient size to determine from the
oscillograms of the failure if short circuit was through arc. So
probability of arc taults was cvaluated as:

110-220 kV- 0.6-0.9, 330 kV- 0.7-0.85, 500-750 kV- 0.65-0.75

(higher values are applicable to lines with higher specific num-
ber of outages duc to lightning storms or pelluted insniation
flashovers). Arc faults may be created also by wind, conductor
galloping, fire. outgoing vehicles’ movement ete., so the iaci-
dence of arc faults is in good agreement with the above men-
tioned statistical reasons of trippings. Possibly, the percentage of
arc faults is cven higher because special analysis showed that
unsuccessful high-speed reclosings originally supposed to be
metal or tree short-circuits were associated with too small dead
times or with multiple flashovers of contaminated insulation in
unfavorable weather conditions.

The proportion of single-phase faults in the total number ot
line trippings increases with rated voltage and, correspondingly,
with growing tower dimensions:

220 kV-0L6, 330 kV-0.8, 500 kV-0.92, 750 kV-0.98,

This means that for EHV lincs single-pole high-speed reclos-
ing becomes the main mode of reclosing. Really, although com-
posite single- and three-phase reclosing devices are in common
use in the USSR, the single-phase mode ol their operation is
predominant in the 330-300 kV network and is practically the
enly cne for 750 kV lines. For 750 kV lines three-phase high-
speed autorectosing works only at mistaken trippings of the line,

Success of high-specd reclosing shghtly decreases with ETV
rated voltage and is somewhat loss than in the USA:

[1kY 22Xk 330kV A kY 750 kv
Single-phase in the USSR TLEN 673 [ERea 2 a2
Single- and 3-phase total in the USSR oIS .70 1178 .62 a2
Single- and 3.phase total in USA ] X el 145 1,77 (1%

This primarily occurs because fault rate sharply falls with rise
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of raied voltage and therefere various defects that autoreclosing
cannet correct become more pronounced.

It could be seen that such a simple measure as single-phase
high-speed autoreclosing provides continuity of power supply
through EHV Lines in a half or three quarters of the outages.

Dead time for the Soviet EHV lines usually equals, in depen-
dence of secondary arc current, (,6-2.5 sec. Automatic devices
for high-speed reclosing worked properly in 99.8% of cases.
Information about reliability of other kinds of relay protection
and automatic devices is given in [3].

A small specific rate of outages in 750 kV lines together with
high enough efficiency of high-speed reclosure led to the situa-
tion when one tripping of such line due to its failure is statisti-
cally as frequent as one tripping due to the failure of substation
equipment and 0.5-1 tripping due to malfunctioning of relay
protection devices or mistakes of service personnel. The same
situation was found in Canada [10]. Such data show the practical
necessity of paying attention te equipment reliability, transmis-
sion schemes and personnel training.
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Munusenpt received Mareh 1. 19493,

R. B. ADLER, C. R. HEISING, T. S. WHITE,

M. G. LAUBY, S. L. DANIEL JR., R. P. LUDORF:
We hasten to thank the discussers for their
expressions of appreciation for the efforts
of the Working Group on S$Statistics of Line
Outages. We thank them alsc fer their
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thoughtful and provocative comments and
questions. Their discussion has motivated us
to explore further the correlations and
implications of the line cutage and design
history entrusted to us.

Several discussers raised guestions on
the nature of the data deficlencles that
prompted the Data Analysis Task Force (DATF)
to discard data. This by and large arcse
when we had tc convert data from one form to
another. In these cases, the data were
submitted in a format different from the
requested format. In several cases, with the
help of the data submitter, the DATF
developed a conversion program for both the
outage and exposure data. In some cases,
however, certain essential data was absent.
Cne particularly troublesome type of
conversion is from a database developed by a
collection system whose primary purpose is to
estimate component outage and repalr rates.
The IEEE format, however, 1ls criented tec the
development of outage and repair rates for
the transmission circuit as a unit [1].

Concerns about the value of pooled data
are ever praesent. Pooling of non-homogenous
data aiways intrcduces guestions on just what
is represented. One of the conclusions of
the IEEE Task Force on Generating Unit Data
Pooling (of the Application of Probability
Methods Subcommittee) is that cne must always
focus on the planned use of the pooled data
in developing the survey forms. The design
of the IEEE survey was guided by the goals
outlined in the Introduction.

From the members of the MAIN
Transmission Qutage Task Force, we are
pleased to hear that our efforts in
developing an effective survey have
stimulated review and improvement in data
collection procedures. This discusser
underscores a important observation: pooling
transmission outage data over all of North
America provides a poor basis for the
predicting the performance of any specific
line where weather, terrain and other
characteristics are known. Such data pooling
over such a broad geographic area does,
however, provide initial estimates, which are
then tempered in accordance with local
conditions., This 18 especlally the case for
rare events such as three-phase faults at
500kv and 765kV,

The Data Analysis Task Force agrees that
it is desirable to establish a guideline for
the collection of outage data on transmission
of voltages below 230kV (6%, 115, 135 and
161kV). We would recommend that the present
questionnaire serve as a starting point for a
collection system for outage history at these
(sub)transmission voltages.

The DATF agrees with Mr. Ringlee in his
observation that a high proportion of outages
(both single and multiple) are terminal
related. Because of earlier-discussed data
deficiencles, many terminal-related outages
were not included in the summaries, while
line-related outages on the same lines were
included. As a result, an even higher
proportion of the outages are terminail
related. We agree that this observation
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points to improved station equipment
performance as a peotentially fruitful area
for improving the reliability of the
transmission system,

Although it would be desirable to see
how the performance of particular lines may
have changed from the 1965 to 1985 surveys,
the data collected in the 1965 survey are
lost. The comparison of circuits of
different designs within the 1985 survey, but
operating In similar geographic areas, is
diffjicult because of a lack of detailed
geographic informatien requested on the
lines. This is a compariscn that can,
however, be made using the general regional
characteristics of the host utility, and wiil
be considered Iin the next phase of this work.

A clarification on our precedure for
removing certain outage data is necessary to
address Mr. Gunderscn's concern that such
omisslons may lead to outage rates which are
significantly lower than the actual outage
rates of the lines. 1In all cases, the
exposure data were adjusted to aveoid this
consequence. Both line-related and terminal-
related cutages had to be removed. The
largest block of data removed were terminal
related cutages as noted in Footnote No. 4 to
Table 18. The reader is cautioned not to
take the ratio of terminal-related to line-
related outages, since the terminal-related
outages are under represented.

Mr. Gunderson suggests that terminai-
related outages on a circuit may not be
linearly related to the number of terminals
that line has as we have assumed. The reason
cited is that the complexity of protection
systems increases as the number of terminals
increases. Table 1B indicates that a
significant portion of the terminal-related
outages are due to prechlems with the
protective system at all vecltages but 765kV.
At 765kV, 100% of the circuits upon which
outages were reported have only two-terminals
{6]. We will delve more deeply into this
observation in the next phase of our work.

We cannot, however, do the same for
variations in bus configuration, since we did
net cellect data to characterize this
undoubtedly important variable. We agree
with Mr. Gunderson that the nature of land
development and weather characteristics along
the r.o.w. might correlate with outage rate.
There is always the balance tc be struck,
however, between what data might be
desirable, what data is readily available,
and the possible risk of overwhelming the
person assembling and submitting the data.

We agree with Messrs. Endrenyi and Wang
in their observation that the weather-related
outages reported in Table 18 (under the
"Environment" general cause) tell us little
about the impact of weather. This is because
we did not ask for a characterization of
weather exposure in the circuit population
data. Table 1B only confirms our suspicion
that weather effects are the predominant
outage cause within the "Environment™
category.

We expect to make better use of the
lightning-related outage data in the next
phase of the data analysis. Lightning

Copyright © 1998 IEEE. All rights reserved.
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performance will be correlated with
isokeraunic level, and with number and angle
of shielding wires. We may alsc find
correlation of lightning outages with other
design characteristics.

Ms. Volpe and Mr. Silverstein identify
the Working Group on Performance Records as a
supportive setting for further analysis of
the data. The DATF will explore the merits
of this suggestion.

It has been the intent of the Working
Group on Statistics of Line Outages to
document thoroughly the data collection
system used in the 1985 survey and to
identify its weaknesses [4,6}. The gcal is
to state the lessons learned and possibly to
ease the preparations for the next general
survey. In doing so, we would hope also to
facilitate the capture and observation of
trends over time as Ms. Veclpe and Mr.
Silverstein have suggested.

Mr. Rashkes has provided some
provocative observations cn the practice and
performance of the Russian transmission
system operating at voltages similar te those
that we have surveyed. Of particular
interest to the DATF are the observations on
the fraction of single-phas® faults that have
occurred on the Russian system, and on the
benefits of single-pole reclesing. Frem
Table 21 of the paper, we similarly observe
that single-phase faults cauged by line-
related problems are the predominant cause of
outage at all voltages. Whereas the Russian
experience has indicated that 60% to 98% of
the total trippings are from single-phase
faults, our data from Tabkle 21 indicate this
portion to lie Irn the range from 18% to 52%,
Perhaps, without single-polée switching to
help indicate the nature of the fault, there
is a less accurate identification of the
fault type, Mr. Rashkes summarizes the
guccess of single- and three-phase high-speed
reclosing as lying in the range of a half to
three-quarters. If we were to assume the
"success" rate to be defined as the ratio of
momentary line-related cutages to the sum of
momentary and sustained line-related outages,
we observe a success rate In the range from a
third to two-thirds. Single-pole reclosing
may have a significant and important positive
impact on transmission network reliability.

Some interesting comparisons may also be
made to Mr. Rashkes’ summary of outage
causes. Wind and contamination have much
less impact in our survey, which may be the
result of either differences In design, or
differences in operating environment.
Lightning, on the other hand, has a greater
impact on line outages. This may be due to a
basic difference in circuit design, or to a
greater incidence of lightning near those
circuits on which data were reported?

We observe that the Russian data appears
to be normalized only by circuit length, and
not by the numpber of terminals involved. It
appears that neo distinction was made between
terminal- and line-related outages.

Copyright @ 1998 IEEE. All rights reserved,
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The utilities and power pools responded
to the IEEE survey of overhead transmission
outages with the agreement that the 'data
will be held in strict confidence and only
summaries will be reported..." The Working
Group is, therefore, obliged not to release
the detailed data for use by others, As an
alternative we are willing to work with any
other IEEE working group or task force in
exploring the implications of the data. This
would include Mr. McDermott's suggestion that
we discuss possible data analysis that may be
of interest to the IEEE Working Group on
Estimating the Lightning Performances of
Transmissiocn Lines.

The DATF thanks Mr. Oprisan for sharing
his insight on the benefits of pooling data.
Since he has offered a sampling of the CEA
transmission statistics, we will make a few
comparisons of the results at 230kVv. (The
reader will recall that our data includes CEA
data.) Referring to our Table 18 and
converting miles to kilometers, our data
indicates a line-related sustained forced
outage frequency of 0.80 per 100 km.a
(compared to CEA's 0.54 per 100 km.a}, and
momentary forced outage frequency of 0.44 per
100 km.a {compared tc CEA's 0.58 per 100
km.a}). Our Table 22 shows an average
duration of the line-related sustained forced
outages of 7.% hours (compared to CEA's 12.4
hours). With regard to terminal-related
sustained forced ocutages, cur data indicates
a frequency of 0.06 per terminal.a {compared
to CEA's (.14 per terminal.a), and a duration
of 9.8 hours {compared to CEA's 4.7 hours).

Mr. Oprisan has jidentified a peint of
confusion in our definition of momentary and
sustained cutages, We define a momentary
outage as one whose duration is one minute or
less. Since we request outage start and end
times only to the nearest minute, the next
larger increment in duration is two minutes.
Thus any outage with calculated duration of
two minutes or more is considered sustained.
Depending on how the data submitter may have
rounded off the outage start and end times,
an cutage that was in fact of duration
between cone and two minutes may be classified
momentary or sustained.

Mr. Oprisan observes that the failure of
terminal egquipment is listed as outage causes
of circults. OQur appreoach treats the a
transmission line and its terminal equipment
as a unit, and provides statistics on the
"transmission unit." An alternate approach
is oriented to the development of statistics
on the transmission components. The latter
approach is favored by CEA. The DATF found
that there are some proklems with converting
data collected under one appreoach to a form
compatible with the other approach.

Again we thank the discussers for their
guestions, comments and recommendations.
These have provided us with the impetus to
forge onward with a more detailed analysis of
the data collected.

Manuseript recerved April 13, 1593
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FREQUENCY OF TRANSMISSION LINE OUTAGES IN CANADA

Don 0. Koval

Dept. of Electrical Engineering
University of Alberta
Edmonton, Alberta

T6G 2G7

Abstract - Frequent transient and sustained forced outages of
transmissicn equipment can significantty affect the performance of
industrial and commercial power systems and the processes they
conwol. A knowledge of the primary causes {(e.g., adverse weather,
defective equipment, eic. } of ransmission line sustained and transient
forced outages and which physical components of a transmission line
{c.g., line conductors, structure, hardware, etc.) are affected is
essential for designing and maintaining reliable transmission systems.
Historical transmission reliability data provides the ability to predict
[1] the performance of various transmission line configuratiens and
assess the impact of forced owtages on industrial and commercial
power systems. When ne historical voltage sag data is available,
historical ransmission line reliability statistics can be used to predict
the voitage sag activities at a particular site. The prediction
methodology will appear in the next edition of IEEE Std. 493 (ie.,
IEEE Goid Bock). This paper will present & summary of the
Canadian Electrical Association's Equipment Reliability Information
System statistics on the forced outage performance characteristics of
transmission eqeipment for Canadian utilities for the period 1988 -
1992, The paper will reveal the structure of the data base and present
relevant summary data necessary for the application of these reliability
methodologies{1].

I. INTRODUCTION

“In 1975 the Canadian Electrical Association (CEA) adopted &
prepasal to create a facility for centralized coliection, processing and
reporting of reliability and outage statistics for electrical generation,
rransmission and dissribution equipment. To coordinate the
development of this Equipment Reliability Information System CEA
constituted the Consultative Committee on Qutage Statistics. In 1978,
the wansmission stage of the information system was implemented
when Canadian utilities began supplying data on transmission
equipment in accordance with the Instruction Manual for Reporting
Component Forced Outages of Transmission Equipment” [2].

The performance of transmission lines can be viewed from many
different perspectives. To understand the variance in these
perspectives, it is necessary 10 define the data base structure of
transmission line performance data. The structure for the CEA
transrnission equipment forced outage data base is shown in Figure 1.

The major classifications of transmigsion lines are according 1o
their operating voltage leve! and their supporting structure (€.,
double pole wood construction). The forced outzge data is divided
into two categories; namely, sustained and transient forced outages.
The sustained forced cutages are further divided into “line-related”
and “terminal related” forced outages while transient forced outages
are only defined in terms of “line-related” forced outages. The "line-
related”™ and “termina! related” forced outages are further subdivided
into primary causes and subcomponent categories.

The identified primary causes of transmission line forced
outages are:

® defective component @ adverse weather @ adverse environment
@ system condition @ human element @ foreign interference
® unknown

The identified subcomponents
forced outages are:

affected by transmission line

® structural @ joints & deadends @ conductor
@ insulation system @ ground wire @ hardware
& other
® 1594 |IEEE
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Fig. 1 Canadian Electnical Association ransmission line data base
structure

Historical rransmission line forced cutage statistics provide key
answers Lo often posed questions:

1. What are the prime causes of transmission line forced outages?

2. Does the frequency of wansmission line forced outages vary
significantly with the supporting structure (e.g., wood, steei,
tc.} and the operating voltage of a ransmission line?

3. How Jong are ransmission line sustained forced outages?

4. What is the weakest link of a transmission line? Is it the line

conductors, line hardware, insulators, ground wires, its
strucrure”?

Copyright © 1998 IEEE. Alf rights reserved.
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Table I below is a summary of the inventory at December 31,
1992 by voltage classification based on the data supplied by all utility
contributors.

TABLE [
INVENTORY OF TRANSMISSION LINES
AS OF DECEMBER 31, 1992

VOLTAGE CLASS

110 150 200 340 500 600
Length
(km.) 41,456 12,255 37,096 9,857 9,081 10,19%
Terminals 2,057 167 1,125 271 221 an
II TRANSMISSION LINE “LINE RELATED”
SUSTAINED FORCED OUTAGES

“A sustained forced outage refers to a transmission line-
related forced outage, the duration of which is one minute or more, it
does, therefore, not include automatic reclosing events” [2]. The
percentage of transmission line “line-retated" sustained forced outages
stratified according to the primary cause of forced outages and voltage
classification is shown in Figure 2, A summary of transmissicon line
statistics for line-related sustained forced outages is shown in Table I1.

The identification of the primary cause as adverse weather (i.e.,
lightning, rain. freezing rain, ice, snow, wind, high ambiem
temperature, low ambient temperature, freezing fog or frost,
tornadoes) versus defective equipment requires some clarification[3].
“If it is known that equipment has failed as a consequence of adverse
weather and that the weather conditions were within the design
parameters of the failed equipment then the PRIMARY CAUgE
CODE must be DEFECTIVE EQUIPMENT. And conversely, if the
weather conditions were outside of the design parameters of the fajled
equipment (¢.g., tomado) the PRIMARY CAUSE CODE must be
ADVERSE WEATHER.

IEEE
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TABLE O
SUMMARY OF TRANSMISSION LINE STATISTICS FOR
LINE-RELATED SUSTAINED FORCED OUTAGES

YOLYAGE CLASS

110 150 200 300 500 600
_STATISTIC _ -142 -199 2299 -399 599 - 799
Kilometer
Years
(km.a} 215,547 10,867 180,449 46,169 42431 50,598
Number of
Outages 2.849 73 992 133 283 81
Total Time () 22,231 €18 12171 2799 6,261 557
Frequency
per 100km.a 13218 0.6718 0.5487 0.2881 0.6158 0.1784
Mean
Curation {n) 7.8 8.5 2.3 ARt 25.8 8.1

For all voltage classes of transmission lines, adverse weather
accounts for approximately 70% of sustained forced outages with the
exception of the 500-799 kV voltage class. For the 600-799 kV
voltage class, adverse envirooment accounts for a significant
percentage of sustained transmission line outages (e.g., 32.96%}).

Defective equipment and foreign interference account for another
approximately 20 percent of the sustained forced outages while the
remalming primary cause categories account for approximateiy 10% of
the sustained forced outages. Adverse environment includes the
following conditions: salt spray, industrial pollutien, humidity
corrosion, vibration, fire and flooding. [3) '

The frequency of transmission line “line-related” sustained forced
outages classified by voltage class and supporting structure expressed
in “outages per 100 km per year” is listed 1n Table I11.

TRANSMISSION LINE "LINE-RELATED" SUSTAINED FORCED OUTAGES
CANADIAN ELECTRICAL ASSOCIATION DATA 1988 - 1992
PRIMARY CAUSE -

ADVERSE OEFECTIVE FOREIGN ADVERSE HUMAN SYSTEM
100 WEATHER | EQUIPMENT | INTERFERENCE | ENVIRONMENT | UNKNOWN ELEMENT CONINTION
[13
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Fig. 2 Percent of wansmission line "line-related” sustained forced outages stratified by primary cause and voliage :lass
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TABLE I
FREQUENCY OF LINE-RELATED S USTAINED FORCED
QUTAGES CLASSIFIED BY
VOLTAGE CLASS AND SUPPORTING STRUCTURE
EXPRESSED IN “outages per 100 km per year”

VYOLTAGE CLASS
SUPPORTING no 150 200 kLG 500 600
wOoOoD
SINGLEPOLE  £.9725 - - - - -

wOoOob
DOUBLE POLE

STEEL
SELF-
SUPPORTING

STEEL
GUYED

1.0543 0.858% 0.6147 0.0974 - -

1.8976 0.351% 0.4565 0.3114 05765 02442

1.8722 1.6193 0.2243 08350 0.0822

ALUMINUM
SELF-
SUPPORTING

1.3783 0.6205 0.5253

ALUMINUM
GUYED oarzt - .

CHAINETTE - - - 0.1588

ALL
SUPPORTING 1.3218 0.6718 0.5407
STRAUCTURES

Q.2881

06188 0.1704

APPENDIX N

The frequency of transmission line outages is the number of
outages divided by kilometer years which are in tumn divided by 100.
It is interesting to note the varance in the frequency of sustained
forced outages with increasing voltage classes for a given support
stucture.  The primary causes of sustained forced outages for each
supporting structure tend to follow the distinctive statistical pattern
shown in Figure 2, Detailed information on individual structures is
presented in Reference 2.

The percentage of sustained transmission line line-related forced
outages stratified according to the subcomponent which caused a
forced outage is shown in Figure 3. The highest percentage of line-
related sustained forced outages for all voltage classes is the
“insulation system” subcompenent of a transmission line. It s
important to note: the “insulation systemn (of a transmission line)
includes the insulation by the atmosphere and/or by the insulators.
Hardware is intended to comprise accessories associated with the line
conductors but not with the ground wires™ [3].

IIT DURATION OF TRANSMISSION LINE
LINE-RELATED SUSTAINED FORCED OUTAGES
BY VOLTAGE CLASSIFICATION AND SUPPORTING
STRUCTURE

The mean and median duration of line-related sustained
transmission line forced outages classified by supporting structure
and voltage class are listed in Table IV. Note the significant
differences in the mean duration of sustained forced outages for a
given supporting structure and for s given voltage class. The
important point to not from Table IV is the significant variance
between the mean and median line-related sustained forced outage
duration levels. The mean value is particularly sensitive to lengthy
forced outages which results in the mean value being significantly
greater than the median value.

TRANSMISSION LINE "LINE-RELATED" SUSTAINED FORCED OUTAGES

CANADIAN ELECTRICAL ASSCCIATION DATA 1988 - 1992
SUBCOMPONENT OF TRANSMISSION LINE
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1060 SYSTEM CONDUCTOR | STRUCTURE OTHER WIRE H.M!.EWAIE DEADENDS
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Fig. 3 Percent of ransmission line
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TABLE IV
THE MEAN AND MEDIAN DURATION OF
LINE-RELATED SUSTAINED FORCED QUTAGES
CLASSIFIED BY VOLTAGE CLASS AND SUPPORTING
STRUCTURE EXPRESSED IN HOURS

VOLTAGE CLASS
SUPPORTING ue 150 200 300 560 400
STRUCTURE _.J48  _-199 _ 299 _.3%9 _.5e9 . 799

wOOD

SINGLE 10.8 - - - - -

POLE {0.31)

wWOoOD

DOUBLE 8.4 40 8.8 - . -

POLE (0.10) {0.22}  (0.12}

STEEL

SELF- 6.1 27.2 1.7 224 145 8.2

SUPPORTING (0.08} (¢.16) (D.16)  {0.21) {0.10) {0.05)

STEEL 1.1 - 19.1 1.1 424 1.8

GUYED (0.05) 017 (021} (0.22) (0.15)

ALUMINUM

SELF- 8.7 - 437 - 648

SUPPORTING {2.26) (0.05) (0.78)

ALUMINUM - - 74 .

GUYED (113

CHAINETTE - - - - - 9.0

{0.24)

ALL

SUPPORTING 7.8 a.5 123 21.0 23.8 6.1

STAUCTURES (010) (0.22) (015} (0.20) (.15}  (0.08)

NOTE: Values not enclosed in brackets represent the average value
while those values enclosed \n brackets represent the median duration of
sustained forced outages.
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IV TRANSMISSION LINE “LINE-RELATED”
TRANSIENT FORCED OUTAGES

A “transient forced owtage refers to a wransmission line forced
outage the duration of which is less than one minute and is, therefore,
recorded as zero. It covers only sutomatic recloser events”. The
actual duration of transmission line ransient forced outages ¢an be
estimated from power line monitors but the process is prohibitively
expensive and probiematic since the duration of the transient forced
outage is dependent upon the location of the power line monitor with
respect to the origins of the transient forced outage. The percentage of
uansmission line line-related transient forced outages stratified
according to the primary cause of forced outages and voltage
classification is shown in Figure 4. A summary of ransmission line
statistics for line-related transient forced outages is shown in Table V.

TABLE V
SUMMARY OF TRAMNSMISSION LINE STATISTICS FOR
LINE-RELATED TRANSIENT FORCED OUTAGES

VOLTAGE CLASS
110 150 200 300 500 600

Kilometer
Years
{km.a) 215,547 10,867 180,440 48,160 42,431 50,968
Number of

Qutagas 2,453 12 103 31 904 a5

Frequency

per 10Ckm.a 1.1566 0.1104 0.574 0.0671 2.1305 0.0686

The pescentage of rransmission line “line-related” transient forced
outages stratified by subcomponent and voltage class is shown in
Figure 5. Similar to sustained forced outages, the insulation system of
a transmission fine accounts for approximately 90% of all transient
forced outages for all ransmission line voltage classes. Transmission
line conductor and ground wire subcomponents represent a very small
percent of the sustained forced outages.

»

TRANSMISSION LINE "LINE-RELATED" TRANSIENT FORCED OUTAGES
CANADIAN ELECTRICAL ASSOCIATION DATA 19
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Fig. 4 Percent of transmission line "line-related” wransient forced outages stratified by primary cause and voltage class
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TRANSMISSION I.N "LINE-RELATED" TRANSIENT FORCED OUTAGES
CANADIAN ELECTRICAL ASSOCIATION DATA 1388 - 1992
it SUBCOMPONENT OF TRANSMISSION LINE
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Fig. 5 Percent of transmission line "line-reiated” transient forced outages stratified by subcomponent and voliage class

The major primary cause of ransient forced outages is “adverse
weather which accounts for approximately 90 percent of all
transient forced outages for ajl voltage classes except the 600-799
kV class where adverse weather is the dominant cause. The
statistical pattern of primary causes of transient forced outages and
sustained forced outages is similar,

The frequency of wransmission line transient “line-related™
forced outages classified by voltage class and supporting structure
expressed in “outages per 100 kim per year” is listed in Table VI.
The frequency of wansient forced outages varies significantly for a
given supporting structure and for a given voitage class similar to
Table III for sustained forced outages. Figure 6 reveals the
frequency of transiemt and sustained forced outages for various
voltage classes.

VOLTAGE CLASSIFICATION
110-149 | 150-190 [ 200-299 | 300-399 [S00-569 [600-668
3.0
LEGEND OF "
= 2.5 LINE-RELATED g
E FORCED OUYTAGES -
E‘ Wl susnined >
g 2.0 transiont
=
> 1.5
5]
z
E
o 1.0 9
L
T
@
0.5 .
0.0 -

Fig. 6 Frequency of line-related sustained and transient forced
outages of transmission lines by voliage classification
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TABLE VI
FREQUENCY OF LINE-RELATED TRANSIENT FORCED
QUYAGES CLASSIFIED BY
VOLTAGE CLASS AND SUPPORTING STRUCTURE
EXPRESSED IN “outages per 100 km per year”

VOLTAGE CLASS
SUPPORTING uo 150 200 ] 500 &00

wooD
SINGLE
POLE

woOob
DOUBLE
POLE

STEEL
SELF-
SUPPORTING

STEEL
GUYED

1.261%

1.049% 0.1456 0.7073 0.0

1.2743 0.0502 0.525%9 0.0764 2.0363 0.1380

0.4309 0.2816 0.0408 2,8263 00110
ALUMINUM
SELF-

SUPPORTING

0.8368 1.3133

ALUMINUM

GUYED 42012

CONCRETE 4.5875

ALL
SUPPOATING t.1566 0.1104 05714
STRUCTURES

00671 21305 0.0686
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V TRANSMISSION LINE “TERMINAL-RELATED”
FORCED OUTAGES

A summary of transmission line statistics for terminal-related
sustained forced outages is shown in Table VII. It is important to note
in Table V1I the significant difference between the mean and median
duration of terminal-related sustained force outages revealing the
impact of lengthy outage duration levels on the mean value.

TABLE VI
SUMMARY OF TRANSMISSION LINE STATISTICS FOR
TERMINAL-RELATED SUSTAINED FORCED OUTAGES

VOLTAGE CLASS
1 150 200 300 500 600

IEEE
Std 493-1997

The percent of wansmission iine “terminal-related” forced oulages
classified by their primary cause and voitage level is shown in Figure
7. Noite that the statistical outage patterns of the prithary causes of
“terminal-related” forced outages is significantly different than “line-
related” sustained and transient forced outages. Defective equiptnent
for all voltage classes is the dominant cause of “terminal-related”
forced outages. Damage cquipment includzs some of the following

categories [2]:
- deterioration due to age
- incorrect manufacturing design
- incorrect manufacturing materials
- incorrect manufacturing assembly
- lack of maintenance
Research is required 10 investigate why defective equipment is the

dominant cayse for transmission terminal-related forced outages for all
voltage categories and can the impact of equipment failures be reduced

Kilometer economically. Some of the following questions could be posed:
Years . C .
5,263 1,147 606 539 (1) Are the equipment reliability design levels 00 low and what are
(km.a) 8583 627 these levels set by the manufacture and utilities?
Numbser of : . . .
Ol:nn;gerso 1574 82 281 150 186 153 (2) Is the equipment subjected to rigorous compliance testing during
! COMIUssIoning prior to being accepted?
h 352 €619 8,618 3,889 8,887 3,949 . L
Total Tima () 18 (3) Is the equipment maintained adequately?
Fraquency Is the N : N n
per 100kma 0.1642 0,1307 0.1883 0.1307 0.3069 0.2394 @ equipment instalied correctly in the field?
Maan The “human element” is the second most dominant causes of
Duration () 10.4 7.0 87 259 478 258 forced outages while adverse weather is significantly less for al)
voltage classes with the exception of the 150-195 kV voltage class.
Megian 0.05  0.30 022 Q.37 0.64 1.70 The category “human element” includes some of the following
Duration (n) issues[2]:
TRANSMISSION LINE "TERMINAL-RELATED" FORCED QUTAGES
b
CANADIAN ELECTRICAL ASSOCIATION DATA 1988 - 1992
PRIMARY CAUSE -
100 DEFECTIVE |  FOREIGN ADVERSE HUMAN SYSTEM
95 1 WEATHER EQUIPMENT | INTERFERENCE | ENVIRONMENT| UNKNOWN ELEMENT | CONDITION
g a0
2 [ 1] i ._____
5 e T voLrace
a 7% CLASSIFICATION
g 707 - e i
& ¢5d4- — b B oy |
E g0 ——— '"'Eas;%"k*H M wso-weky 4 —— -
g 55 2 [ 200 - 209 kv
50
B oasd-—y Bl 200 - 399 wv
- e = B soc- 500w
b =
H ) 11 B so0 - 790 kv
K E - ,,,_
w =
S =
-
w
g
W
[

Fig. 7 Percent of transmission line “terminal-related”
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sustained forced oulages stratified by primary cause and voltage class
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- incorrect system records or diagrams

- incorrect use of equipment

- incorrect construction, installation or maintenance

- incotrect protection setting

- switching error

- testing

- incorrect circuit labelling

- deliberate or accidental damage by employees or utility
COMUTACtOrs

Rescarch is required to define why the human element is a

significant primary cause. Questions concerning the adequacy of

training and adaptation to new technologies can be posed.

Fig. 8

APPENDIX N

The percent of transmission line “terminal-related” forced outages
classified by their voltage class and subcompaonents is shown in
Figure 8. With reference to Figure 8, “control and protection
equipment” account for the largest percent of known sustained forced
outages for all voltage classes, Several questions can be posed on the
dominance of “control and protection equipment” causing termnal-
related forced outages. They are:

(1) Is the “new” wechnology a probiem™?

(2) Are the setting too complex resulting in conflicting protection
control decisions and subsequent failures?

(3

Is the controt and protection equipment rigorously tested prior 1o
instaliation and maintained adequately during its service life?

The “unknown™ category was the largest factor for the tower
voltage categories and significantly less at the upper voltage levels,
For the 600-699 kV voltage class, the disconnect subcomponent was
a significant factor. The disconnect and potential device
subcomponents accounted for approximately 10 to 30 percent of
terminal-related forced outages.

TRANSMISSION LINE "TERMINAL-RELATED" FORCED QOUTAGES

CANADIAN ELECTRICAL ASSOCIATION DATA 1988 - 1992
SUBCOMPONENT OF TRANSMISSION LINE

CONTROL &
PROTECTION
EQUIPMENT

SURGE
ARRESTER

BUS DISCONNECY

SWITCHER

VOLTAGE

CLASSIFICATION

|
t

B

3B.55

W oo 149 v s
B 50199 kv .
200 - 299 kY
B 300 - 399 kv
B s00 - 509 wv
B 600 - 799 wv

Il

£

ITHIUITITHINTR as.59

CURRENY
TRANSFORMER
(FREE STANDLNG)

PERCENT OF TERMINAL-RELATED FORCED OUTAGES

coo0®Cao

Percent of transrission line "terminal-related” sustained forced outages stratified by subcomponent and voltage class
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V1 CONCLUSIONS

This paper has present a summary of the Canadian Electrical
Association’s transmission equipment statistics in graphical form to
reveal the line-related and tenminal-reiated forced outage performance
charactenistics of wansmission lines. Detailed statistics on other major
componen! of the transmission equipment (i.¢., cable, Tansformer
bank, circuit breaker, synchronous compensator, static compensator,
shum feactor bank, shunt capacitor bank and series capaciter bank)
are beyond the scope of this paper but are contained in Reference 3.

The frequency and duration of transmission line forced outages
classified by their supporting structures was presented 1o reveal the
variance in the performance of different supporting structures (¢.g.,
wood, steel, e1c.) for various veltage levels and the possible variance
in using a single index for a specific vollage class. The paper
revealed the significant difference between the mean duration of
transmission line forced outages and the median revealing the impact
of lengthy transmission line outages on the mean value.  For all
voliage classifications, fifty percent of the time the duration of
sustained forced outages was less than 15 minutes.

The primary cause of transmission line sustained forced outages
was “adverse weather” and accounied for approximately 70% of the
sustained forced outages. The insvlation sysiem subcomponent
accounted for the larges: percentage of sustained forced oulages.
These results provide the research base necessary to improve
transmission line design characteristics. The primary cause and major
subcomponent that resulted in transient forced outages were similar to
the sustained forced outage characteristics (i.c., approximately 90% of
the mansient forced outages were caused by “adverse weather” and
were attributed 1o the “insulation system”.

The primary cause of transmission line “terminal-related” forced
outages was “defective equipmeni” followed by “human element”.
The “coatrol and proteciion equipment” accounted for the highest
percentage of terminal-related forced outages.

These findings provide a knowledge base which is essential 10
analyse and evaluate the performance of transmission line with the
objective of maximizing their reliability performance. For example, as
transmission lines age how will these statistics change and at what
point in time and at what leve! of performance degradation will it be
necessary to replace these facilities?

A question often posed is: ~ how good are those old transmission
line surveys? Answer: they are pretty good, don’t throw them away,
they are required for trending analysis. The 1988-92 survey results
were compared with the 1978-83 survey resulis for line-related and
terminal-related forced outages. The same forced outage patterns
were dominate in both surveys. A simple comparison is shown in
Table VIII where it is clear that the variance is small for terminal-
related forced outages while line-related forced outages the variance is
sigmficanily larger {i.c., note lower levels in the tatest survey).

TABLE VI
SUMMARY OF 1988-92 AND 1978-83 FREQUENCY OF LINE-
RELATED ANI> TERMINAL RELATED FORCED OUTAGES

VOLTAGE CLASS
110 150 200 30 500 600

Frequency of line-relate¢ forced oulnges (per 100 km year)

(1998-92) 1.3218 06718 0.5497 0.2881 0.6168 0.1784
(1978.83) 24942 NA  0.9095 0.4444 1.0036 0.3559
Frequency of terminal-related forced outages {per 100 km year)
{1998.92) 0.1642 0.1307 0.1883 0.1307 0.3069 0.2394
{1978-83) 0.1715  NA 0.2274 0.1586 0.2275 0.48985
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APPENDIX N

Transmission Equipment Reliability Data
from Canadian Electrical Association

Don O. Koval, Fellow, [EEE

Abstract—Frequent forced outages of transmission equipment
can significantly affect the performance of industrial and com-
mercial power systems and the processes they control. Historical
transmission reliability data provides the ability to predict the
performance of various transmission line confipurations and
assess the economic impact of forced outages on industrial and
commercial power systems. The prediction methodologies are
presented in IEEE Std. 493 (i.e., IEEE Geld Book) [1}, This paper
will present a summary of the Canadian Electrical Association’s
Equipment Reliability Information System [2], [3] statistics on
the forced outage performance characteristics of transmission
equipment (i.e., transformers, circuit breakers, cables, etc.) for
Canadian utilities for the period 1988-1992. The paper will reveal
the structure of the data base and present reievant summary data
(i.e., the frequency and duration of forced outages) necessary for
the application of these reliability methodologies. A knowledge
of the primary causes of the major equipment forced outages as
to whether the outages are primarily due to the subcomponents
of the major equipment or to its terminal equipment is essential
for designing, operating and maintaining a reliable transmission
system. This paper will discuss and identify for each major equip-
ment the primary subcomponent (e.g., transformer windings)
and the ferminal equipment (e.g., auxiliary equipment) which
dominated the forced outape statistics of the major equipment
for the five year period.

Index Terms—-Transmission, equipment, reliability, CEA, fail-
ure.

I. INTRODUCTION

“In 1975, the Cenadian Electrical Association (CEA)
adopted a proposal to create a facility for centralized
collection, processing and reporting of reliability and
outage statistics for electrical generation, transmission and
distribution equipment. To coordinate the development of this
Equipment Reliability Information System CEA constituted
the Consultative Committee on Outage Statistics, In 1978, the
transmission stage of the information system was iroplemented
when Canadian utilides began supplying data on transmission
equipment in accordance with the Instructon Manval for
Reporting Component Forced Cutages of Transmission
Equipment” [2].

The performance of transmission lines can be viewed from
many different perspectives. To understand the variance in
these perspectives, it is necessary to define the data base
stucture of transmission line performance data. The structure

Paper FCPSD %5-15, approved by the Power Systems Engineering Com-
mittee of the IEEE Indusiry Applications Society for presentation at the 1995
Industrial & Commercial Power Syswms Technical Conference. San Antonio,
TX, May 7-11. Manuscript released for publication May 23, 1996.

The author is with the Depariment of Electrical Engineering, University of

Alberta Edmenton, Alta., Canada T6G 2G7.
Publisher llem identifier § Q093-9093(96))7224-6.
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for the CEA wransmission equipment forced outage data base
is illustrated in Fig, 1.

With reference to Fig, 1, the frequency and duration of major
equipment forced outages for each major component presented
in this paper will be stratified by voltage classification which
will further be divided into two categories. namely;

1) All integral subcomponents of the major equipment

2) All terminal equipment of the major equipment.

For each major component, the dominant subcomponent(s)
(e.g.. on-load tap changer) and dominant major equipment
terminal failures {e.g.. control and protection equipment) will
be presented. A presentation of all the other subcomponent
and terminal equipment failure statistics is beyond the scope
of this paper but can be obtain in {3]). Two reliability indices
are presented for the duration of equipment forced outages,
namely, the mean and mediam. For the majority of transmis-
sion system equipment forced outages, there is a significant
difference between the mean and the mediam indicating the
skewness of the underlying distributions and the sensitvity
of the mean to lengthy outages. Given the frequency and
duration of forced transmission equipment outage statistics,
the reliability methodologies presented in IEEE Std. 493 (ie..
[EEE Gold Book) can be used to predict the performance of
transmission system operating configurations and assess their
impact on industrial and commercial facilities.

Historical transmission system equipment forced outage
statistics provide key answers to often posed questions:

1) What are the prime causes of transmission system equip-

ment forced outages?

2) Does the frequency of transmission system equipment
forced outages vary significantly between its internal
subcomponent and its associated terminal equipment?

3) How long are transmission system equipment forced
outages?

4) What are the dominant subcomponent and termiinal
equipment cutages which significantly degrade the per-
formance of a major piece of transmission system equip-
ment?

II. TRANSFORMER BANKS

In the Canadian Electrical Association’s (CEA) “Equipment
Reliability Information System,” two types of transformer
banks are considered, namely “one three phase element™ and
“three single-phase elemeots.” The subcomponents of these
transformer bank is divided into the following components:

1) Bushing (Including CT's).

© 1996 IEEE
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Fig. 1. Canadian Electrical Association transmission equipment data base structurs

) 110-149kV  On-load Tap Changer 21.10%

2) Windings. 150-199 kV  Auxiliary Equipment 39.33%
3) Core. 200-299 kV  Cooling Equipment 1591%
4) Leads. 300-399kV  On-load Tap Changer 26.32%
5) Cooling Equipment. 500-599 kV  Cooling Equipment 22.22%
6) Auxiliary Equipment. 600-799 kV  Windings 26.67%
7) Otber. Bushings (including C.T.)’s)  20.00%
Cooling Equipment 20.00%

The identified terminal equipment categories for transform-
ers are:

1) Control and Protection Equipment.

2) Surge Arrester.

3) Bus.

4) Disconnect.

5) Circuit Switcher.

6) Current Transformer (Free Standing).

7) Potential Devices.

8) Motor-Operated Ground Switch.

9) Other.

10} Upknown.

The frequency and duration of all integral subcomponents
and all terminal equipment forced outages for one three phase
element transformer banks are listed in Table 1.

The dominant known cause{s) of subcomponent forced
outages for single three phase transformer banks for each
voltage class and their percentage of the total frequency of
subcomponent forced outages are:

110-149kV  On-load Tap Changer 28.33%
150-199 kV Auxiliary Equipment 44 40%
200-299 kV  On-load Tap Changer 33.13%
300-399 kV  On-load Tap Changer 25.00%

Copyright © 1998 IEEE. All rights reserved.

110-148kV  On-load Tap Changer  28.33%
500-599kV  On-load Tap Changer  33.33%

Windings 25.00%
600-799kV  Cooling Equipment 26.51%

The dominant known cause(s) of {terminal equipment
forced outages for single three phase transformer banks for
each voltage class and their percentage of the total frequency
of terminal equipment forced outages are:

110-149kV  Coatrol & Protection Equipment  42.06%
150-199kV  Control & Protection Equipment  75.00%
200-299kV  Control & Protection Equipment  42.37%
300-399kV  Control & Protection Equipment  55.55%
500-599kV  Controf & Protection Equipment  37.04%
600-799kV  Control & Protection Equipment  50.00%

The frequency and duration of all integral subcomponents
and all terminal equipment forced outages for three sin-
gle—phase element transformer banks are listed in Table
Iom .

The dominant known cause(s) of subcomponent forced
outages for three single-phase transformer banks for each
voltage class and their percentage of the total frequency of
subcomponent forced outages are:
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FREQUENCY ANT: [MURATION OF ALL INTEGRAL SUBCOMPONENTS AND ALL TERMINAL EQUIPMENT

TABLE 1

Forcup OUTAGES TRANSFORMER Bank ONE THREE Prase LLEMENT (1988-1992)

APPENDIX N

I I ALL INTEGRAL SUBCOMPONENTS [ AlLL TERMINAL EQUIPMENT J
VOLTAGE |[FREQUENCY MEAN MEDIAN FREQUENCY MEAN MEDIAN
CLASS oecurrences | DURATION | DURATION |occurrences | DURATION { DURATION
per year {(hours) {hours) per year (hours) thours)
110 - 149 kV 0.0330 509.4 13.88 0.0836 28.0 3.85
150 - 199 k¥ 0.G6310 1.3 0.7z 0.0227 52.3 19.49
200 - 299 kY 0.0389 EA R IR 18.81 0.1136 5.7 5.98
300 - 399 kY 0.0291 745.6 15.13 0.0491 27.2 8.03
500 - 599 kV 0.0587 2,204.3 80.84 0.1320 11.0 4.47
600 - 799 kV 0.1058 1,458.7 8.42 0.0772 76.2 8.10
TABLE (]
FREQUENCY AND [3URATION OF aLL INTEGRAL SUBCOMPONENTS AND ALL TERMINAL EQUIPMENT
FORCED OUTAGES TRANSFORMER BaNK THREE SINGLE PHASE ELEMENTS (1988-1992)
[ | ALL INTEGRAL SUBCOMPONENTS [ ALL TERMINAL EQUIPMENT ]
VOLTAGE [FREQUENCY ME AN MEDIAN FREQUENCY MEAN MEDIAN
CLASS occurrences | DURATION | DURATION joccurrences | DURATION | DURATION
per year (hours) {hours) per year {hours} (hours)
110 - 149 kv 0.0372 173.2 13.72 0.0512 50.9 7.08
150 - 199 kV 0.1832 g1.6 3.1z 0.0715 47.5 1.67
200 - 299 kV 0.0422 62.2 5.43 0.0458 36.9 1.72
300 - 399 kY 0.0886 426.8 7.07 0.0466 46.9 2.60
500 - 599 kY opazy 146.4 15.48 0.0738 18.0 1.92
600 - 799 KV 0.0560 1,550.0 37.07 0.0485 1,157.14 8.05
TABLE 1N
FREQUENCY AND DURATION OF ALL INTEGRAL SUBCOMPONENTS AND ALL TERMINAL EQUIPMENT FORCED OUTAGES CIRCUM BREAKERS|1O- 149 KV (1988-1992)
[ [ ALL INTEGRAL SUBCOMPONENTS | ALL TERMINAL EGUIPMENT ]
INTERRUPT- | FREQUENCY MEAN MEDIAN FREQUENCY MEAN MEDIAN
ING oceurrences | DURATION ] DURATION | eccurrences | DURATION | DURATION
MEDIUM per year (hours) (hours) per year {hours) {hours)
BULK OIL 0.0311 165.8 14.87 0.0522 20.5 2.27
MINIMUM  OIL 0.0215 466.C 24.94 .0339 atg 017
AIR BLAST 0.0402 171.7 21.38 0.0476 116.4 0.13
SF8 0.0251 93.0 4.94 0.0474 121.0 0.28
LIVE TAKRK
YACUUM - - - . .
OTHER - - - - -
5F6 0.2366 84.2 24,50 0.2340 72.7 8.69
DEAD TANK

Ol CIRcuIT BREAKERS
In the Canadian Electrical Association's (CEA) “Equipment
Reliability Information System,” the following types of circuit
breakers are considered:

The dominant known cause(s) of terminal equipment
forced outages for three single-phase transformer banks for
each voitage ciass and their percentage of the total frequency
of terminal equipment forced outages are:

1y Bulk OiL
110-149 kV  Control & Protection Equipment  31.33% 2) Minimum Oil
150-199 kV  Control & Protection Equipment  41.16% 3) Air Blast.
200-299 kV  Coauol & Protection Equipment  §1.54% 4y SF6-Live Tank
300-399 kV  Control & Protection Equipment  60.00% 3) Vacuum.
500-599 kV  Control & Protection Equipment  55.74% 6) Other,
600-799 kV  Control & Protection Equipment  46.15% 7) SF6-Dead Tank.
470 Copyright @ 1998 IEEE. All rights reserved.
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FREQUENCY AND DURATION OF ALL [NTEGRAL SUBCOMPONENTS AND ALL TERMINAL EQUIPMENT FORCED OUTAGES CRCUTT BREAKERS 150199 KV (1988-1992)

| | ALL INTEGRAL SUBCOMPONENTS

ALL TERMINAL EQUIPMENT

1

INTERRUPT- | FREQUENCY MEAN MEDIAN |FREQUENCY MEAN MEDIAN
ING occurrences | DURATION | DURATION | occurrences | DURATION | DURATION
MEDIUM per year (hours) thours) per year {hours) {hours)
BULK OiL 0.0760 41.8 1.38 0.0760 5.6 0.67
MINIMUMK  OiL 0.0295 107.9 9.90 0.0349 7.3 0.69
AlR BLAST 0.0284 B3.5 13.82 0.0481 307.% 3.10
SF6 R R
LIVE TANK
SF6
0.0288 45, . .
DEAD TANK 5.2 50.71 0.0289 15.0 14.6
TABLE V

FREQUENCY AND [DURATION OF ALL INTRGRAL SUBCOMPONENTS AND ALL TERMINAL FQUIPMENT FORCED OUTAGES CIOUIT BREAKERS 200-20¢ KV (1988-1992)

[ | ALL INTEGRAL SUBCOMPOMNENTS | ALL TERMINAL EQUIPMENT |
INTERRUPT- | FREQUENCY MEAN MEDIAN |FREQUENCY MEAN MEDIAN
ING occurrences | DURATION| DURATION | occurrences | DURATION | DURATION
MEDIUM per year {hours) {hours) per year {hours) {hours)
BULK OIL 0.0561 228.2 5.53 0.1121 25.2 241
MINIMUM QI 0.0582 265.8 3.00 0.0678 62.3 0.86
AR BLAST 0.1056 99.2 5.95 0.1300 94.5 4.13
SFs 0.0172 425 450 0,0438 8.3 0.30
LIVE TANK
VACUUM - - - - -
OTHER 0.0118 4,490.2 4.490.20 0.0235 10.31 a.27
5Fs 0.0741 105.5 12.96 0.1209 18.4 4.00
DEAD TANK

Tke subcomponents of each type of circuit breaker are
divided into the following components:

1) Bushing (Including C.T."s).

2) Operating Mechanisms.

3} Interrupters.

4) Insulation System (Support Insulators).

5) Resistors or Grading Capacitors,

6) Interrupting Medium,

7) Auxiliary Equipment.

8) Other.

The identified terminal equipment categories for each type
of circuit breaker are:

1) Control and Protection Equipment.

2) Surge Arrester.

3) Bus.

4) Disconnect,

5) Circuit Switcher.

6) Current Transformer (Free Standing).

7) Potendal Devices,

§) Other.

9) Unknown.

The frequency and duration of all integral subcomponents
and all terminal eguipment forced outages of each type of
circuit breaker for each voltage class are listed in Tables
[MI-IX, respectively.

The dominant known cause(s) of subcomponent equip-

Copyright © 1998 IEEE. All rights reserved.

ment forced outages for 110-149 kV circuit breakers and
the percentage of the total frequency of subcomponent forced
oulages are:

42.74%
18.45%

Operating Mechanisms
Auxiliary Equipment

The dominant known cause(s) of terminal equipment
forced outages for 110-149 kV circuit breakers and the
percentage of the total frequency of terminal equipment forced
outages are:

Control and Protection Equipment 60.59%

The dominamt known cause(s) of subcomponent equip-
ment forced outages for {150-199 kV circuit breakers and
the percentage of the total frequency of subcomponent forced
outages are:

Bushings
Auxiliary Equipment

20.00%
18.45%

The dominant known cause(s) of terminal equipment
forced outages for 150-199 kV circuit breakers and the
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TABLE VI
FREQUENCY AND DURATION OF ALL INTEGRAL SUBCOMPONENTS AND ALL TERMINAL EQUIPMENT FORCED QUTAGES CIRCUIT BREAKERS 300-399 KV (1988-1992)
| l ALL INTEGRAL SUBCOMPONENTS J ALL TERMINAL EGQGUIPMENT l
INTERRUPT- | FREQUENCY MEAN MEDIAN FREQUENCY MEAN MEDIAN
ING occurrances | DURATION| DURATION | occurrences | DURATION | DURATION
MEDIUM ' per year {hours} {hours} per year {hours) (hours)
BULK OIL 0.1000 20.4 20.43 - - -
MINIMUM  OIL 0.0116 429.7 28.25 0.0466 274.6 5.45
AlIR BLAST 0.0845 169.3 34.60 0.0513 868.2 0.95
SFs 0.0132 1195 119,48 0.0658 3.7 0.63
LIVE TANK ' ' ' ' ) '
SF6
0.5141 265.0 21.45 0.0552 226 .
DEAD TANK 2.74
TABLE VII

FREQUENCY AND DURATION OF ALL INTEGRAL SUBCOMPONENTS AND ALL TERMINAL EQUIPMENT FOrRCED OutacEs CIRCUIT BREARERS 300-599 KV (1988-1992)

I ALL INTEGRAL SUBCOMPONENTS {

ALL TERMI!NAL EQUIPMENT

INTERRUPT- | FREQUENCY MEAN MEDIAN FREQUENCY MEAN MEDIAN
iNG occurrences | DURATION| DURATION ] occurrences | DURATION | DURATION
MEDIUM per year (hours) (hours) per year (hours) (hours)
BULK OIL 0.0500 715.9 715.87 - -
MINIMUM  GiL) . - - - - -
AR BLAST 0.0849 1061 15.55 0.1297 65.4 4.81
SF6 0.6500 3.8 .73
LIVE TANK
OTHER - - - 0.2500 96.3 96.32
SF6 c.1002 121.4 3.55 0.2246 218.3 7.27
DEAD TANK
TABLE VIII

FREQUENCY AND DURATION OF ALL INTEGRAL SUBCOMPONENTS AND ALl TERMINAL EQUIPMENT FORCED OUTAGES CIRCUIT BREAKERS 600-699 KV (1988-1992)

| l ALL INTEGRAL SUBCOMPONENTS [ ALL TERMINAL EQUIPMENT |
INTERRUPT- | FREQUENCY MEAN MEDIAN [FREQUENCY MEAN MEDIAN
ING occurrences  DURATION| DURATION | occurrences | DURATION | DURATION
MEDIUM per year (hours) {hours} per year {hours} {hours)
MINIMUM  OIL - - - B N N
AIR BLAST 0.2388 318.9 22.28 0.1202 187.7 6.17
SF6 0.3158 38.3 21.32 0.0526 722.3 722.27
DEAD TANK
[ [ ALL INTEGRAL SUBCOMPONENTS [ ALL TERMINAL EQUIPMENT ]
INTERRUPT- | FREQUENCY MEAN MEDIAN |FREQUENCY MEAN MEDIAN
ING cccurrences | DURATION] DURATION { occurrences | DURATION | DURATION
MEDIUM per year (hours) (hours) per year {hours) (hours)
MINIMUM Ol - - - - - .
AIR BLAST 0.2388 318.9 22.28 0.1202 187.7 6.17
SF6 0.3158 38.3 21.32 0.0526 722.3 722.27
DEAD TANK

percentage of the total frequency of terminal equipment forced The dominant known cause(s) of subcomponent equip-
ment forced outages for 200-299 kV circuit breakers and

outages are: the percentage of the total frequency of subcomponent forced
outages are:
Control and Protection Equipment 17.65%
Disconnect 20.00%
472 Copyright © 1998 IEEE. All rights reserved.
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TABLE EX
FREQUENCY AND DURATION OF ALL INTEGRAL SUBCOMPONENTS AND ALL TERMINAL EQUIPMENT FORCED QUTAGES CRCUIT HREAKERS (1988-1992)

E ] ALL INTEGRAL SUBCOMPONENTS - ALL TERMINAL EQUIPMENT ]
VOLTAGE |FREQUENCY MEAN MEDIAN FREQUENCY MEAN MEDIAN
CLASS occurrences | DURATION | DURATION [occurrences | DURATION | DURATION
per year {hours) (hours} per year (hours) (hours)
110 -~ 149 kV 0.0344 187.4 18.35 0.0513 38.9 1.20
150 - 199 kV 0.0339 79.1 6.17 0.0443 145.2 1.88
200 - 299 kY 0.0738 156.1 7.37 0.10563 80.2 2.70
300 - 399 kV 0.0782 1589.5 33.91 0.0595 100.9 0.88
500 - 599 kV 0.0814 116.6 8.20 0.1521 118.6 5.99
800 - 799 kv 0.2354 1315.4 22.28 D.1174 190.0 6.17
Operating Mechanisms 36.50% the percentage of the total frequency of subcomponent forced
I.merruptmg Medium 23.99% mmges are:
The dominant known cause(s) of terminal equipment . .
forced outages for 200-299 KV circuit breakers and the Operating Mechanisms 31.99%
Interrupting Medium 22.73%

percentage of the total frequency of terminal equipment forced
outages are:

67.89%
13.71%

Controi and Protection Equipment
Bus

The dominant known cause{s) of {subcomponent equip-
ment forced outages for {300-399 kV circuit breakers and
the percentage of the total frequency of subcomponent forced
outages are;

48.80%
32.20%

Operating Mechanisms
Interrupting Medium

The dominant known cause(s) of {terminal equipment
forced outages for {300-399 kV circunit breakers and the
percentage of the total frequency of terminal equipment forced
outages are:

Control and Protection Equipment 62.12%

The dominant known cause(s} of (subcompenent equip-
ment forced outages for {$00-599 kV circuit breakers and
the percentage of the total frequency of subcomponent forced
outages are:

Operating Mechanisms 57.55%

The dominant known cause{s) of terminal equipment
forced outages for 500-599 kV circuit breakers and the
percentage of the total frequency of terminal equipment forced
outages are:

63.63%
22.73%

Control and Protection Equipment
Bus

The dominant known cause(s) of {subcomponent equip-
ment forced outages for {600-699 kV circuit breakers and

Copyright © 1998 IEEE. All rights reserved.

The dominant known cause{s) of {terminal equipment
forced outages for {600-699 kV circuit breakers and the
perceniage of the total frequency of terminal equipment forced
outages are:

40.34%
28.57%

Control and Protection Equipment
Disconnect

, IV, CABLES

In the Canadian Electrical Association’s (CEA) “Equip-
ment Reliability Information System,” the subcomponents of
cable related forced outages are divided into the following
snbcomponents;

1) Pothead,

2) Joints.

3) Conductor.

4) Insulation System.

5) Auxiliary Equipment,

6) Other.

The identified terminal equipment categories for cable re-
lated forced outages are:

1) Control and Protection Equipment.

2) Surge Arrester.

3) Bus.

4) Disconnect.

5) Circuit Switcher.

6) Current Transformer (Free Standing).

7} Potential Devices.

§) Other.

9) Unknown.

The terminal equipment categories for cable related forced
outages is identical to circuit breakers.

The frequency and duration of cable related forced outages
for each voliage class is shown in Table X.

The dominant known cause(s) of {subhcomponent forced
outages for cable related forced outages for each voltage class
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FREQUENCY AND DURATION OF ALL INTEGRAL SUBCOMIONENTS AND ALL TERMINAL EQUIPMENT FORCED OUTAGES CABLE (1988-1992)

| l CABLE-RELATED FORCED OUTAGES ITEHMINAL RELATED FORCED OUTAGESI

VOLTAGE |FREQUENCY MEAN MEDIAN |FREQUENCY MEAN MED{AN
CLASS per 100 km | DURATION | DURATION | per 100 km DURATION | DURATION
per year (hours) {hours) per year {hours} {hours)
110 - 149 kv 3.1884 39.9 3.28 0.1897 20.3 1.28
150 - 199 kv 0.0 0.0 0.0 0.¢ a.0 0.0
200 - 299 kv 0.6803 176.5 8.15 0.0101 0.1 0.08
300 - 3958 kv 13.3333 17.5 17.52 0.0 0.0 0.0
500 - 599 kV 0.2632 2.8 2.82 0.2000 226 2.00
TABLE XI
FREQUENCY AND DIURATION OF ALL INTEGRAL SLBCOMPONENTS AND ALL TERMINAL EQUIPMENT FORCED OUTAGES SHUNT REACTOR Bakk (1988-1992)
I | ALL INTEGRAL SUBCOMPONENTS | ALL TERMINAL EQUIPMENT |
VOLTAGE {FREQUENCY MEAN MEGIAN |FREQUENCY MEAN MEDIAN
CLASS cccurrences | DURATION | DURATION | occurrences | DURATION § DURATICON
per year {hours) {hours) per year {hours) {hours)
lUp to 109 kV 2.2128 23.1 217 2.9362 5.3 1.43
110 - 149 KV 0.5455 38.0 5.07 2.0000 5.7 2.16
200 - 299 kv 4,.0000 6.0 5.67 1.0000 1.4 1.40
600 - 799 kV 4.0000 229.9 7.18 1.0000 26.4 8.05
TABLE XII

FREQUENCY AND [WRATION OF ALL INTEGRAL SUBCOMPONENTS AND ALL TERMINAL EQUIPMENT FORCED OUTAGES SHUNT REACTCOR Bank (1988-1992)

ALL INTEGRAL SUBCOMPONENTS

ALL TERMINAL EQUIPMENT I

VOLTAGE [FREQUENCY MEAN MEDIAN |FREQUENCY MEAN WEDIAN
CLASS occurrences [ DURATION | DURATION | occurrences | DURATION | DURATION
per year (hours) (hours) per year {hours) thours)
Up to 108 KV 0.0344 627.8 5.13 0.1484 46.1 Q.33
110 - 149 kv 0.0 0.0 0.0 0.0267 0.1 0.08
150 - 199 kV 0.0 0.0 Q.0 Q.0 0.0 0.0
200 - 299 kY 0.0800 89.4 12.51 ¢.2000 42.5 4.90
300 - 399 kv 0.0897 91.4 18.50 0.0717 3.3 0.61
500 - 599 kY 0.0314 28.2 7.80 0.0382 486.9 4,93
600 - 799 kV 0.2375 477.8 &£.50 a.102% E5.8 417
TABLE X1II

FREQUENCY AND DURATION OF all INTEGRAL SUBCOMPONENTS AND alL TERMINAL EQUIPMENT FORCED OUTAGES SHUNT CAPACITOR Bank {1988-1992)

and their percentage of the total frequency of subcomponent 110-149 kV Control & Protection Equipment  40.00%
forced outages are: Disconnect 37.14%
150-199 kV No forced outages occurred 0.0%
110-149 kV Insulation System 58.18% 200-299 kV Unknown 50.00%
150-199 kV No forced qutages occurred  0.0% 300-399 kV  No forced outages occurred 0.0%
200-299 kV insulation System 40.00% 500-599 kV Control & Protection Equipment 75.00%
300-399 kV Insulation System 50.00%
500-599 kv Insulation System 100.00% The frequency and duration of forced outages for the

The dominamt known cause(s) of {terminal eguipment
forced outages for cable related forced outages for each
voltage class and their perceatage of the total frequency of

terminal equipment forced cutages are:

474

following equipment are listed in their respective Tables;
1) Synchronous Compensator Table XI.
2) Shunt Reactor Bank Table XII.
3) Shunt Capacitor Bank Table XIIE
4) Senes Capacitor Bank Table XIV.

Details of the subcomponents and terminal equipment

Copyright © 19398 IEEE. All rights reserved.
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. TABLE X1V
FREQUENCY aND DURATION UF ALL INTEGRAL SUBCOMPONENTS AND ALL TURMINAL EQUIPMENT FORCED OUTAGES SERIES CAPACITOR BAKK (1988 1992}

| | ALL INTEGRAL SUBCOMPONENTS | ALL TERMINAL EQUIPMENT |
VOLTAGE [FREQUENCY MEAN MEDIAN |FREQUENCY MEAN MEDIAN
CLASS occurrences | DURATION | DURATION Joccurrences| DURATION | DURATION
per year (hours) {(hours) per year {hours) {hours)
Up te 108 KV 0.0067 183.3 193.27 0.0 0.0 0.0
110 - 149 kV 0.6857 57.7 5.60 G. 1143 771 13.60
200 - 299 kV G.0 0.0 .0 0.0 0.0 0.0
500 - 599 kV 4.0222 41.0 12.08 2.6000 42.5 18.92
600 - 799 kV 0.2222 2.9 2.92 o111 10.0 10.00

forced outages for the above four equipment categories are
not provided in this paper due 10 the scope of the paper, but
these details can be found in [3].

V. CONCLUSIONS

This paper has presented a summary of the Canadian Electri-
cal Association’s “Equipment Reliability Information System
Forced Outage Performance of Transmission Equipment” of
the period 1988-1992. The paper presented the frequency and
duration (ie., mean and median) of forced outages of the
following major equipment by voltage class:

1) Transformer Banks.

2) Circuit Breakers.

3) Cables.

4) Siatic Compensator,

3) Shunt Reactor Banks.

6) Shumt Capacitor Banks.

7) Series Capacitor Banks.

For all the major equipment categories. the forced out-
age statistics were divided into “all integral subcomponents”
and “all terminal equipment” categories to provide a clear
distinction between the major causes of transmission system
equipment. For each major equipment category, the dominant
subcomponent and dominate terminal equipment which con-
tributed the most to the frequency of the major equipment
forced outages was identified.

For transmission banks, the subcomponent and terminal
equipment frequency of forced outages were of the same
order of magnitde for the on-three phase element trans-
former bank and the three-single-phase element transformer
bank, In the majority of cases. for both types of transformer
banks, the mean duration was significantly greater than the
median for ali voltage classes. The dominant transformer bank
subcomponent forced outages were “On-load Tap Changer”
and the “Auxiliary Equipment” for all voltage classes. The
dominant transformer terminal equipment forced outages was
the “Control and Protection Equipment” for all voliage
categories.

For circuit breakers, the higher the voltage class, the higher
the frequency of forced outages for subcomponent and ter-
minal equipment forced outages. The mean duration for sub-
component and terminal equipment forced outages was sig-
nificantly higher than the median for both categories. The
dominant circuit breaker subcomponent forced outages were

Copyright € 1998 |[EEE. Ali rights reserved.,

the “Operating Mechanisms™ and the “interrupting Medium.~
The dominant circuit breaker terminai equipment forced out-
age category was “Control and Protection Equipment.”

For cables the terminal related forced outages were signifi-
cantly less than the cable related forced outages. The dominam
cable subcomponent forced outage was the “Insulaton Sys-
tem” and the dominant terminal related forced outage was
again “Control and Protection Equipment.”

The frequency and duration of transmission equipmen:
forced outage statistics presented in this paper provides the
basis for analyzing transmission system configurations and
assessing the impact of forced outages on industial and
commercial facilities (e.g., voltage sags at & given physical
location, the cost of power outages. the optirnum operating
configuration. ew.). The methodologies for performing these
studies are found in IEEE Std. 493 (IEEE Gold Book).
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Michael J. Sullivan, Vice President
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Charlotte, NC 28201 USA

Abstract — This paper summarizes results of a
comprehensive study of the economic value of electric
service carried out by Duke Power Company in
cooperation with the Electric Power Research Institute.
In the study, customer interruption costs were estimated
for generation, transmission and distribution outages of
differing lengths occurring under varying circumstances.
Interruption costs for momentary outages and voltage
disturbances are also reported. In addition to these
economic indicators of customer value of service, customer
expectations for service reliability and power quality and
their satisfaction with the service currently offered are
reported. Statistical methods and procedures used in
estimating interruption costs are described.

1. Introduction

Some electric utility customers experience
significant economic losses when power is interrupted or
when power quality problems occur. These customers need
and expect the highest quality and reliability of service that
the utility can supply. On the other hand, the vast majority
of utility customers experience relatively little
inconvenience or cost as a result of electric outages or power
quality problems. They do not desire, and are not willing to
pay for, significantly improved reliability and power quality.

Increasingly, utilities are being squeezed between the
conflicting demands of customers who require higher quality
(and more costly) service and those who demand lower rates.

95 SM 572-8 PWRS A paper recommended and approved
by the IEEE Pawer System Engineering Committee of the
1EEE Power Engineering Society for presentation at
the 1995 IEEE/PES Summer Meeting, July 23-27, 1998,
Portland, OR. Manuscript submitted January 3, 1995;
made available for printing May 5, 1395.

Terry Vardell, Manager of Market Research
Duke Power Company
Charlotte, NC 28201 USA

Ali Vojdani, Manager of Power System Analysis
Electrical Power Research Institute
Palo Alto, CA 54304 USA

To compete effectively given this situation, it is important for
utilities to establish a balance between the costs of irnproving
service reliability and quality, and the economic benefits that
these improvements bring to customers. This approach to
reliability planning is generally called Value Based
Reliability Planning (VBRP).

Value Based Reliability Planning directly takes account of
the value of reliability and power quality to customers in
assessing the cost effectiveness of proposed investment
alternatives.  Typically, VBRP planning procedures
incorporate customer value of service in the planning process
at the peint at which investment alternatives are subjected to
cost-benefit analysis. This is done by including avoided
customer losses (due to outages and poor power guality) in
the stream of benefits that arise from utility investments to
improve reliability or power quality.

Fig. 1. provides an example of the relationship between
service reliability, utility investment cost and customer
interruption cost [1]. The cbjective of value based reliability
planning is to balance the utility’s investment cost against
the interruption costs experienced by customers [2,3]. These
costs are balanced by investing in rehability so that the Total

Ukility Comt

Fig. 1. Minimizing the Total Cost Of Reliability

© 1995 IEEE

Copyright © 1998 {EEE. All rights reserved.

479



IEEE
Std 493-1997

Cost of service reliability (i.¢., investment cost plus customer
interruption costs) is minimized. The line A in Fig. 1. is the
point on the Total Cost curve at which the Total Cost is a
minimum. Al wtility investments with Total Costs
appearing on the left side of line A are cost effective and
reasonable. Al those on the right side of line A are
investments which increase the total cost and are
unreasonable, Investment cost estimates are obtained
through conventional engineering cost estimation
techniques. Customer interruption cost estimates are
obtained by directly surveying customers to determine the
costs they experience as a result of different kinds of
reliability and power quality problems.

As part of a larger effort within Duke Power Company to
establish value based reliability planning, a comprehensive
value of service study of Duke Power Customers was carried
out in cooperation with the Electric Power Research Institute
in 1992-93, In addition to interruption costs, the study
measured customer satisfaction with and expectations for
service reliability and quality.

IL Approach

Customer interruption costs are the economic losses
customers experience as a result of interruptions of electric
service or power quality problems. These costs vary from
customer to customer gs a function of a number of factors
including:

o the customer’s dependence on electricity,

o the nature and timing of the electric supply
disturbance; and

o the economic value of the activity being disrupted.

Consequently, 1o estimate customer interruption costs it is
necessary to statistically survey representative samples of
Customers.

Procedures for statistically surveying customer interruption
costs have been developed and refined by a number of
utilities over the past 15 years; and in the late 1980s the
Electric Power Research Institute (EPRI} co-sponsored
several large scale efforts to demonstrate the estimation of
outage costs using state of the art survey techniques [4]. The
basic methodology used in these studies involves directly
asking random samples of customess in different market
segments (i.e., residential, commercial and industrial) to
estimate their economic losscs as a result of power reliability
and quality problems commonly considered in utility
planning.
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Using the methods that had been developed and tested over
the years by EPRI and others, information was collected from
customers concerning the economic and operational impacts
of a number of reliability and quality conditions. The seven
outage scenarios outlined below comprise the minimum set
of conditions for which information is required to support
VEBRP at Duke Power Company. These conditions included:

1) a one-hour Generation outage (i.e., an outage
occurring at the time of system peak with advance
notice;

2) a one-hour summer afternoon T&D outage;

3) a four-hour summer afternoon T&D outage;

4) a two-hour winter morning T&D outage,

5) a 1-2 second momentary outage (clear weather),

6) several 1-2 second momentary outages (occurring
during a summer storm); and

T a 15 to 20 percent voltage sag (large customers
only).

Customers cannot distinguish between outages resulting
from generation capacity shortfalls (generation outages) and
those resulting from failures on the transmission or
distribution system (T&D outages). Nevertheless, the
conditions that customers experience during outages
originating in the gencration system are very different from
the conditions they experience for outages originating on the
transmission or distribution system; and as will become clear
below, these different conditions result in very different
outage costs.

Outages originating on the transmission and distribution
system generally occur without warning and can last
anywhere from microseconds to many hours (even days).
Outages resulting from generation capacity shortfalls are
different in several important respects. Generation capacity
shortfalls do not cause the collapse of the utility system
because the operation of the system during generation
shortfalls is governed by emergency operating procedures.
These procedures dictate ameliorative actions that the utility
will take when operating reserves are forecasted to fall below
specified levels. Among the actions that are usually called
for are public appeals for voluntary curtailments and if the
situation continues to worsen, interruption of randomly
selected retail circuits preceded by radio and television
announcements. These interruptions are designed {o last a
fixed period of time (usually one hour) and are imposed in
rotating fashion. Because the duration of the outage is fixed
and known and because the customer receives advance notice
of its onset, the costs resulting from generation outages are
significantly lower than the costs that customers would
otherwise experience.

Copyright © 1998 IEEE. All rights reserved.
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Table 1. summarizes critical features of customer
interruption cost surveys conducted during the study. The
survey designs, sample designs and study procedures differed
by market segment and customer size, Residential customers
were surveyed by mail. Small and medium sized industrial
and commercial customers were surveyed using a
combination of telephone and mail; and large industrial and
commercizl customers were surveyed in-person by
experienced cost estimators.

IT1. Interruption Cost Summary

In the event of a generation outage, the average cost
per kWh of unserved energy on the Duke Power System is
estimated to be $7.79 (1992). Table 2. summarizes average
customer interruption costs per event and per kWh for
summer afternoon outages of one hour duration. The
generation outage occurs with one-hour advance notice via
radio and television announcements by the utility. Using the
sample sizes and measurement techniques applied in this
study, there is only a five percent chance that true system-
wide generation outage costs are below $5.38 per kWh or
above $10.10 per kWh.

Commetcial and industrial customers experience much
higher interruption costs than residential customers. In
Table 2, it is apparent that residential custoimer interruption
costs are significantly lower than those of either commercial
or industrial customers. For an outage lasting one hour on a
summer afternoon originating in the transmission or
distribution system, the average residential customer would
experience an interruption cost of $5.39 (or about $2.07 per
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coincident kWh of residential customer load). For the same
outage, the average commercial customer would experience
a cost of $1,317 (or about $4582 per coincident kWh of
commercial customer load). For industrial customers, the
average cost of this outage is estimated to be $9,404 (or about
$7.6]1 per coincident kWh of industrial customer load).
Overall the average customer cost per unserved kWh for a
one hour outage without advance notice is estimated to be
$16.15 (1993).

Interruption costs vary from customer to customer
depending on a number of factors. Fig. 2a. and Fig. 2b.
display the distribution of customer interruption costs for
residential, commercial and industrial customets for a one-
hour outage on a summer afternoon without advance notice.
Residential customer interruption costs range from $0 to
$64. Commercial custotrter interruption costs range from $0
to over $100,000, and industrial customer interruption costs
range from $0 to over $1.600,060.

Differences in interruption costs among commercial and
industrial customers are systematic and can be predicted
from related production factors (i.e., the customer’s business
type, size and production technology). Using these
production factors, multiple regression models were
developed for predicting customer interruption costs. Fig. 3.
shows the relationship between predicted and actual
interruption costs for a multiple regression model predicting
customer interruption costs from these factors. Predictions
from the regression model are not perfect, but they are
significantly more accurate than predictions based only on

Table 1. Duke Power Company - Value of Service Study Approach and Methodology

Duke Power
Customer Clasa

Kesidential

Large Industrial
wnd Commercial

Small and Medium
Indusirial and
Commercisl

Custom er Class Sample Outage Cost Customers | Customers {| Response
Characteristics Design Estim ation Contacted § Responded Rate
Methods
AllResidential Fiuhm Sumple Mail Survey, using
[Custom er Stratified by G eographic W illingness to Pay 2,187 1,584 12%
Accounty L acation and Prior Reliability Jm easures with
High Control and
Low Control veriations
Cusiom ers that Random Sample On-Site Surveying
Receive Power at Stratified by Busimcss Type Using Direct Worth 299 210 TO%
INon-Residentis) and Trenam ission or Outage Cost
[Rate Schedules with [Distribution Voltage Levels Cualculations
Demand > IMW or
R eceiving Power
2t T ranst: issian
Volteges
C ustorm ers that Random Sample Combination of
[Receive Power 3t Stratified by Business Type Telephone and Mail 2,797 L,080 40%
[Non-Residentisl and Electrical Demand Survey Using D irect
ate Schedules with W orth Outage Cost
Demand <t MW Estim ates
nd are on
D istribution Circuits
3
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Market Segment
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Table 2. Customer Outage Cost Surmnary

Generation Outage

Mean Outage

Transmission or Distribuvtion Outage

Cost Mean Outage C ost

Residential Customers

Cost Pear Event $4.91

CostPer Peak kW h $1.88
Comm ercial Custom ers

Cost Per Evant $604.19

Cost Por Peek kWh $21.02
Industrial Custom ers

Cost Per Event 54,443 00

Cost Per Peak kWh $3.50
System Wide

Cost Per Event nia

Cost Per Peak kW h $7 19

$5.39
$2.07

$1,317.21
5§45 82

$9.403 55
$7.61

nfs
316.15

Michant J Sullivan, "Volume Five: Outage Cost Jummuary®. in Finnt Repart For Yulue OF Service Suwdy, Decamber 1992

market segment means (i.e., the mean for commercial or
industrial customers). For example, multiple R’s for
regression models predicting outage costs arising from
different kinds of outages ranged from .67 to .34. That is,
these models explain between 34 and 67 percent of the
variation in outage costs about the averages for the market
segments — a statistically significant improvement over the
predictive power arising from market segment alone.

Since much less information is required to estimate customer
outage costs from the parameters in the regression model, it
is possible to calculate customer specific outage cost
estimates for all large customers (from regression models)
and thus to obtain detailed estimates of customer outage costs
without the expense of on-site surveys of all customers. This
approach is being used by Duke Power Company to calculate
circuit specific outage costs including unique estimates for
each of its 1,000 largest customers.

Although less of the variation in residential interruption cost
is accounted for by variation in other household attributes,
significant statistical associations are found between
residential customer interruption costs, the size of the

O Coromara ol
O] hchatrial

5 o B % K g

Parcent Of Jample

“

(L -

household and the age of its inhabitants. In general, the
older the members of a household, the lower the houschold’s
average interruption cost. When children are present,
customer interruption costs are significantly higher.

Circuit level interruption costs shouid be used when applying
interruption cost information to transmission and
distribution planning problems. While system average
interruption cost estimates are meaningful and useful for
generation planning, significant errors can be made by
applying systern average figures to particular circuits.
Because of the variation that exists across circuits in the
distribution of customers by market segment and size,
customer interniption costs for particular circuits may
deviate dramatically from system averages.

From the individual customer’s point of view, generation
outages (i.e.,. those including advance warning) are
inherently less costly than transmission and distribution
outages (i.c., those without warning). Advance warning
significantly lowers the costs of outages for commercial and
industrial customers. Table 3. itlustrates the effect of
advance notice on customer outage costs.

[ 1

%6.00 <310 310
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0.0
13k

Fig. 2a. Commercial and Industrial Customers
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Fig Ib. Residential Customers
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Given one hour advance notice, the average large
commercial customer can reduce its interruption cost by 35
percent, from $22,506 to $14,574. For large industrial
customers the savings due to advance notice are even greater.
Given one hour advance notice, the average large industrial
customer can reduce its interruption cost by 43 percent, from
$46,695 t0 $26,582,

Voltage sags of 20 percent for less than 30 cycles can result
in significant interruption costs for about 10 percent of Duke
Power’s largest industrial and commercial customers. On
average, large commercial and industrial customers
estimated that a voltage sag would cost about $7,694.
However, slightly less than 50 percent of the large customers
surveyed said that they would experience no losses as a result
of a voltage sag. The interruption costs estimates provided
by the remaining 50 percent of customers ranged from a low
of $13 to a high of about $285,000. Ten percent of the large
customers sutveyed estimated their losses from a voltage sag
would be in excess of $23,600. For customers who said that
they would experience costs as a result of a voltage sag, the
average cost was estimated to be $60,407.

Momemtary interruptions can result in  significant
interruption costs for most of Duke Power’s large
commercial and industrial customers. On average, large
customers estimated they would experience costs of $11,027
as a result of a 1 to 2 second momentary interruption on a
summer afterncon.  Approximately 35 percent said they
would experience no losses as a resukt of a 1 to 2 second
outage. Fifty percent of the large customers said that a

Table 3. Customer Interruption Costs With and Without Advance Notice

Customer Class With Notice W/O Notice
Large Commercial $14,574 $22.506
Large Industrial $26,582 $46.695

Copyright @ 1998 IEEE. All rights reserved.
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momentary interruption of 1 to 2 seconds would result in
outage costs in excess of $1,500; and ten percent of large
customers said that their costs in the event of a momentary
outage would exceed $45,130. For customers who said that
they would experience costs as a result of 2 momentary
outage, the average cost was estimated to be $72,426.

IV. Customer Expectations For
Service Reliability

Most customers understand that it is virtually
impossible to provide perfect power supply reliability and
power quality. However, they differ dramatically in their
expectations for the wtility's performance along these
dimensions.

Large commercial and industrial customers expect nearly
perfect service reliability. Most of the large commercial and
industrial customers in the study were served at transmission
voltages. These customers experience almost no outages.
From their reactions to the survey, it is reasonable to
conclude that most large commercial and industrial
customers probably do not consider any number of outages of
any duration to be acceptable.

Small and medium sized commercial and industrial
customers expect significantly higher reliability than
residential customers. Customers on primary and secondary
distribution circuits were asked to indicate the number of
outages {of different durations) that they consider to be
acceptabie in a given year. The objective of this battery of
questions was to measure the customer's desired level of
service reliability in non-economic terms. The outage
durations studied included momentaries, short outages (i.e.,
less than one hour) and long outages (i.c., outages lasting
one to four hours). iIn the survey, respondents could indicate
that they thought outages of the above durations would be
acceptable at one of the following intervals: daily, weekly,
monthly, every few months, twice a year, once a year, and
none of the above.

Fig. 4a. and Fig. 4b. compare the answers to the above
question given by residential and small and medium sized
commercial and industrial customers. The figures show that
residential customers have significantly lower expectations
for service reliability than commercial and industrial
customers. For example, Fig. 4a. shows that fifty percent of
residential customers consider two or less extended outages
per year to be an acceptable level of service. On the other
hand, fifty percent of commercial and industrial customers
expect one or fewer outages per year. That is, the median
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Fig. 4a. Acceptable Number of Extended Outages

commercial and industrial customer expects service to be
about twice as reliable as the median residential customer.

The difference between expectations for service reliability
for non-residential and residential customers is even more
pronounced for momentary outages. Fig. 4b. shows that the
median residential customer considers service to be
acceptable if the number of momentary outages is less than
about 38 per year -- about once every ten days. On the other
hand, the median non-residential customer expects fewer
than 12 outages per year -- about one per month. Here non-
residential customers expect or desire service that is about
three times as reliable as that desired by residential
customers.

V. Customer Satisfaction

The satisfaction of customers with service reliability
was measured in all three studies to ensure that the issue of
customer satisfaction could be addressed. The customer
satisfaction measures used in the surveys were comparable to
those used on other studies of Duke Power customers.

The relationship between the reliability of utility service and
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@
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Fig. 4b. Acceptable Number of Momentary Outages
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residential customer satisfaction is more complicated than it
might appear at first. The results of this survey indicate that
reliability history has no direct effect on a customer’s
satisfaction with utility service. That is, customers who
receive relatively less reliable service are no less satisfied
than other customers who receive higher reliability service.
Fig. 5. shows that there are relatively small differences in
the levels of satisfaction for customers in the survey sampled
from circuits with dramatically different prior reliability
histories.

Residential customer satisfaction is determined by the
customer’s perception of their service reliability, not by
their actual service reliability.  Residential customer's
perception of the reliability of their service is highly
correlated with their satisfaction. Customers who perceive
that they are experiencing relatively high numbers of
momentary or sustained owtages are significantly less
satisfied than customers who believe that they are not
receiving relatively high numbers of outages.

Customer’s perception of the reliability of their electric
service is influenced by the reliability of their service, but
mos!. residential customers cannot distinguish high reliability
service from low reliability service. Customers who
experience relatively small numbers of momentary and
sustained ocutages are significantly more likely to say that the
number of outages they experience is very low than are
customers who experience these kinds of outages more
frequently. However, the relationship between perceived
service reliability and actual service reliability is tenuous.
Only customers in the extremes of the reliability distribution
appear to be able to discriminate their level of service
reliability, and then only imperfectly.

T
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-

Fig. 5. Residential Satisfaction
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The effect of actual service reliability on customer
satisfaction is indirect, based on the customer’s perception of *
the reliability of its service. Many other factors affect the
customer’s perception of the reliability of their service besides
the actual level of reliability that they experience.

V1. Conclusions

This study shows that customer interruption costs
vary systematically and predictably as a function of customer
type and size and within commercial and industrial customers
by the processes, equipment and products being made and
sold. It documents the ameliorative effects of advance
warning on interruption costs arising from generation
outages and suggests that electric emergency planning may be
a highly cost effective alternative to investment in new
generation. Because there are significant differences across
utility circuits in the numbers and types of customers served,
this study suggests that it is inappropriate to apply system
wide interruption cost estimates to transmission and
distribution planning problems. Work is ongoing at Duke
Power Company and the Electric Power Research Institute to
develop interruption cost estimates that are appropriate for
these applications.
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Survey Results of Low Voltage Circuit Breakers as Found
During Maintenance Testing

Working Group Report

Pat O'Donnelt
El Paso Natural Gas Co.
El Paso, TX
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M. Kornblit, K.D. McDonald

Abstract - The Power Systems Reliability
Subcommittea strives to maintain current reliability
data on major electrical equipment to assist the
industry in accomplishing realistic and meaningful
reliability studies. This paper presents results of a
low voltage circuit breaker reliability survey
achieved through use of available results from
testing during preventive maintenance. A
substantial number of test results were obtained to
allow credible results for a few different circuit
breaker categories. A similar set of results was
published in a paper[1] for the 1990 Industry
Applications Society Conference. Most of these
results have been incorporated into this new
expanded effort.

INTRODUCTION

Resuits of a low voitage circuit breaker reliability survey,
obtained from circuit breaker preventive maintenance
tests are presented here. The results show differences
between various categories and what components
failed, allowing the reader to judge with some degree of
confidence, the weaknesses and strengths of the circuit
breakers. Since the results are taken from circuit
breaker tests, failure rate as a function of time was not
possible. However, because of the nature of the
operation of this equipment type, these forms of data
and results are of value since often a failure or pending
failure is not evident until a test is conducted.

Copyright © 1998 IEEE. All rights reserved.

In keeping with the policy of the Power Systems
Retiability Subcommittee, survey results of this type do
not identify manufacturers, do not promote any types or
designs nor are the results intended to draw definite
conclusions. This is left to the reader.

The foliowing tables reflect available data from the tests,
but only where sufficient data were available to present
credible resuits {in the judgment of this working group).

GENERAL

Certain categories were possible to present, as
evidenced in the tables to follow, and some comment is
beneficial here in understanding the resuits. Many tests
described certain circuit breakers as being in “‘new”
condition or appearing “new”. These were broken out
allowing comparison to “old™ circuit breakers or those
not identified as in “new” conditon. Some circuit
breakers were tested more than once. Number of tests
are shown and were counted separately if
approximately 3 years or more apart. !t is important to
remember the results here are taken from tests that did
not identify service conditions, age, or time of use. The
tables below show number of tests and also number of
circuit breakers to aliow evaluation based on either.
The failure modes available from the tests are defined
as follows.
Trip Unit : failed to operate - repaired or

replaced (Note: where calibration
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could not be corrected by
readjustment and required
replacement, a trip unit failure was
counted) ‘

not able to trip within specified current
and time range -required
readjustment

springs, arms, tevers, hardened
lubricant, etc. - repaired or

replaced

alignment, incorrect pressure, pitied,
etc. - repaired or replaced

Trip Calibration :

Mechanical :

Power Contacts :

APPENDIX P

Arc Chutes : chipped, cracked, burned, efc. -
repaired or replaced

auxiliary contacts, indicators,
pushbuttons, etc. - repaired or
replaced

Auxiliary Device :

OVERALL SUMMARY (TABLE 1)

Tabie 1 shows all circuit breakers tested and what failed
during a test. The trip unit and trip calibration were the
highest in failures, the percentage of failures being 2 or

TABLE "

Total No. Bkrs
Total No. Tests

Total No. Failures at Test

Failed Component:
Trip Unit
Trip Calibration
Mechanical
Power Contacts
Arc Chutes
Auxiliary Device
Total No. Failed Components

more times that of other failure modes.

1174

1989

294

No. of % of
Fir's Tests
108 55
84 4.4
45 2.3
44 22
12 0.6
10 0.5
*304 15.3

* 10 circuit breakers had 2 failed components during one test

SOLID STATE TRIP UNITS VS
ELECTROMECHANICAL TRIP UNITS - (TABLE 2)

Table 2 compares solid state (S/S) trip units to
electromechanical (EM) type. Results show the EM
breaker types with a higher percentage of failures (or
unacceptable operation) of all components. As some
would predict, the EM trip units experienced
substantially more fallures than the S/S type,
approximately twice the percentage. Since some circuit
breakers were described in the test results as in “new”
condition, these have been broken out to show any
influence this condition may have had on the failures.

490

There was no test data clearly showing EM type as
‘new”, so it can be assumed that none of these
appeared in “new” condition. The results show that the
“‘new" SIS type, although showing some expected
influence on the results, if broken out separately, would
still not change this observation of EM types showing a
higher percentage of failures. Another observation is
that for all circuit breakers with S/S trip types, there is a
more even distribution of percentage of failures over the
different failure modes than for E/M types which clearly
have the highest percentage of failures associated with
the trip units.

Copyright © 1998 IEEE. All rights reserved.
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TABLE 2
Trip Unit Type AllEM Al §/S New S/S
Total No. of Bkrs 662 512 99
Total No. of Tests 1054 935 178
Failed Component #of % of # of % of #of % of
Firs Tests Fir's Tests Firs Tests
Trip Unit 81 77 28 3.0 *2 1.1
Trip Calibration 60 57 24 26 “0 0.0
Mechanical 26 25 19 2.0 =4 23
Power Contacts 25 24 19 2.0 *5 28
Arc Chutes 6 06 *6 06 *0 0.0
Auxiliary Device bl 06 *4 04 *0 0.0
Total No. Failures 204 19.4 100 10.7 11 6.2
* Small sampie size - less than 8 failures
SOLID STATE vs. ELECTROMECHANICAL above. Results show a significant difference in

ACCORDING TO FRAME SIZE (TABLE 3)

Table 3 shows how circuit breakers with S/S and EM trip
units compare according to frame size. The 600 amp
and 800 amp frame sizes are combined since very little
difference is expected in applications. Larger frame
sizes include 4000 amp, but the total number breakers
and tests warranted combining all sizes 1600 amp and

percentage of failures between the smalier and larger
frame sizes for circuit breakers with EM trip units, with
the larger frame sizes higher than that of the smaller
sizes. Frame size shows less effect on the difference
between large and small circuit breakers with S/S trip
types. EM trip units still show an obviously higher
percentage of failures when compared to S/S type.

TABLE 3
Frame Size 600 A & BOC A 1600 A & Above
Trip Unit Type EM SIS EM SIS
No. of Breakers 464 380 198 132
No. of Tests 842 778 212 157
Failed Component #of % of #of % of #of % of # of %of
Firs Tests Flr's  Tests Firs Tests Fir's  Tests
Trip Unit 50 59 20 28 31 46 8 5.1
Trip Calibration 41 49 22 28 19 9.0 *2 1.3
Mechanical 17 2.0 16 2.1 *6 28 ‘3 1.9
Power Contacts 16 19 19 2.4 *6 28 *0 0.0
Arc Chutes 6 0.7 *4 0.5 *0 0.0 *0 0.0
Auxiliary Device "2 0.2 *3 04 2 0.9 " 06
Total No. Failures 132 15.7 84 10.8 64 30.2 14 8.9

* Small sample size - less than 8 failures

Copyright © 1998 IEEE. All rights reserved.
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SOLID STATE vs ELECTROMECHANICAL TRIP
CALIBRATION FAILURES (TABLE 4)

Table 4 shows the failure relationship between the long
time, short time and instantaneous settings of trip units.
Some circuit breakers had more than one time setting
out of calibration, evidenced by the total exceeding the

APPENDIX P

total of trip calibration failures in tables above. Some
circuit breakers did not have all 3 time seftings
available, but practically all had instantaneous settings
with the exception of a few. The results show no
calibration failures for the instantaneous settings for $/5
trip units.

TABLE 4

Trip Unit Type AlLEM All §/S
Total No. of Bkrs 662 512
Total No. of Tests 1054 935
Trip Calib. Failure # of % of # of % of

Firs Tests Fir's Tests
Long Time 45 4.3 14 1.5
Short Time 1 0.1 1 1.2
Instantaneous 29 2.8 0 0.0
““Total 75 71 25 27

* Small sample size - less than 8 failures

** Some circuit breakers had more than one time setting out of calibration

OBSERVATIONS/CONCLUSIONS

A significant observation from the resuits of this survey
is that, for all circuit breakers, the percent of
unacceptable operations of EM trip units were more
than twice those with S/S trip units. This included both
failure of the trip unit to operate and failure due to
calibration.

EM trip units for circuit breakers rated 1600 amp and
above, combined, experienced more than twice the
percent of unacceptable operations as those rated 6§00
amp and 800 amp, combined. Again, this included both
failure of the trip unit to operate and failure due to
calibration.

For all circuit breakers, both percent of unacceptable

operation of trip units and calibration were much higher
than the other failure modes. Mechanical operation

492

failures and power contact failures experienced the
same percentage for both EM and S/S type circuit
breakers.
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