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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 systems is 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 a small 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 IEEE 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 IEEE reliability surveys have been conducted
and published during the 1980s and have been updated in this revision of IEEE Std 493-1997.
The 1990 edition included pertinent tutorial reliability material and the cost of power inter-
ruptions data.

IEEE 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 a working 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:

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

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

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

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

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



 

v

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

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

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

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

— IEEE 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 is to 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
engineers in 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 IEEE 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 commercial 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 a reliability/avail-
ability guarantee when industrial 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 commercial 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
commercial types. This data can be used for evaluating the cost-reliability worth of various
industrial and commercial electrical configurations.

Appendix P, “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 analysis includes 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 commercial 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 IEEE 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 also 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 surveys in 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 equipment
reliability surveys include

— Cable, cable splices, and cable terminations
— High-voltage circuit breakers above 63 kV
— Diesel and gas turbine generating units
— Transmission lines and terminal equipment

A paper on electrical service interruption costs is 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 commercial system and can provide a basis for the quantitative
comparison of alternate designs.

1.3 How to use this book

The methods of reliability 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
given in 2.1.9 and 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 commercial 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 maintenance in 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: As applied either to the performance of individual components or to that of
a system, it is the long-term average fraction of time that a component or system is in service
and satisfactorily performing its intended function. An alternative and equivalent definition
for availability is the steady-state probability that a component or system is in service. 

1.4.2 component: A piece of electrical or mechanical equipment, a line or circuit, or a
section of a line 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 exposure time: The time during which a component is performing its intended function
and is subject to failure.

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

— Partial 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 a public 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.

1.4.9 failure rate: The mean number of failures of a component per unit exposure time. Usu-
ally exposure time is 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 a forced outage (failure).

1.4.12 interruption: The loss 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 (MTBF): 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.
Copyright © 1998 IEEE. All rights reserved. 5
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1.4.16 minimum cut-set: A set of components that, if removed from the system, results in
loss of continuity to the load point being investigated and that does not contain as a subset
any set of components that is itself 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 all times, such as an inverter supplied by
dc power via the 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 a tailed component or the duration of a failure 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 a selected time, usually for purposes of construction, maintenance, or repair.

1.4.22 scheduled outage duration: The period from the initiation 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 alternate 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 analysis including 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 IEEE Committee Report [B15])1. 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.
Copyright © 1998 IEEE. All rights reserved. 7
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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
overall 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 components in
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 times to open and close a circuit breaker

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

— Expected time to replace a fuse 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 al., [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 lends itself 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 a deriva-
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

The first 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
given in 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. This analysis 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
the list 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, results in loss of continuity to the
load point being investigated and that does not contain as a subset any set of components that
is itself 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 is a useful 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 is to 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 occurrence 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).

ƒs = System interruption frequency = (2-1)

rs = System expected interruption duration = (2-2)

f csi

i

∑

f csi
  r cs 

i
  / f s

i

 ∑
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where

is the frequency of cut-set event i; and

is the expected duration of cut-set event i.

 

NOTE—These are approximate formulas and should only be used when the various  

 

 

 

are
less than 0.01.

 

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 as lines, transformers, and circuit breakers, are subject
to a variety 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

 

λ

 

is the 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

is the transient 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-
ally 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.

f csi

rcsi

f
csi

r×
csi

( )

λ'
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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
as follows:

 

2.1.10.1 Continuous functions

 

a) Component short circuit resulting in operation of backup protective devices. The
modeling parameter is 

 

λ

 

, which is the rate of occurrence of such short-circuit events.
b) Switching device opening without the proper command. The modeling parameter is

 

λ

 

FT

 

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

 

λ

 

FC

 

, 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 

 

p

 

s

 

, which
is the probability that the device will not open on command.

b) Switching device failure to close on command. The modeling parameter is 

 

p

 

c

 

, 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 

 

p

 

o

 

, which is the probability of an incorrect trip, given a fault
outside the protection zone.

 

2.1.11 Expressions for outage events

 

Expressions for computing the frequency, , and the expected durations, , 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 paths in a distribution system are fully redundant; that is,
it is presumed that any one path of a parallel set is fully 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:

is the frequency of cut-set event;

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

is the permanent forced outage rate of component i;

is the transient forced outage rate of component i;

f cs rcs

f cs

rcs

λ i

λ'i
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is the expected repair or replacement time of component i; and
t is the time to perform an appropriate switching operation.

First, consider cut-sets associated with permanent forced outages.

First-Order (single-component) cut-sets:

 = λi (2-3)

rcs = min (ri, t) = Minimum of ri or t (2-4)

Second-Order (dual-component) cut-sets:

 = λi λj (ri + rj) (2-5)

 = min (ri rj / (ri + rj), t) (2-6)

NOTE—Equations (2-5) and (2-6) are approximate formulas and should only be used when both (λi ×
ri) and (λj × rj) are less than 0.01.

Note that the above expressions for ƒcs are approximate and assume that λ is much less than
1/r. This is usually a reasonable assumption, but exact expressions are given in Chapter 8 and
should be used if needed. Also note that, particularly in the above expressions for rcs, system
interruption durations may be determined by component repair or replacement times or by
the time to restore service to interrupted loads through a switching operation. Thus, rcs is very
much a function of system topology and switching arrangements. It should also be noted that
ƒcs 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 ri and rj 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:

ƒcs = (2-7)

rcs = t (2-8)

Second-Order (dual-component) cut-sets:

ƒcs = λj  rj (2-9)

rcs = t (2-10)

NOTE—Equation (2-9) is an approximate formula and should only be used when (λj × rj) are less than
0.01.

ri

f cs

f cs

rcs

λ'i

λ'i
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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 a rate of λFT 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 as important from a distribu-
tion system reliability point of view (though it certainly is important 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 constitute first-order cut-sets since such
failures do not in and of themselves result in load interruptions. Expressions for ƒcs and rcs
for each of the response function failure modes appear in Equations (2-11) through (2-20). In
these expressions, λ is the rate of occurrence of the event requiring a response.

Failure to open on command:

ƒcs = λps (2-11)

rcs = r or t as appropriate (2-12)

Failure to close on command:

ƒcs = λpc (2-13)

rcs = r or t as appropriate (2-14)

Incorrect trip due to fault outside protection zone:

ƒcs = λpo (2-15)

rcs = r or t as appropriate (2-16)

The probabilities ps and pc are very much influenced by inspection, maintenance, and testing
policies. This follows, since ps and pc 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
14 Copyright © 1998 IEEE. All rights reserved.
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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

ƒcs = λ"i (2-17)

rcs = r"i (2-18)

where λ"i and r"i 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:

ƒcs = (2-19)

rcs = (2-20)

Again, the assumption is that λ is much greater than 1/r.

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 alternative 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 data for the example systems is shown in
Table 2-1. In every case, the reliability performance indexes desired are the interruption rate
and expected duration that would be experienced by a load served from line section L1.

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.”

λ''i λ' j r''i

r''i r j

r''i + r j

----------------- or t  as appropriate
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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 a minimal 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 ƒs and rs may not move in the same direction
as changes are made in the protection scheme, and that the indexes ƒs and rs should be viewed
as a complementary 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.

Table 2-1—Data for example systems

Line sections
λ = 0.20/yr
r = 3 h

Breakers and switches
λ = 0.01/yr

λFT = 0.003/yr
ps = 0.001
po = 0.01

r = 5 h

Switching times
ts = Normal manual switching time = 0.5 h
tB = Time to isolate breaker or switch or to repair noncatastrophic failure = 1 h
16 Copyright © 1998 IEEE. All rights reserved.
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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 this forced
outage event be ƒi and Pi. Then the frequency, probability, and average duration of overload-
ing events that are precipitated by loss of the components in set i are given approximately by

Cut-Set (1)
Frequency

(failures/yr)

(2)
Duration
(h/failure)

00 (1) × (2)

Line Failures
L1
L2

λ = 0.20
λ = 0.20

r = 3
r = 3

0.20 × 3
0.20 × 3

Breaker/Switch Failures
Type 1: B1
Type 1: B2
Type 1: S1
Type 2: B1

λ = 0.01
λ = 0.01
λ = 0.01

λFT = 0.0030

tB = 1
tB = 1
tB = 1
tB = 1

0.01 × 1
0.01 × 1
0.01 × 1
0.003 × 1

∑ = 0.433 ∑ = 1.233

where
ƒs = 0.433 interruptions/yr
rs = 1.233/0.433 = 2.85 h/interruption

Figure 2-1—Example system—no line sectionalizing
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= fi × P (load ≥ capacity of remaining components)

+ Pi × ƒ (load ≥ capacity of remaining components)

 × P (load ≥ capacity of remaining components)

Cut-Set (1)
Frequency

(failures/yr)

(2)
Duration
(h/failure)

(1) × (2)

Line Failures
L1
L2

λ = 0.20
λ = 0.20

r = 3
0 r = 0.5

0.20 × 3
0 0.20 × 0.5

Breaker/Switch Failures
Type 1: B1
Type 1: B2
Type 1: S1
Type 1: S2
Type 2: B1
Type 4: B2

λ = 0.01
λ = 0.01
λ = 0.01
λ = 0.01

λFT = 0.003

0

= 0.0041

tB = 1
tB = 1
tB = 1
tB = 1
tB = 1
tB = 1

0.01 × 1
0.01 × 1
0.01 × 1
0.01 × 1
0.003 × 1
0.00041 × 1

∑ = 0.44341 ∑ = 0.74341

where
ƒs = 0.44341 interruptions/yr
rs = 0.74341/0.43341 = 1.68 h/interruption

Figure 2-2—Example system—line sectionalized with switches
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∑

 

 = 0.23552

 

∑

 

 = 0.63552

where
ƒ

 

s

 

 = 0.23552 interruptions/yr

 

r

 

s 

 

= 0.63552/0.433 = 2.70 h/interruption

 

Figure 2-3—Example system—lines 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, 

 

ƒ

 

 (load 

 

≥

 

 

 

X

 

) is called
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 is referred to (Ayoub and
Patton [B1]) for additional discussion of the load-duration and load-frequency
characteristics.

 

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.

 

2.2.1.1 What 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,

Figure 2-4—Typical load-duration characteristic
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process, or building in question. Frequently, interruption definitions are given only in terms
of a minimum duration and assume that the voltage is zero during that period.

IEEE 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 commercial buildings. It is clear from
these tables that careful attention must be paid to choosing the proper interruption definition
in any specific reliability evaluation.

Another important consideration in the economic evaluation of reliability is the time required
to restart a plant or process following a power interruption. An IEEE survey (see IEEE Com-
mittee Report [B15] and Table 2-4) indicates that industrial plant restart time following a

Figure 2-5—Typical load-frequency characteristic

Table 2-2—Critical service loss duration for industrial plantsa

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

25th percentile Median 75th percentile
Average plant outage time

for equipment failure between
1- and 10-cycle duration

10 cycles 10 s 15 min 1.39 h

aFifty-five plants in the United States and Canada reporting; all industry.
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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 commercial 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 IEEE 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 items involved, including but not limited to

Table 2-3—Critical service loss duration for commercial buildingsa

(Maximum length of time before an interruption to electrical service is considered critical.)

Service loss duration time

1 cycle
(%)

2 cycles
(%)

8 cycles
(%)

1 s
(%)

5 min
(%)

30 min
(%)

1 h
(%)

12 h
(%)

3 6 9 15 36 64 74 100

aFifty-four buildings reporting; percentage of buildings with critical service loss for duration less than
or equal to time indicated.

Table 2-4—Plant restart timea

(After service is restored following a failure that has caused a complete plant shutdown.)

Average
(h)

Median
(h)

17.4 4.0

aForty-three plants in the United States and Canada reporting: all industry.
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— Value of lost production time less expenses saved (expected restart time is used along
with the repair or replacement time)

— Damaged plant equipment
— Spoiled or off-specification product
— Extra maintenance 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 time in 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 general in nature, and wide variations
are possible in individual cases. Some of the more commonly accepted methods for economic
analyses are

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

It is not the intent to stipulate 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 data is presented in
various IEEE-IAS and IEEE-PES publications. Recent data collected by a U.S. electric utility
is given in (Sullivan [B23]). Other data are listed in Billinton and Wacker [B4], Billinton
et al., [B5], Goushleff [B12], and Koval and Billinton [B18] and are primarily for areas in 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 plantsa

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

aForty-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 plantsa

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

aForty-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 buildingsa $21.77/kWh not delivered

Office buildings only $26.76/kWh not delivered

aFifty-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)a

Power interruptions Sample size
Cost/Peak kWh not delivered

Maximum Minimum Average

15 min duration 14 0$67.10 $5.68 $26.85

1 h duration 16 0$75.29 $5.68 $25.07

Duration > 1 h 10 $204.33 $0.48 $29.63

aPublished 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.

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 as it 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 ways in use to compare alternatives, some of these have defects and
weaknesses, especially 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]).

Figure 2-6—Cost of interruptions versus duration (adjusted to July 1996 value)
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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 reveals the amount of product
needed to be sold to achieve minimum acceptable earnings on the investment involved plus
all expenses associated with that investment. These minimum revenue requirements for
alternative 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
e) 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 is the MRR to achieve minimum acceptable earnings;
X is the nonfixed or variable operating expenses;
C is the capital investment; and
F is the fixed investment charge factor.

The last term in Equation (2-21), the product of C and F includes the items b), c), d), and e)
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 serious this increase is depends to 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 a failure does occur, variable expenses are increased in two ways. In the first way, the
increase is the 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
— Extra maintenance costs
26 Copyright © 1998 IEEE. All rights reserved.
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— Costs for 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, plus the time to

— Effect repairs, if it is a radial system, or
— Effect a transfer 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
is the revenues lost because production stopped less the expenses saved. Some of the variable
expenses may vary depending on the duration of plant downtime. For example, if plant down-
time is only 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
is a constant on a per hourly basis, may be expressed in an equation

X =  λ [xi + (gp – xp) (r + s)] (2-22)

where

X is the variable expenses ($ per year);
λ is the failures per year or failure rate;
xi is the extra expenses incurred per failure ($ per failure);

gp is the revenues lost per hour of plant downtime ($ per hour);

xp is the variable expenses saved per hour of plant downtime ($ per hour);

r is the repair or replacement time after a failure (or transfer time if not radial system);
in hours; and

s is the plant startup time after a failure, in hours.

Assume that

λ is the 0.1 failure per year;
xi is the $55 000 per failure, extra expenses incurred;

gp is the $22 000 per hour, revenues lost;

xp is the $16 000 per hour, expenses saved;

r is the 10 h per failure; and
s is the 20 h per failure.
Copyright © 1998 IEEE. All rights reserved. 27



IEEE
Std 493-1997 CHAPTER 2
Then, variable expenses affected would be

X = (0.1)[$55 000 + ($22 000 – $16 000)(10 + 20)] = $23 500 per year

The term gp 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 failure rate 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 equal 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 failure 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 failure in 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-
ponents in 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 is usually the same for alternative plans of the sort being considered here, but this is 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) Income taxes

c) Depreciation

d) Fixed expenses
28 Copyright © 1998 IEEE. All rights reserved.
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An equation to calculate the F factor is

(2-23)

This may also take the following form:

(2-24)

where

an is R + dn, amortization factor or leveling factor;

dn is R/(Sn–1), sinking fund factor;
Sn is the (1 + R)n, growth factor or future value factor;
n is the period of years, such as c or L;
c is the years prior to startup that an investment is made;
L is the life of investment years;
R is the minimum acceptable earnings per $ of C (investment);
ƒr is the probability of success or risk adjustment factor;
t is the income taxes per $ of C (investment);

is the income tax depreciation, levelized per $ of C (investment) = 1/L,  = 1L;
e is the fixed expenses per $ of C (investment);

is the levelized return on investment per $ of C (investment);
is the levelized depreciation on investment per $ of C (investment); and
is the levelized income taxes on investment per $ of C (investment).

Assume

L to be twenty years, life of the investment;
c to be one year;
R to be 0.15, minimum acceptable rate of return;
ƒr to be 1, risk adjustment factor;

t to be 0.5, income tax rate;

to be 1/L = 0.05; and

e to be 0.0825.

then

Sc is (1 + R)c = (1 + 0.15)1 = 1.15;
SL is (1 + R)L = (1 + 0.15)20 = 16.37;
dL is R/(SL – 1) = 0.15/(16.37 – 1) = 0.0.0098; and
aL is R + dL = 0.15 + 0.0098 = 0.1598.

F
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Substituting into Equation 2-23 to calculate the F factor, results in 

(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 value is probably less than 0.0825.

It is believed that a typical value for minimum acceptable return on investment in many
industrial plants is 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, ƒr , 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 Sn and an for various rates of return and plant lives.

2.2.3.2 Steps for economic comparisons

a) Prepare single-line diagrams of alternative 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) Calculate G = X + CF, the minimum revenue requirements G of each plan from Equa-
tion (2-21).

e) Select as the 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.

F

1.15( ) 0.1598( )
1.0

------------------------------------- 0.5( ) 0.05( )–

1 0.5–( )
----------------------------------------------------------------------- 0.0825+ 0.04= =
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2.2.5 Worth 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 commercial 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 this data is given in Heising et al., [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 as to 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:

a) Labor costs in manhours per component per year
b) Cost of spare parts consumed in dollars per component per year
c) Labor rate in 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
data for 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. This is 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 al., [B13]), which is included in this book as Appen-
dix J. It would be desirable to have such data for all 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 this is 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. There is 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-
ure rate.
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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. Actual 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) Downtime to repair or replace a component after it has failed in service, expressed in
hours (or minutes) per failure; and

c) In some 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 Appendixes A 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 is to
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 all 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
questions 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 studies is presented in IEEE Std 500-1984 [B1].1

The IEEE Industry Applications Society (IAS) has a continuing program to conduct surveys
on the reliability of electrical equipment in industrial and commercial installations (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, a footnote indicates a small sample size. It is believed that a minimum
of eight field failures is 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 a large 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 a bus is 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 slightly 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

Electrical 
equipment

Reference tables in Chapter 3

AppendixesPart 1 Part 2

Surveys
1976–1989

Surveys
prior to 1976

Motors

> 50 hp 32 — — — — — 42 —

A, B, H> 200 hp 23–31 — — — — — 42 —

> 250 hp 33 — — — — — 42 —

Motor starters — — 37 38 39 40 42 43 A, B

Generators 12 — — — — — 42 —

A, B, GTrans-
formers

Power
13 15 16 17 — — — — — 42 43

18 19 20 21

Rectifier
14 16 17 18 — — — — — 42 43

19 20 22 —

Circuit breakers 36 35 — 38 39 40 42 43 A, B, J, K, P

Disconnect switches — — 37 38 39 40 42 43 A, B

Bus duct — — 37 38 39 40 42 — A, B

Switch-
gear

Bus 
insulated 11 — — — — — 42 —

A, B, E

Bus bare 11 — — — — — 42 —

Open wire — — 37 38 39 40 42 43 A, B

Cable — — 37 38 39 40 42 43

A, B, ICable joints — — 37 38 39 40 42 43

Cable terminations — — 37 38 39 40 42 43

Transmission lines
230 kV and above — — — — — — — — N

Electric utility 
power supplies — — — — — 41 42 — A, B, D
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Table 3-2—Summary of optional failure rate and average and median
downtime per failure for all electrical equipment surveyed 

Equipment Equipment subclass

Failure 
rate 

(failures 
per unit- 

year)

Actual hours of 
downtime per failure

Industry 
average

Median 
plant 

average

Transformers Liquid filled—All
300–10 000 kVA
10 000+ kVA

0.0062
0.0059
0.0153

356.1a

297.4a

1178.5a

—
—
—

Rectifier transformers Liquid filled
300–10000 kVA 0.0153 a1664.0a — 

Motors > 200 hpb Induction
0–1000V
1001–5000 V

Synchronous
001–5000 V

0.0824
0.0714

0.0762

42.5
75.1

78.9

15.00
12.00

16.00

Circuit breakersc Fixed (including molded case)
0–600 V—All sizes
0–600 A
Above 600 A
Above 600 Vc

Metalclad drawout type—All
0–600 V—All sizes
0–600 A
Above 600 A
Above 600 Vc

0.0052
0.0042
0.0035
0.0096
0.0176
0.0030
0.0027
0.0023
0.0030
0.0036

5.8
4.7
2.2
9.6

10.6
129.0

d147.0d

3.2
232.0
109.0d

4.0
4.0
1.0
8.0
3.8
7.6
4.0
1.0
5.0

168.000

Motor starters Contact type: 0–600V
Contact type: 601–15 000V

0.0139
0.0153

65.1
284.0

24.50
16.00

Generators Continuous service
Steam turbine driven

Emergency and standby units
Reciprocating engine driven
Rate per hour in use (0.00536)
Failures per start attempt 
(0.0135)

0.1691 32.7

478.0

—

—

Disconnect switches Enclosed 0.006100 1.6 2.8

Switchgear bus—
Indoor and outdoore 

Insulated: 601–15 000 V
Bare: 0–600 V
Bare: Above 600 V

0.001129
0.000802
0.001917

261.0
550.0
17.3

28.0..
27.00
36.00

Bus duct—
Indoor and outdoor
(Unit = 1 circuit ft)
Open wire (Unit = 
1000 circuit ft) 

All voltages

0–15 000 V
Above 15 000 V

0.000125

0.01890
0.00750

128.0

42.5
17.5

9.50

4.00
12.00
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Cable—All types
of insulation
(Unit = 1000
circuit ft)f

Above ground and aerial
0–600 V
601–15 000 V—All
In trays above ground
In conduit above ground

Aerial cable
Below ground and direct burial

0–600 V
601–15 000 V—All
In duct or conduit

Above 15 000 V

0.001410
0.014100
0.009230
0.049180
0.014370

0.003880
0.006170
0.006130
0.003360

457.0
d40.4d

8.9
140.0
31.6

15.0
95.5a

96.8
16.0

10.5
6.9
8.0

47.5
5.3

24.0
35.0
35.0
16.0

Cable (Unit =
1000 circuit ft)

601–15 000 V
Thermoplastic
Thermosetting
Paper insulated lead covered
Other

0.00387
0.00889
0.00912
0.01832

44.5
168.0
48.9
16.1

10.0
26.0
26.8
28.5

Cable joints—All 
types of insulation 

601–15 000V
In duct or conduit below 
ground

0.000864 36.1 31.2

Cable jointsf 601–15 000V
Thermoplastic
Paper insulated lead covered

0.000754
0.001037

15.8
31.4

8.0
28.0

Cable
terminationsf

all types of 
insulation

Above ground and aerial
0-600V
601–15 000 V—All

Aerial cable
In trays above ground
In duct or conduit below ground

601–15 000 V

0.000127
0.000879
0.001848
0.000333

0.000303

03.8
198.0
48.5
8.0

25.0

4.0
11.1
11.3
9.0

23.4

Cable
terminations 

601–15 000 V
Thermoplastic
Thermosetting
Paper insulated lead covered

0.004192
0.000307
0.000781

10.6
451.0
68.8

11.5
11.3
29.2

Table 3-2—Summary of optional failure rate and average and median
downtime per failure for all electrical equipment surveyed  (Continued)

Equipment Equipment subclass

Failure 
rate 

(failures 
per unit- 

year)

Actual hours of 
downtime per failure

Industry 
average

Median 
plant 

average
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Miscellaneous Inverters
Rectifiers

1.254000
0.038000

107.0
39.0

185.00
52.2

aSee 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 a later small IEEE survey.
dSee Tables 50, 51, 55, and 56 in Appendix B for results on a special study on effects of failure repair
method and failure repair urgency on the average hours downtime per failure.
eUnit = the number of connected circuit breakers and connected switches.
fSee Appendix I for utility industry data on underground cable, terminations, and splices.

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

Industry Equipment subclass Failure rate (failures 
per unit-year)

Median 
hours 

downtime 
per failure

All All 0.001050 28

All Insulated, above 600 V 0.001129 (0.001700) 28 (26.8)a

All Bare, all voltages 0.000977 28

All Bare, 0–600 V 0.000802 (0.000340) 27 (24.0)a

All Bare, above 600 V 0.001917 (0.000630) 36 (13.0)a

Petroleum/Chemical Insulated, above 600 V 0.002020 40

Petroleum/Chemical Bare, all voltages 0.002570 28

Petroleum/Chemical Bare, 0–600 V 0.002761 22

Petroleum/Chemical Bare, above 600 V b 48

aNumber in parentheses = the result from the 1974 survey.
bSmall sample size, less than eight failures.

Table 3-2—Summary of optional failure rate and average and median
downtime per failure for all electrical equipment surveyed  (Continued)

Equipment Equipment subclass

Failure 
rate 

(failures 
per unit- 

year)

Actual hours of 
downtime per failure

Industry 
average

Median 
plant 

average
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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 majority 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 is important 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 general
information.

Some important additional observations based on the 1979 survey are as follows:

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.

c) 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
cause to failure.” This tends to support the data showing outdoor bus with a relatively
high failure rate.

d) The survey 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 IEEE 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 all 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 a failure.
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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 a reliability/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 IEEE Committee Report [B11]). The most controversial items in 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 1973–74 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 as rating, 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.

Table 3-4—1980 generator survey data

Equipment subclass Average downtime per 
failure Failure rate

Continuous service
steam turbine driven 032.7 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.

a Small sample size—less than eight failures.
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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 transformers is summarized in Table 3-6.

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.

Table 3-5—Power transformers (1979 survey)

Equipment subclass
Failure rate 
(failures per
unit-year)

Average repair 
time (hours
per failure)

Average 
replacement time 
(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 a1178.5a a192.0a

Dry
300–10 000 kVA a a a

aSmall sample size, less than eight failures.

Table 3-6—Rectifier transformers (1979 survey)

Equipment subclass
Failure rate 
(failures per
unit-year)

Average repair 
time (hours
per failure)

Average 
replacement time 
(hours per failure)

All liquid filled 0.0190 2316.0 41.4

Liquid filled
300–10 000 kVa 0.0153 a1664.0a a38.7a

Liquid filled
>10 000 kVA a a a

aSmall sample size, less than eight failures.
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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 results in 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 benefits in having spares at the site or readily available.
The data also 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.

An examination of Table 3-7 reveals that the failure rates for power transformers was approx-
imately equal in all 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.

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

Equipment subclass Agea

(years)
Number 
of units

Sample size 
(unit-years)

Number 
of 

failuresb

Failure rate 
(failures per 
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 c0c —

Liquid filled
>10 000 kVA 11–25 28 283.5 c7c c0.0246c

Liquid filled
>10 000 kVA >25 9 158.0 c2c c0.0126c

aAge was the age of the transformer at the end of the reporting period.
bRelay or tap changer faults were not considered in calculation of failure rates or repair and replace-
ment times.
cSmall sample size; less than eight failures.
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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.
This table reveals that a large 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) 

Failure-initiating cause

All power 
transformers

All rectifier 
transformers

Number 
of 

failuresa
Percentage

Number 
of 

failures
Percentage

Transient overvoltage disturbance (switch-
ing surges, arcing ground fault, etc.)

18 16.4% 2 13.3%

Overheating 3 2.7% 1 6.7%

Winding insulation breakdown 32 29.1% 2 13.3%

Insulation bushing breakdown 15 13.6% 1 6.7%

Other insulation breakdown 6 5.5% 3 20.0%

Mechanical breaking, cracking, loosening, 
abrading, or deforming of static or structural 
parts

8 7.3% 3 20.0%

Mechanical burnout, friction, or seizing of 
moving parts

3 2.7% 2 13.3%

Mechanically caused damage from foreign 
source (digging, vehicular accident, etc.)

3 2.7% 0 0.0%

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 
device or auxiliary device

5 4.6% 0 0.0%

Improper operating procedure 4 3.6% 0 0.0%

Loose 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%

aFailure = 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 a large number of both power and rectifier transformer failures.

Table 3-9—Failure-contributing cause for power and rectifier transformers
(1979 survey)

Failure-contributing cause

All power transformers All rectifier 
transformers

Number 
of 

failuresa

Percentag
e

Number 
of 

failuresb

Percentag
e

Persistent overloading 1 1.1% 0 %0.0%

Abnormal temperature 5 5.5% 1 7.1

Exposure to aggressive chemicals, 
solvents, dusts, moisture, or other 
contaminants

13 14.4% 1 7.1

Normal deterioration from age 12 13.3% 4 28.60

Severe wind, rain, snow, sleet, or other 
weather conditions

4 4.4% 0 0.0

Lack of protective device 2 2.2% 0 0.0

Malfunction of protective device 7 7.8% 0 0.0

Loss, deficiency, contamination, or 
degradation of oil or other cooling medium

9 10.0% 3 21.50

Improper operating procedure or testing 
error

3 3.3% 0 0.0

Inadequate maintenance 7 7.8% 3 21.50

Others 27 30.0% 1 7.1

Exposure to nonelectrical fire or burning 0 0.0% 0 0.0

Obstruction of ventilation by foreign object 
or material

0 0.0% 0 0.0

Improper setting of protective device 0 0.0% 0 0.0

Inadequate protective device 0 0.0% 1 7.1

Total 90 100.0% 140 100.0%

aFailure-contributing cause not specified for 22 failures.
bFailure-contributing 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.

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

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

Failure-initiating cause

All power transformers All rectifier 
transformers

Number 
of 

failuresa
Percentage

Number 
of 

failures
Percentage

Manufacturer defective component or 
improper assembly

32 %33.3% 5 %31.2%

Transportation to site, improper 
handling

1 1.0 0 0.0

Application engineering, improper 
application

3 3.1 2 12.5

Inadequate installation and testing prior 
to start up

6 6.3 0 0.0

Inadequate maintenance 25 26.0 2 12.5

Inadequate operating procedures 4 4.2 5 31.3

Outside agency—Personnel 3 3.1 0 0.0

Outside agency—Others 6 6.3 0 0.0

Others 16 16.7 2 12.5

Total 96 %100.0%0 160 %100.0%0

aSuspected failure responsibility not specified for 16 failures.
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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.

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
a factor 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 reveals the failure rate for the 600–15 000 V 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.

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

Failure-initiating cause

All power transformers All rectifier 
transformers

Number 
of 

failures
Percentage

Number 
of 

failures
Percentage

Winding 59 %53% 8 %50%

Other 53 47 8 50
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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

Table 3-12—Failure characteristic for power and rectifier transformers
(1979 survey)

Failure-initiating cause

All power transformers All rectifier 
transformers

Number 
of 

failures
Percentage

Number 
of 

failures
Percentage

Automatic removal by protective device 83 %75% 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)

Equipment subclass Voltage 
(kV)

Number 
of units

Sample size 
(unit-years)

Number 
of 

failures

Failure rate 
(failures per 
unit-year)

Liquid filled
300–10 000 kVa 0.16–15 1626 15 775 82 0.0052

Liquid filled
300–10 000 kVa >15 124  1637 18 0.0110

Liquid filled
>10 000 kVA >15 52  490 9 c0.0184c

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

Equipment subclass Voltage 
(kV)

Number 
of units

Sample size 
(unit-years)

Number 
of 

failures

Failure rate 
(failures per 
unit-year)

All liquid filled 0.16–15 65 745 15 0.0201
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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 overall summary of the survey results for induction, synchronous,
wound rotor, and direct-current motors is shown in Table 3-15. Calendar 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: 

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

b) Induction motors rated 0 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.

c) Wound-rotor motors rated 0 to 1000 V had a failure rate that was about the same as
induction motors of the same rating.

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

e) Motors with 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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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, all-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 “all” 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 a total of 380 failures. Bearings and windings
represent 44% and 26%, respectively, of the total number of motor failures.

Table 3-15—Overall summary for large motors above 200 hp
(see O’Donnell [B18])

Number 
of plants 

in 
sample 

size

Sample 
size 

(unit-
years)

Number 
of 

failures 
reported

Equipment 
subclass

Failure 
rate 

(failures 
per unit-

year)

Average 
hours 
down-

time per 
failure

Average 
hours 
down-

time per 
failure

75 5085.0 360 All 0.0708 69.3 16.0

33
52
5

1080.3
2844.4

78.1

89
203

a2a

Induction
0–1000 V

1001–5000 V
5001–15 000 V

0.0824
0.0714

a

42.5
75.1

a

15.0
12.0

a

19
2

459.3
29.5

35
a3a

Synchronous
1001–5000 V
5001–15 000 V

0.0762
a

78.9
a

16.0
a

5
9
2

137.0
251.1
39.0

10
8

a4a

Wound rotor
0–1000 V

1001–5000 V
5001–15 000 V

0.0730
0.0319

a

a
a
a

a
a
a

5
1

122.7
30.0

a6a

—

Direct current
0–1000 V

1001–5000 V

a

—

a

—

a

—

aSmall sample size; less than eight failures.
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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.”

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 
failures

Average 
hours 

(downtime 
per failure)

Median hours 
(downtime 
per failure)

Repair—Normal working hoursa 87 97.7 24.0

Repair—Round the clock 45 81.4 72.0

Replace with spareb 111 18.2 8.0

Low priority c 4c 370.0c 400.0c

Not specified c6c 288.0c c240.0c

Total 251 69.3 14.0

a6570 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)

Failed componenta Induction 
motors

Synchronous 
motors

Wound 
rotor 

motors

Direct-
current 
motors

Total (all 
types)

Bearings
Windings
Rotor
Shaft or coupling
Brushes or slip ring
External devices
Not specified

Total

152
75
8

19
—
10
40

304

2
16
1
—
6
7
9

41

10
6
4
—
8
1
—

29

2
—
—
—
2
—
2

6

166
97
13
19
16
18
51

380

aSome respondents reported more than one failed component per motor failure.
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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 “all” 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 contributors to
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 also 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

Table 3-18—Failed component vs. time of discovery
(all types of motors above 200 hp) (see O’Donnell [B18])

(Percentage of failures)

Failed component

Time of discovery

Normal 
operation

Maintenance 
or test Other

Bearing %36.6% % 60.5% % 50.0%

Windings 33.1 8.3 28.6

Rotor 5.1 1.8 0.0

Shaft or coupling 5.8 8.3 14.3

Brushes or slip rings 3.1 7.3 0.0

External devices 5.0 3.7 0.0

Not specified 11.3 10.1 7.1 

Total percentage of failures % 100.0% % 100.0%0 % 100.0%0

Total number of failures 257 109.0 14.0
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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 

of motors 
%

Induction 
motors

%

Synchronous 
motors

%
Causes of failures

Bearings
%

Windings
%

0.0%
12.4
1.9

50.3
3.7
0.0

31.7

100.0%
161.0%

%4.1%
21.4
36.7
10.2
11.2
2.1

14.3

100.0%
98.0

%1.5%
13.2
12.3
33.1
7.6
0.9

31.4

100.0%
341.0

%1.4%
14.7
11.9
37.4
5.8
0.7

28.1

100.0%
278.0

%0.0%
0.0

21.1
5.2

23.7
2.6

47.4

100.0%
38.0

Failure initiator
Transient overvoltage
Overheating
Other insulation breakdown
Mechanical breakage
Electrical fault or malfunction
Stalled motor
Other

Total percentage of failures
Total number of failures

%1.4%
0.7
2.7
0.0
0.0

21.8
5.4

31.3
0.0

20.4
16.3

100.0%
147.0

%6.5%
7.6

18.5
5.4
1.1
8.7
6.5
5.4
7.6

18.5
14.2

100.0%
92.0

%4.2%
3.0
5.8
1.5
0.6

15.5
4.2

15.2
3.9

26.4
19.7

100.0%
330.0

%4.9%
3.4
6.7
1.5
0.7

17.6
4.5

16.9
2.2

24.0
17.6

100.0%
267.0%

%2.7%
0.0
2.7
2.7
0.0
5.4
2.7
8.1
2.7

51.4
21.6

100.0%
37.0%

Failure contributor
Persistent overheating
High ambient temperature
Abnormal moisture
Abnormal voltage
Abnormal frequency
High vibration
Aggressive chemicals
Poor lubrication
Poor ventilation or cooling
Normal deterioration from age
Other

Total percentage of failures
Total number of failures

%17.8%
14.5
27.6
2.0
0.7
7.9
2.6
7.2
2.0
5.9

11.8

100.0%
152.0%

%10.9%
10.9
19.6
6.5
0.0
7.6

15.2
5.4
3.3
4.3

16.3

100.0%
92.0%

%20.1%
12.9
21.4
3.6
0.6
6.1
5.8
6.8
3.9
4.9

13.9

100.0%
309.0%

%20.3%
15.9
22.8
3.3
0.8
6.5
5.3
5.7
2.8
4.9

11.7

100.0%
246.0%

%22.2%
0.0

11.1
2.8
0.0
2.8

11.1
5.6

13.9
0.0

30.5

100.0%
36.0%

Failure underlying cause
Defective component
Poor installation/testing
Inadequate maintenance
Improper operation
Improper handling/shipping
Inadequate physical protection
Inadequate electrical protection
Personnel error
Outside agency—Not personnel
Motor-driven equipment mismatch
Other

Total percentage of failures
Total number of failures
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18.5%, respectively, had “normal deterioration from age” and “abnormal moisture” as failure
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 special 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 lubrication” 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 failures in percent)

%
%59.1%

25.4
1.4
0.0
8.5
1.4
4.2

100.0%

Failure initiator
Bearing
Winding
Rotor
Shaft or coupling
Brushes or slip rings
External device
Other
Total percentage
(Number of failures = 71)

%
%0.0%

4.2
14.1
52.1
2.8
0.0

26.8

100.0%

Failure initiator
Transient overvoltage
Overheating
Other insulation breakdown
Mechanical breakage
Electrical fault or malfunction
Stalled motor
Other
Total percentage
(Number of failures = 71)

%
% 0.0%

4.2
7.0
0.0
0.0
4.2
9.9

43.7
1.4

18.3
11.3

100.0%

Failure contributor
Persistent overloading
High ambient temperature
Abnormal moisture
Abnormal voltage
Abnormal frequency
High vibration
Aggressive chemical
Poor lubrication
Poor ventilation/cooling
Normal deterioration from age
Other
Total percentage
(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 a time, 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.
c) Outdoor motors had a lower failure rate than indoor motors because most outdoor

motors were weather 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

The failure 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 motors in 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
IEEE 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
e) Maximum bearing temperature of 45 ˚C rise (50 ˚C rise on two-pole motors)
f) Cast iron 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

IEEE 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 al., [B4], [B5], and Doble Conference [B29]) is to
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 IEEE 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
IEEE 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 a later 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 failures in
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
l983–85 IEEE survey of motors above 200 hp and not older than 15 years in Tables 3-21
and 3-22.
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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 IEEE 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.

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])

Parameter IEEE Working 
Group EPRI Phase I

Horsepower > 200 00 100 and up

Number of companies/utilities 33 56

Number of plants or units 75 132

Number of motors 114100 47970

Total population (unit-years) 508500 24 9141a00

Total failures 3600 8711a00

Failure rate (all motors) 0.07080. 0.035a00

aTo first 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)

IEEE Working Group EPRI Phase I

44% Bearings 41% Bearing related

26% Windings 37% Stator related

8% Rotor/Shafts/Couplings 10% Rotor related 
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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 IEEE 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 IEEE-PES survey of overhead transmission lines

The IEEE 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]).

Table 3-23—Cause of failure comparison—IEEE 1983–85 motor survey
(O’Donnell [B18]) and EPRI sponsored motor survey

(Albrecht et al., [B4])

Failure cause
EPRI Phase I IEEE Working 

Group
Failure cause

Number Percent Number Percent

Manufacturer
design
workmanship

401 32.8% 62 17.2% Defective component

Misoperation 124 10.2% 32 8.9% 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% Inadequate maintenance

— 40 11.1% Poor installation/testing

— 12 3.3% Outside agency other than 
personnel

— 2 0.6% Improper handling/shipping

Other or not
specified

613 50.2% 94 26.1% Other or not specified

Total 1221 100.0% 360 100.0% 
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This is included 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 IEEE 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:

Table 3-24—1973–74 IEEE overall summary for motors 50 hp and larger

Number 
of plants 

in 
sample 

size

Sample 
size 

(unit-
years)

Number 
of 

failures 
reported

Equipment 
subclass

Failure 
rate 

(failures 
per unit-

year)

Average 
hours 
down-

time per 
failure

Median 
hours 
down-

time per 
failure

— 42 463 561 All 0.0132 111.6 —

17
17

19 610
4229

213
172

Induction
0–600 V

5001–15 000 V
0.0109
0.0404

114.0
76.0

18.3
153.0

2
11

13 790
4276

10
136

Synchronous
1001–5000 V
5001–15 000 V

0.0007
0.0318

35.3
175.0

35.3
153.0

6 558 310 Direct current 0.0556 37.5 16.2

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

Number 
of plants 

in 
sample 

size

Sample 
size 

(unit-
years)

Number 
of 

failures 
reported

Equipment 
subclass

Failure 
rate 

(failures 
per unit-

year)

Average 
hours 
down-

time per 
failure

Median 
hours 
down-

time per 
failure

46 1420 140 Induction 0.0986 78.0 70.0

53 600 31 Synchronous 0.0650 149.0 68.0
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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

c) Causes and types of failures of electrical equipment
d) Failure repair method and failure repair urgency
e) Method of service restoration after a failure
f) Loss of 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
j) 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
l) 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 bus is included in Appendix E. More recent surveys on “transformers,” “large
motors,” and “cable, terminations, and splices” are included in Appendixes G, H, and I,
respectively. Recent surveys on circuit breakers are shown in Appendixes J and K. A 1989
survey on diesel and gas turbine generating units is included 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:

— Partial 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 a public 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 a failure rate within a factor 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

— Cable joints, 601–15 000 V, above ground and aerial

— Cable joints, 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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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 electromechanical 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]). This is included 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. 

Table 3-27—Failure modes of circuit breakersa (1974 survey)
(Percentage of total failure in each failure mode)

All 
circuit 

breakers
%

Metalclad drawout Failed typeb

Failure characteristics
All
%

0–600 V0
601–15 000 V

%

All 
sizes
%

0–600 V
All sizes 

%
All
%

5%
9

420
7

2
320

1

1

1

100%

5%
120
580
6

1
160

0

2

0

100%

2%
210
490
4

0
240

0

0

0

100%

7%
0

710
9

0
100

0

3

0

100%

8%
0
5
5

0
770

0

0

5

100%

6% 
2
4
4

4
730

2

0

5

100%

Failed to close when it should
Failed while opening
Opened when it should not
Damaged while successfully 
opening
Damaged while closing
Failed while in service (not 
while opening or closing)
Failed during testing or mainte-
nance
Damage discovered during test-
ing or maintenance
Other

Total percentage

166%

8%

173%

117%

7%

124%

53%

0

53%

59%

7

66%

39%

1

40%

48%

1

49%

Number of failures in total per-
centage
Number not reported

Total failures

aAppendix K contains some limited data from a later 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.
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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 data is presented in Tables 3-30 and 3-31:

a) Failures, damaged part
b) Failure type
c) Suspected failure responsibility
d) Failure-initiating cause
e) Failure-contributing cause

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 failure in each failure mode)

Trip unit type

Electromechanical Solid-state

Number of 
tests % Number of 

tests %

Unacceptable operation
a) Trip unit failed to operate
b) Trip unit out of specification
c) Mechanical operations

(springs, arms/levers, hardened 
lubricant)

d) Power contacts
(alignment, incorrect pressure, 
pitted)

e) Arc chutes 
(clean, replace/repair, chipped)

f) Auxiliary contacts

81
60
26

25

6

4

%7.7%
5.7
2.5

2.4

0.6

0.4 

28
24
19

19

6

%3.0%
2.6
2.0

2.0

0.7

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%
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C
br

%

Table 3-29—Failure characteristics of other electrical equipment

Motor 
Starters

%

Disconnect 
switches

%

Bus 
duct
%

Open 
wire
%

Cable
%

Cable 
joint
%

Cable 
terminations

%
Failure characteristics

%37% %72% %90% %68% %92% %96% %80% Failed in service

6 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 Partial failure

2 1 0 23 1 0 0 Other

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

ircuit
eakers
%

Motor 
starters

%

Disconnect 
switches

%

Bus 
duct
%

Open 
wire
%

Cable
%

Cable
joints

%

Cable 
terminations

%

Failure, damaged part

%0%
2

19
1

11

6
6

28

1

0
26

%5%
0

10
0

16

2
13

2

0

0
52

%0%
1

14
0
9

30
8

1

0

0
37

%15%
10
65

0
0

0
0

0

0

0
10

%0%
1
6
0
0

4
3

3

0

0
83

%5%
0

83
3
0

1
1

1

0

0
6

%0%
0

91
0
0

0
0

0

0

0
9

%0%
12
74

0
0

4
0

0

0

0
10

(1) Insulation—winding
(2) Insulation—bushing
(3) Insulation—other
(4) Mechanical—bearings
(5) Mechanical—other 

moving parts
(6) Mechanical—other
(7) Other electric—

auxiliary device
(8) Other electric—

protective device
(9) Tap changer—no load 

type
(10) Tap changer—load type
(99) Other

Failure type

33%

10

19
11
27

%14%

20

55
11

0

%15%

4

47
14
20

%70%

30

0
0
0

%34%

23

25
6

12

%73%

1

7
5

14

%70%

9

20
0
0

%55%

4

37
4
0

(1) Flashover orarcing 
involving ground

(2) All other flashover or 
arcing

(3) Other electric defects
(4) Mechanical defect

(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 “failure rate” and the “average downtime per failure” of electric utility supplies to indus-
trial plants are given in Table 3-33. Additional details are given in 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 equipment.
The latter have a much longer outage duration time. Some of the conclusions that can be
drawn from the IEEE data are

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

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.

c) 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. This is analyzed in an example
in 7.1.16, where (for the one case analyzed) the actual 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 factors in
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) 

rcuit
akers
%

Motor 
Starters

%

Disconnect 
switches

%

Bus 
duct
%

Open 
wire
%

Cable
%

Cable
joints

%

Cable 
terminations

%

Suspected
failure responsibility

23%

0

4

3

23
6

5

1
35

%18%

0

51

0

8
3

0

0
20

29%

0

6

4

13
39

1

0
8

%26%

0

16

5

16
0

5

0
32

%0%

0

2

9

30
2

5

21
31

16%

0

8

14

10
3

4

6
39

%0%

0

0

50

18
0

5

2
25

%0%

0

18

38

32
0

0

8
14

(1) Manufacturer—
defective component

(2) Transportation to site—
defective handling

(3) Application engineerng—
improper application

(4) Inadequate installaion an
testing prior to startup

(5) Inadequate maintenance
(6) Inadequate operating

procedures
(7) Outside agency—

personnel
(8) Outside agency—other
(9) Other

Failure-initiating cause

4%
1
0
2

3

0

0

17

1

2

1

0

10

3

56

%0%
0
0
0

0

0

0

40

0

0

2

0

3

1

54

% 8%
3
1
0

4

0

0

5

0

0

0

0

0

26

54

%6%
0
0
0

17

0

0

49

11

0

0

0

6

0

11

%0%
0
0

28

1

3

0

3

30

1

0

0

2

2

30

%0%
0
0

14

8

2

1

30

16

0

0

0

3

1

24

%0%
2
0

13

22

0

0

29

2

0

0

0

0

0

32

%0%
0
0

10

12

0

0

24

16

0

0

0

8

0

30

(1) Persistent overloading
(2) Above normal temperatu
(3) Below normal temperatu
(4) Exposure to aggressive 

chemicals or solvents
(5) Exposure to abnormal 

moisture or water
(6) Exposure to non-electric

fire or burning
(8) Obstruction of ventilatio

by objects or material
(9) Normal deterioration fro

age
(10) Severe wind, rain, snow,

sleet, or other weather 
conditions

(11) Protective relay improp-
erly set

(12) Loss or deficiency of 
lubricant

(13) Loss of deficiency of oil 
cooling medium

(14) Misoperation or testing 
error

(15) Exposure to dust or othe
contaminants

(99) Other
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b

An earlier IEEE reliability survey of electric power supplies to industrial plants was
published in 1973 and is reported in Table 3 of (Albrecht, et al., [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 IEEE 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) Replacement of failed component with spare 22%
b) Repair of failed component 22%
c) Other 22%
d) Utility service restored 12%
e) Secondary selection—manual 11%
f) Primary selection—manual 7%
g) Primary selection—automatic 2%
h) Secondary selection—automatic 2%
i) Network protector operation—automatic 0%

Table 3-32—Failure repair method and failure repair urgency (1974 survey)

Circuit
reakers

%

Motor 
Starters

%

Disconnect 
switches

%

Bus 
duct
%

Open 
wire
%

Cable
%

Cable 
joints

%

Cable 
terminations

%
Failure repair method

%51%

49

0

%33%

67

0

30%

70

0

%66%

35

0

%70%

9

21

47%

53

0

%87%

13

0

%60%

34

6

(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

5

0

%66%

34

0

0

%20%

80

0

0

%80%

15

5

0

%55%

26

0

19

%66%

28

6

0

%56%

22

22

0

%53%

31

16

0

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

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

(3) Requiring repair 
work on a non-
priority basis

(99) Other
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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
systems in this IEEE survey were radial.

Table 3-33—IEEE survey of reliability of electric utility supplies to industrial 
plants (IEEE Committee Report [B12]) (1975 Survey) 

(See Tables II, III, IV, and V in Appendix D for additional details.)

Failures per unit-yeara
Average duration

(minutes per failure)a 

λS λR λ rS rR r

Single-circuit utility supplies 

Voltage level
V ≤ 15 kV
15 kV < V ≤ 35 kV
V > 35 kV
All

0.905
—

0.527
0.556

2.715
1.657
0.843
1.400

3.621
1.657
1.370
1.956

3.5
—
—
2.3

165
57
59

110

125
57
37
79

Multiple-circuit utility supplies
(all voltage levels) 

Switching scheme
All breakers closed
Manual throwover
Automatic throwover
All

0.255
0.732
1.025
0.453

0.057
a0.118b

0.171
0.085

0.312
0.850
1.196
0.538

8.5
8.1
0.6
5.2

130
a84b

96
110

31
19
14
22

Multiple-circuit utility supplies
(all switching schemes) 

Voltage level
V ≤ 15 kV
15 kV < V ≤ 35 kV
V > 35 kV

0.640
0.500
0.357

0.148
a0.064b

0.067

0.788
0.564
0.424

4.7
4.0
6.1

149
a115b

184

32
17
34

Multiple-circuit utility supplies
(all circuit breakers closed) 

Voltage level
V ≤ 15 kV
15 kV < V ≤ 35 kV
V > 35 kV

0.175
0.342
0.250

a0.088b
a0.019b

0.061

0.263
0.361
0.311

0.7
7.0

11.0

a335b
a120b

203

112
13
49

aFailure rates λS and λR and average durations rS and rR 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.
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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 IEEE 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
overall reliability improvement.

The authors also make a comparison between the surveys of the “actual downtime per
failure” for all the equipment categories shown in the table in (IEEE Committee Report
[B16]). However, in general 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 lose their motor load. 

Test results of the effect of fast bus transfers on load continuity are reported in (Averill [B6]).
This includes 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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Electric utilities
power supplies

Transformers

Circuit breakers

Motor starters

Motors

Generators

Disconnect switches

Switchgear bus—Insulated

Switchgear bus—Bare

Bus duct

Open wire
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Cable joints

Cable terminations

7%
1%

3%
6%
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%
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d) Condensate pump
e) Gas recirculation fan

A list of prior papers on the effect of fast bus transfer on motors is also contained in (see
Albrecht et al., [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 plants is 10.0 s. See Table 2-3 in Chapter 2 for a
summary of the IEEE survey of industrial plants.

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

Equipment category
Failure rate ratio

AIEE (1962)

IEEE (1973)

Cable
Nonleaded in underground conduit
Nonleaded, aerial
Lead covered in underground conduit
Nonleaded in above-ground conduit

9.7
5.8
3.4
1.6

Cable joints and terminations
Nonleaded
Leaded

5.3
2.0

Circuit breakers
Metalclad drawout, 0–600 V
Metalclad drawout, above 600 V
Fixed 2.4–15 kV

6.0
2.9
2.5

Disconnect switches
Open, above 600 V
Enclosed, above 600 V

3.4
1.6

Open wire 3.4

Transformers
Below 15 kV, 0–500 kVAa

Below 15 kV, above 500 kVA
Above 15 kV

2.0
2.0
1.6

Motor starters, contactor type
0–600 V
Above 600 V

1.3
1.3 

a300–750 kVA for 1973.
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What is the maximum length of time before an interruption to electrical service is 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 plants is 4.0 h. See Table 2-4 in Chapter 2
for a summary of the IEEE survey of industrial plants.

3.3.2.12 Other sources of reliability data

The reliability data from industrial plants that are summarized are based upon IEEE Commit-
tee Report [B16] which was published during 1973–1975. Dickinson’s report (see [B7]) is an
earlier reliability survey of industrial plants that was published in 1962. Portions of that data
are tabulated 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 data is 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. 

IEEE 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 electrical components in 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 IEEE 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]).
This includes 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]1) 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 a position 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 supplies them. 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 is the system supposed to operate?
b) What is the physical condition of the electric system?
c) What will happen if faults occur at different points?
d) What is the probability of a failure and its duration?
e) What is the critical duration of a power interruption that will cause significant finan-

cial loss? (That is, will a 1 min interruption cost production dollars or merely be an
inconvenience?)

f) Is there any fire or health hazard that will be precipitated by an electrical fault or a
power loss?

g) Is any equipment vulnerable to voltage dips or surges?

The answers to these and similar questions, if properly asked, can and will result in savings to
the industrial 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 I 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, a motorist will make sure that their car is in 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 alternate 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 ms interruption 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.)

The local utility should be able to supply a listing 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 a last resort,
the average numbers in 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 loss
for a particular 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 a refined cost formula
in hand, the cost of available options vs. projected losses can be evaluated.

Occasionally 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. It 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 lost, 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 is also reasonable to cover “what if” questions with the utility and to weigh their answers in
any supply decision. A list of questions include

a) How long will the plant be without power if
1) The main transformer fails?
2) The feed to the main transformer fails?
3) The pole supporting the plant feed is struck by a vehicle and downed?
4) The utility main line fuse or protector interrupts?
5) The utility main feed breaker opens for a fault?
6) The utility substation transformer fails?
7) The utility substation feeds are interrupted?

b) What kind of response time can be expected from the utility for loss of power
1) During a lightning storm?
2) During a low trouble period (that is, under “normal” conditions)?
3) During a snow or ice storm?
4) During a heat storm (that is, during long periods of high temperatures)?

c) 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) Are there 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) Is this additional feed from the same station or from another station?
2) What is the 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) Will 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 as to affect the short-circuit current?

The above questions may not apply to all plants, but should be matched with specific plant
requirements.
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There is an important fact to consider when a multiple-ended feed is being considered. While
service is maintained for a loss 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 a voltage 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. This is 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 analysis is not done.

The one-line diagram should begin at the incoming power supply. Standard IEEE symbols
should be used in representing electrical components (see IEEE Std 315-1975 [B3]). It is
usually impractical to show all circuits in a plant 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 industrial 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:

— The original 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 this information is available.)

The above information may be too voluminous for clear representation on a single 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 means to 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 requires little, if any, capital investment while providing a favorable increase in
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) Oil in transformers and circuit breakers should be periodically checked for min-

eral, carbon, and water content as well as level 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 a result 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.

c) 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) The mechanical 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 a circuit 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 as trees, weeds, shrubs, etc., as well as for 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) In general, the system should be checked for any obvious situations where acci-
dents could precipitate an interruption.

e) The electrical supply room(s) should be thoroughly checked.
1) The relay 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 a tripping. Counters (if any) should

be checked and the count (number) 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
example, 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 5 in IEEE Std 141-1993 [B1]).

c) Perform a relay coordination analysis (see IEEE Std 242-1986 [B2] or Chapter 4 in
IEEE Std 141-1993 [B1]).

1) Are the relays and fuses properly set or rated for the current load levels?

2) Is there 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 process to 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 allowing 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 usually 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 a rectifier system, a computer, or a magnetic 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 a lesser
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 process is 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. While fail-
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 load. 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]), a means is 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 is important to record and log voltage levels (of all 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 nature is
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) See that 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.
e) 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 the role it plays in the reliability of distribution systems for industrial plants and commer-
cial 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
[B10], 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 a survey that included the effect of maintenance quality on
the reliability of electrical equipment in industrial plants (see IEEE 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 all 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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shows a close correlation with “failure, months since maintained.”

From the IEEE 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.

Table 5-1—Number of failures vs. maintenance quality
for all equipment classes combined

Maintenance
quality

Number of failures
Percent of failures 
due to inadequate 

maintenanceAll
causes

Inadequate
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%

Table 5-2—Percentage of failure caused from inadequate
maintenance vs. month since maintained

Failure,
(months maintained)

All 
electrical 

equipment 
classes 

combined

Circuit 
breakers Motors Open

wire
Trans-

formers

Less than 12 months ago 7.4% 12.5%a 8.8% 0a 2.9%a

12–24 months ago 11.2% 19.2% 8.8% 22.2%a 2.6%a

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%

aSmall sample size; less than seven failures caused by inadequate maintenance.
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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
prerequisites in attaining a satisfactory preventive maintenance program. A system that is not
adequately engineered, designed, and constructed will not provide reliable service, regardless
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 this are as follows:

a) Large exterior 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 a vital necessity in high
humidity areas. This reduces condensation on critical insulation components. The
installation of ammeters in the heater circuit is an added tool for operating or mainte-
nance personnel to monitor their operation.

c) Motor insulation temperatures can be monitored by use of resistance temperature
detectors, which provide an alarm indication at a selected 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 a critical 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.

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 1.51 1.28 1.97

All 1.00 1.00 1.00

Perfect maintenance 0.89 0.79 0.84
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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 aluminum 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 major 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
seriously 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. Generally, 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” plays a major 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 techniques is a major 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) Data processing equipment that requires uninterrupted power
b) Safety equipment defined by codes that requires power restoration in seconds
c) Critical 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 a load 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 a room 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 errors in 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) Gas turbine 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

The following information contains 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 several thousand kilowatts. Fuels commonly
used are diesel, oil, gasoline, and natural or liquefied petroleum (LP) gas. If kept warm, they
will come dependably on line in 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 is not available.

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

c) In conjunction 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
generally not available when a power failure has occurred, only the gas prime mover will be
discussed.

Gas turbines can utilize various grades of oil as well as natural and propane gas. Sizes gener-
ally range from 100 kW to several thousand kilowatts. Gas turbine generators can be placed
on line in 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 typical mechanical-stored
energy system can ride through a power failure for up to 2 s. Thus, its main use is 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, as illustrated in Figure 6-2.
96 Copyright © 1998 IEEE. All rights reserved.



 

IEEE
EMERGENCY AND STANDBY POWER Std 493-1997

    
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-
quency 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 usually
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.

Figure 6-1—Simple inertia-driven “ride through” system

Figure 6-2—Constant frequency inertia system
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Figure 6-3—Short interruption static inverter system

Figure 6-4—Nonredundant uninterruptible power supply
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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.

Figure 6-5—Redundant uninterruptible power supply

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
IEEE Std 446-1995 [B1]. 

6.6 Bibliography

[B1] IEEE Std 446-1995, IEEE Recommended Practice for Emergency and Standby Power
Systems for Industrial and Commercial Applications (ANSI).1

1IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box
1331, Piscataway, NJ 08855-1331, USA.
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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 a simple radial system, a primary-selective system, and a
secondary-selective system. A brief tabulation is also 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-selective 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

An industrial 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
questions often raised during the design of the power distribution system is whether there is a
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—Simple radial 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 480 V 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 a reliability study, it is necessary to define what a failure of the 480 V power is.
Some of the failure definitions for 480 V power that are often used are as follows:

a) Complete loss of incoming power for more than 1 cycle
b) Complete loss of incoming power for more than 10 cycles
c) Complete loss of incoming power for more than 5 s
d) Complete loss 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 analysis is 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 a technical society from industrial plants, the best possible
attempt is made to use historical experience to aid in the design of the new system.

7.1.3 Definition of terminology

The definition of terms is given in Chapter 1 and 2.1.3. The units that are being used for “fail-
ure rate” and “average downtime per failure” are

λ is the failure rate (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 a failure). In some cases, this is 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 λ is a measure of unreliability. The product  λr, (failure
rate × 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
quantity 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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(a) Reparable components in series (both must work for success)

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

Nomenclature:
ƒ = Frequency of failures
λ = Failures per year
r = Average hours of downtime per failure
s = Series
p = Parallel

NOTE—There formulas are approximate and should only be used when both  and  are less
than 0.01.

Figure 7-1—Formulas for reliability calculations

λ3r3

8760
------------

λ4r4

8760
------------
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units for λ and r are, respectively, failures per year and hours downtime per failure. The
formulas in Figure 7-1 assume the following:

a) The component failure rate is constant with age.
b) The outage time after a failure has an exponential distribution. (Probability of outage

time exceeding τ is ε-τ/r).
c) Each failure event is independent of any other failure event.
d) The component “up” times are much larger than “down” times:

The reliability data to be used for the electrical equipment and the electric utility supply are
given in 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 failures in order to represent an adequate sample size. It
is believed that eight field failures are the minimum number necessary in order to have a rea-
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

— Failure rate (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 a summary of these data and data from later surveys.
These reliability surveys of electrical 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:

— Partial 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

λ iri

8760
------------ 0.01<
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Table 7-1—Reliability data from 1973–74 IEEE reliability survey
of industrial plants (see IEEE Committee Report [B8])1

Equipment category
λ,

failures 
per year

r,
hours of 
down-

time per 
failure

λr,
forced 

hours of 
down-

time per 
year

Data source 
in IEEE 

survey [B8] 
Table

Protective relays 0.0002 5.0 0.0010 19

Metalclad drawout circuit breakers
0–600 V
Above 600 V
Above 600 V

0.0027
0.0036
0.0036

4.0
83.1a

2.1b

0.0108
0.2992
0.0076

5, 50
5, 51
5, 51

Power cables (1000 circuit ft)
0–600 V, above ground
601–15 000 V, conduit below ground
601–15 000 V, conduit below ground

0.00141
0.00613
0.00613

10.5
26.5a

19.0b

0.0148
0.1624
0.1165

13
13, 56
13, 56

Cable terminations
0–600 V, above ground
601–15 000 V, conduit below ground

0.0001
0.0003

3.8
25.0

0.0004
0.0075

17
17

Disconnect switches enclosed 0.0061 3.6 0.0220 9

Transformers
601–15 000 V
601–15 000 V

0.0030
0.0030

342.0a

130.0b
1.0260
0.3900

4, 48
4, 48

Switchgear bus—bare
0–600 V (connected to 7 breakers)
0–600 V (connected to 5 breakers)

0.0024
0.0017

24.0
24.0

0.0576
0.0408

10
10

Switchgear bus—insulated
601–15 000 V (connected to 1 breaker)
601–15 000 V (connected to 2 breakers)
601–15 000 V (connected to 3 breakers)

0.0034
0.0068
0.0102

26.8
26.8
26.8

0.0911
0.1822
0.2733

10
10
10

Gas turbine generator 4.5000 7.2 32.4000 Appendix L, 
Table III

aRepair failed unit.
bReplace with spare.

1The numbers in brackets preceded by the letter B correspond to those of the bibliography in 7.3.
Copyright © 1998 IEEE. All rights reserved. 105



 

IEEE
Std 493-1997 CHAPTER 7

       
A failure on a public 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 a circuit breaker farther up the line be opened, and this would result in a larger 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 breakers in 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 a failure rate of 0.

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 a double-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.

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

Percentage of total failures (all voltages) Failure characteristic

9
Backup protective equipment required

Failed while opening

7
32

5
2

42
1
1

1

Other circuit breaker failures
Damaged while successfully opening
Failed while in service (not while opening or 

closing)
Failed to close when it should
Damaged while closing
Opened when it shouldn’t
Failed during testing or maintenance
Damage discovered during testing or 

maintenance
Other

1000 Total percentage
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7.1.6 Example 1—Reliability and availability analysis of a simple radial system

7.1.6.1 Description of simple radial system

A simple radial system is shown in Figure 7-2. Power is received 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

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

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

The relative ranking of how each component contributes to the forced hours downtime per
year is also of considerable interest. This is 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.

Table 7-3—IEEE survey of reliability of electric utility
power supplies to industrial plants

(See Table 3-31)

Number of circuits (all voltages)
 λ,

failures per 
year

r,
hours of 

downtime 
per failure

 λ r,
forced hours
of downtime 

per year

Single circuit 1.956 1.32 2.582

Double circuit
Loss of both circuitsa

Calculated value for loss of Source 1
(while Source 2 is OK)

0.312

1.644

0.52

b0.15b

0.1622

0.2466

aData for double circuits had all circuit breakers closed.
bManual switchover time of 9 min to source 2.
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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 480 V point of use. A significant improvement can be made in
both the failure rate and the forced hours downtime per year by having two sources of power

Figure 7-2—Simple radial system—Example 1
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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 a very low failure rate, but the long outage time of 342 h after a failure results

Table 7-4—Simple radial system—Reliability and availability
of power at 480 V— (Example 1)

Component
λ,

failures
per year

λ r,
forced hours
of downtime 

per year

13.8 kV power source from electric utility
Protective relays (3)
13.8 kV metalclad circuit breaker
Switchgear bus—insulated (connected to 1 breaker)
Cable (13.8 kV); 900 ft, conduit below ground
Cable terminations (6) at 13.8 kV
Disconnect switch (enclosed)
Transformer
480 V metalclad circuit breaker
Switchgear bus—bare (connected to 7 breakers)
480 V metalclad circuit breaker
480 V metalclad circuit breakers (5)

(failed while opening)
Cable (480 V); 300 ft conduit above ground
Cable terminations (2) at 480 V

Total at 480 V output

1.9560
0.0006
0.0036
0.0034
0.0055
0.0018
0.0061
0.0030
0.0027
0.0024
0.0027

0.0012
0.0004
0.0002

1.9896

2.5820
0.0030

a0.2992a

0.0911
a0.1458a

0.0450
0.0220

a1.0260a

0.0108
0.0576
0.0108

0.0048
0.0044
0.0008

4.3033
aData for hours of downtime per failure are based upon repair failed unit.

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

λ, failures per year

1. Electric utility
2. 13.8 kV cable and terminations
3. Disconnect switch
4. 13.8 kV circuit breaker
5. Switchgear bus—insulated
6. Transformer
7. 480 V circuit breaker
8. 480 V circuit breaker (main)
9. Switchgear bus—bare

10. 480 V circuit breakers (5) (failed while opening)
11. 480 V 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
Copyright © 1998 IEEE. All rights reserved. 109



 

IEEE
Std 493-1997 CHAPTER 7

                              
in a large λ 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. This is a result of the average outage time after a failure of
83.1 hours for 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 a failure can be
reduced significantly if the “replace with spare” times shown in Table 7-1 are used instead of
“repair failed unit.” This is done in Example 6, using a simple 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 is a simple
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 a failure 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 480 V power for less than 5 s is not counted as a failure).

Table 7-6—Simple radial system—
Relative ranking of forced hours of downtime per year

λ r,
forced hours of 

downtime per year

1. Electric utility
2. Transformer
3. 13.8 kV circuit breaker
4. 13.8 kV cable and terminations
5. Switchgear bus—insulated
6. Switchgear bus—bare
7. Disconnect switch
8. 480 V circuit breaker
9. 480 V circuit breaker (main)

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

Total

2.5820
a1.0260a
a0.2992a
a0.1908a

0.0911
0.0576
0.0220
0.0108
0.0108
0.0052
0.0048
0.0030

4.3033

aData for hours of downtime per failure are based upon repair failed unit.
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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 a failure
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, this would occur 1.644 times per year

Figure 7-3—Primary-selective system to
13.8 kV utility supply—Example 2
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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 radial 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.

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 simultaneously. 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 a simple 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 a failure).

Table 7-7—Simple radial system and primary selective system to
13.8 kV utility supply—Reliability and availability comparison

of power at 480 V point of use (Example 2)

Component
λ,

failures
per year

λ r,
forced hours
of downtime 

per year

Example 1
Simple radial system 1.9896 4.3033

Example 2a
Primary-selective system to 13.8 kV utility supply 
(with 9 min switchover after a supply failure)

1.9896 2.1291

Example 2b
Primary-selective system to 13.8 kV utility supply
(with switchover in less than 5 s after a supply failure)a

0.3456 1.8835

aLoss of 480 V power for less than 5 s is not counted as a failure.
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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 480 V 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 480 V power for less than 5 s is not counted as a failure).

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 480 V 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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Figure 7-4—Primary selective system to the load side
of 13.8 kV circuit breaker—Example 3
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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 480 V point of use

(Example 3)

Component

Example 3a
(9 min switchover time)

Example 3b
(switchover in less

than 5 s)a

λ,
failures
per year

λ r,
forced 

hours of 
downtime 
per year

λ,
failures
per year

λ r,
forced 

hours of 
downtime 
per year

13.8 kV power source 
(loss of only source 1)
Protective relays (3)
13.8 kV metalclad circuit breaker

1.6440

0.0006
0.0036

Total through 13.8 kV circuit breaker with 
9 min switchover after a failure of source 1 
(and source 2 is OK)

1.6482 0.2472

Loss of both 13.8 kV power sources
simultaneously

0.312 0.1622 0.312 0.1622

Switchgear bus—insulated
(connected to 2 breakers)

0.0068 0.1822 0.0068 0.1822

Total to point E 1.9670 0.5916 0.3188 0.3444

Cable (13.8 kV); 
900 ft, conduit below ground
Cable terminations (6) at 13.8 kV
Disconnect switch (enclosed)
Transformer
480 V metalclad circuit breaker
Switchgear bus—bare 
(connected to 7 breakers)
480 V metalclad circuit breaker
480 V metalclad circuit breakers (5) 
(failed while opening)
Cable (480 V); 
300 ft, conduit above ground
Cable terminations (2) at 480 V

0.0055

0.0018
0.0061
0.0030
0.0027
0.0024

0.0027
0.0012

0.0004

0.0002

b0.1458b

0.0450
0.0220

b1.0260b

0.0108
0.0576

0.0108
0.0048

0.0044

0.0008

0.0055

0.0018
0.0061
0.0030
0.0027
0.0024

0.0027
0.0012

0.0004

0.0002

b0.1458b

0.0450
0.0220

b1.0260b

0.0108
0.0576

0.0108
0.0048

0.0044

0.0008

Total at 480 V output 1.9930 1.9196 0.3448 1.6724

aLoss of 480 V power for less than 5 s is not counted as a failure.
bData for hours of downtime per failure are based upon repair failed unit.
Copyright © 1998 IEEE. All rights reserved. 115



IEEE
Std 493-1997 CHAPTER 7
Figure 7-5—Primary selective system to primary
of transformer—Example 4
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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 5b—Assume automatic switchover can be accomplished in less than 5 s after a
failure (loss of 480 V power for less than 5 s is not counted as a failure).

Table 7-9—Primary-selective system to primary of transformer—
Reliability and availability comparison of power at 480 V point of use

(Example 4)

Component

Example 4
(switchover time 1 h)

λ,
failures
per year

λ r,
forced 

hours of 
downtime 
per year

13.8kV power source from electric utility (loss of source 1)
Protective relays (3)
13.8 kV metalclad circuit breaker
Switchgear bus—insulated (connected to 1 breaker)
Cable (13.8 kV); 900 ft, conduit below ground
Cable terminations (6) at 13.8 kV
Disconnect switch (enclosed)

Total through disconnect switch with 1 h switchover
after a failure of source 1 (and source 2 is OK)

Loss of both 13.8 kV power sources simultaneously

1.6440
0.0006
0.0036
0.0034
0.0055
0.0018
0.0061

1.6650

0.312

1.6650

0.1622

Total to point F 1.9770 1.8272

Transformer
480 V metalclad circuit breaker
Switchgear bus—bare (connected to 7 breakers)
480 V metalclad circuit breaker
480 V metalclad circuit breakers (5) (failed while opening)
Cable (480 V); 300 ft conduit above ground
Cable terminations (2) at 480 V

0.0030
0.0027
0.0024
0.0027
0.0012
0.0004
0.0002

a1.0260a

0.0108
0.0576
0.0108
0.0048
0.0044
0.0008

Total at 480 V output 1.9896 2.9424

aData for hours of downtime per failure are based upon repair failed unit.
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7.1.10.2 Results—Secondary-selective system

The results from the reliability and availability calculations are given in Table 7-10.

Figure 7-6—Secondary-selective system—Example 5
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Table 7-10—Secondary-selective system—Reliability and availability
comparison of power at 480 V point of use (Example 5)

Component

Example 3a
(9 min switchover time)

Example 5b
(switchover in less than 

5 sa)

λ,
failures
per year

λ r,
forced 

hours of 
downtime 
per year

λ,
failures
per year

λ r,
forced 

hours of 
downtime 
per year

13.8 kV power source 
(loss of only source 1)

Protective relays (3)
13.8 kV metalclad circuit breaker
Switchgear bus—insulated 

(connected to 1 breaker)
Cable (13.8 kV); 

900 ft, conduit below ground
Cable terminations (6) at 13.8 kV
Disconnect Switch (enclosed)
Transformer
480 V metalclad circuit breaker

1.644

0.0006
0.0036
0.0034

0.0055

0.0018
0.0061
0.0030
0.0027

Total through 13.8 kV circuit breaker with 
9 min switchover after a failure of source 1 
(and source 2 is OK)

1.6707 0.2506

Total through 480 V main circuit breaker 
with switchover in less than 5 s after a fail-
ure of source 1 (and source 2 OK)

0.0 0.0

Loss of both 13.8 kV power sources 
simultaneously

0.312 0.1622 0.312 0.1622

Total to point G 1.9827 0.4128 0.312 0.1622

Switchgear bus—insulated
(connected to 5 breakers)

480 V metalclad circuit breaker
480 V metalclad circuit breakers (2)

(failed while opening)
Cable (480 V); 

300 ft, conduit above ground
Cable terminations (2) at 480 V

0.0017

0.0027
0.0005

0.0004

0.0002

0.0408

0.0108
0.0020

0.0044

0.0008

0.0017

0.0027
0.0005

0.0004

0.0002

0.0408

0.0108
0.0020

0.0044

0.0008

Total at 480 V output 1.9882 0.4716 0.3175 0.2210

aLoss of 480 V power for less than 5 s is not counted as a failure.
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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
5 s.

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 a simple radial sys-
tem. What are the failure rate and forced hours of downtime per year of the 480 V point of use
if all of the following spare parts are available and can be installed as a replacement in these
average times?

a) 13.8 kV circuit breaker (inside plant only)—2.1 h

b) 900 ft of cable (13.8 kV)—19 h

c) 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 simple radial system with spares in Example 6 had a forced hours downtime per year that
was 22% lower than the simple radial 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 480 V point of use, assuming the utility and cogeneration sources are operated in parallel?
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7.1.12.2 Results—Simple radial system with cogeneration

The results from the reliability and availability calculations are given in Table 7-12.

Table 7-11—Simple radial system with spares—Reliability and availability
comparison of power at 480 V point of use (Example 6)

Component

Example 1
Simple radial

Example 6
Simple radial with spares

λ,
failures
per year

 r,
forced 

hours of 
down-

time per 
failure

λ r,
forced 

hours of 
down-

time per 
year

λ,
failures
per year

r,
forced 

hours of 
down-

time per 
failure

λ r,
forced 

hours of 
down-time 
per year

13.8 kV power source
from electric utility
Protective relays (3)
13.8 kV metalclad circuit 
breaker
Switchgear bus—insulated

(connected to 1 breaker)
Cable (13.8 kV); 900 ft,
conduit below ground
Cable terminations

(6) at 13.8 kV
Disconnect switch 

(enclosed)
Transformer
480 V metalclad circuit 
breaker
Switchgear bus—bare

(connected to 7 breakers)
480 V metalclad circuit 
breaker
480 V metalclad circuit 
breakers (5) (failed while 
opening)
Cable (480 V); 300 ft,
conduit above ground
Cable terminations 

(2) at 480 V

1.9560

0.0006
0.0036

0.0034

0.0055

0.0018

0.0061

0.0030
0.0027

0.0024

0.0027

0.0012

0.0004

0.0002

83.1a

26.5a

342.0a

2.5820

0.0030
b0.2292a

0.0911

b0.1458a

0.0450

0.0020

b1.0260a

0.0108

0.0576

0.0108

0.0048

0.0044

0.0008

1.9560

0.0006
0.0036

0.0034

0.0055

0.0018

0.0061

0.0030
0.0027

0.0024

0.0027

0.0012

0.0004

0.0002

2.1b

19.0b

130.0b

2.5820

0.0030
b0.0076b

0.0911

b0.1045b

0.0450

0.0220

b0.3900b

0.0108

0.0576

0.0108

0.0048

0.0044

0.0008

Total at 480 V output 1.9896  4.3033 1.9896 3.3344

aData 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.
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Figure 7-7—Simple radial system with cogeneration reliability and
availability of power at 480 V point of use—Example 7
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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 as large as the radial system with cogeneration in Example 7. The failure
rate of the simple radial system was five times larger than the radial system with cogeneration
in Example 7.

Table 7-12—Simple radial system with cogeneration reliability 
and availability of power at 480 V point of use (Example 7)

Component λ,
failures
per year

λ r,
forced 

hours of 
down-time 
per year

Utility supply
13.8 kV power source from electric utility
Protective relays (3)
13.8 kV metalclad circuit breaker

Utility source subtotal

1.9560
0.0006
0.0036

1.9602

2.5820
0.0030

a0.2992a

2.5850

Local cogeneration
Generator (gas turbine)
Protective relays (3)
13.8 kV metalclad circuit breaker

Cogeneration source subtotal
Combined utility and cogeneration sources
Switchgear bus-insulated (connected to 3 breaker)

4.5000
0.0006
0.0036

4.5042
0.0353
0.0102

32.4000
0.0030

a0.2992a

32.4030
0.0096
0.2733

Total to point E 0.0455 0.2829

13.8 kV metalclad circuit breaker
Protective relays (3)
Cable (13.8 kV); 900 ft conduit below ground
Cable terminations (6) at 13.8 kV
Disconnect switch (enclosed)
Transformer
480 V metalclad circuit breaker
Switchgear bus-bare (connected to 7 breakers)
480 V metalclad circuit breaker
480 V metalclad circuit breakers (5) (failed while opening)
Cable (480 V); 300 ft conduit above ground
Cable terminations (2) at 480 V

0.0036
0.0006
0.0055
0.0018
0.0061
0.0030
0.0027
0.0024
0.0027
0.0012
0.0004
0.0002

a0.2992a

0.0030
0.1458
0.0450
0.0220

a1.0260a

0.0108
0.0576
0.0108
0.0048
0.0044
0.0008

Total at 480 V output 0.0757 1.9131

aData for hours of downtime per failure are based upon repair failed unit.
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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 480 V point of use.

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

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

Distribution
system Example

Switchover in less 
than 5 sa

Switchover time
9 min

λ,
failures
per year

λ r,
forced 

hours of 
down-

time per 
year

λ,
failures
per year

λ r,
forced 

hours of 
down-

time per 
year

λ,
failures
per year

λ r,
forced 

hours of 
down-

time per 
year

Simple radial 1 1.9896 4.3033b

Simple radial with 
spares

6 1.9896 3.3344a

Simple radial with 
cogeneration

7 0.0757 1.9131b

Primary-selective 
to 13.8 kV utility 
supply

2 0.3456 1.8835b 1.9896 2.1291b

Primary-selective to 
load side of 13.8 kV 
circuit breaker

3 0.3448 1.6724b 1.9930 1.9196b

Primary-selective to 
primary of 
transformer 
(1 h switchover)

4 1.9896 2.9424b

Secondary-selective 5 0.3175 0.2210c 1.9882 0.4716b

aData 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 less than 5 s is not counted as a failure.
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added to the numbers shown in Table 7-13. This would affect a simple radial system much
more than a secondary-selective 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 × 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 outages in 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 480 V power was defined in the seven examples as a complete loss of incoming
power for more than 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 s for 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 special effort to collect reliability data
on double-circuit utility power supplies in an IEEE 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 a reliability 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 completely independent utility power sources. The actual double-circuit utility power
supply data came from an IEEE survey (see IEEE Committee Report [B7]) and are based upon
77 outages in 246 unit-years of service at 45 plants with “all circuit breakers closed.” This is a
broad composite from many industrial plants in different parts of the country.
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It is believed 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 600 V systems would have similar reliabil-
ity and availability.

One of the assumptions made in the reliability and availability analysis is 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
IEEE transformer reliability survey of industrial plants. The reliability data collected in other
IEEE surveys (see IEEE Committee Report [B8]) did not attempt to determine how the fail-
ure rate varied with age for any electrical equipment studied.

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)

λ,
failures
per year

λ r,
forced hours of 

downtime per year

Actual single-circuit utility power supply
from IEEE survey (IEEE Committee Report [B7]) 1.956a0 2.582a0

Actual double-circuit utility power supply
from IEEE survey (IEEE Committee Report [B7]) 0.312a0 0.1622a

Calculated-two utility power sources at 13.8 kV
that are completely independent 0.0012b 0.0008b

aTaken from Table 7-3.
bCalculated using single-circuit utility power supply data and the formula for parallel reliability
shown in Figure 7-1.
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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 details that could contribute to unreliability are not included in the study.
b) Some of the contributions from human error may not be properly included.
c) Equipment failure rates can be influenced by the adequacy of the preventive mainte-

nance program used (see IEEE 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 a transformer 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 a failure 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
less than 5 s

Example 4—Primary-selective system to primary of transformer—13.8 kV utility supply
(dual)—Manual switchover in 1 h

Example 5b—Secondary-selective system with switchover time less than 5 s

Example 7—Simple radial 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) Revenues lost
c) Variable expenses saved
d) Variable expenses incurred
e) Investment
f) Fixed investment charges

One of the benefits of such a rigidly 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 costsa

Part 1: Primary and secondary selective systems

Item
Unit
cost

Example 2b Example 4 Example 5b

Primary-selective 
system

to 13.8 kV

Primary-selective 
system to primary 

of transformer 
utility supply

Secondary-
selective
system

Quantity Total 
cost Quantity Total 

cost Quantity Total 
cost

Utility service 
standby charge

Lump 
sumb $200 000 Lump 

sumb $200 000 Lump 
sumb $200 000

Basic equipment
High-voltage circuit 
breaker, each
High-voltage circuit 
cable, linear feet
1000 kVA trans-
former with 2-posi-
tion switch, each
1000 kVA trans-
former with 3-posi-
tion switch, each
1600 A low-voltage 
circuit breaker, each
600 A MCCB, each
Low-voltage cable, 
linear feet

$40 000

$  30

$48 000

$62 000

$12 000

$ 5 000
$  50

1

600

1

—

1

1
300

$
40 000

$ 18 000

$ 48 000

—

$ 12 000

$ 5 000
$ 15 000

2

12000

—

1

1

1
300

$ 80 000

$ 36 000

—

$ 62 000

$ 12 000

$ 5 000
$ 15 000

2

1200

2

—

3

1
300

$ 80 000

$ 36 000

$ 96 000

—

$ 36 000

$ 5 000
$ 15 000

Subtotal—Basic equipment cost $138 000 $210 000 $268 000

Total cost $338 000 $410 000 $468 000

aAll 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 kVA reserve capacity in the utility company’s substation.
Copyright © 1998 IEEE. All rights reserved. 129



IEEE
Std 493-1997 CHAPTER 7
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, λ, and the “average hours downtime
per failure,” r, for each of the examples. The value of r is determined from dividing  λ r by  λ.
The values of r and λ, for the four examples are shown after (1) and (10) respectively in Table
7-16.

Table 7-15—Installed costsa

Part 2: Simple radial systems

Item
Unit
cost

Example 1 Example 7

Simple radial system
single 13.8 kV utility 

supply

Simple radial system
with cogeneration

Quantity Total 
cost Quantity Total 

cost

Utility service standby charge — — — —

Basic equipment

High-voltage circuit 
breaker, each
High-voltage circuit cable, 
linear feet
1000 kVA transformer with
2-position switch, each
1000 kVA transformer with
3-position switch, each
1600 A low-voltage circuit 
breaker, each
600 A MCCB, each
Low-voltage cable, linear feet

$40 000

$  30

$48 000

62 000

$12 000

$ 5 000
$  50

1

600

—

1

1

1
300

$ 40 000

$ 18 000
$

48 000

—

$ 12 000

$ 5 000
$ 15 000

Lump sum
cogeneration

plant
1000 kW

3

600

1

—

1

1
300

$250 000

$120 000

$ 18 000

$ 48 000

—

$ 12 000

$ 5 000
$ 15 000

Subtotal—Basic equipment cost $138 000 $268 000

Total cost $138 000 $468 000

aAll 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 kVA reserve capacity in the utility company’s substation.
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7.2.5 Assumed cost values

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

10 h/failure—Plant startup time after a failure, s,
$22 000/h—Revenues lost per hour of plant downtime, gp,
$16 000/h—Variable expenses saved per hour of plant downtime, xp,
$55 000/failure—Variable expenses incurred per failure, xi,
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 is the second highest of the five examples analyzed.

Example 2b—Primary-selective system to 13.8 kV utility supply (dual) with switchover time
less than 5 s

This system requires an initial investment of $338 000 or 2.4 times that of the simple radial
system; however, the MRR is $186 895 per year, which is the 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 time of 1 h

This system shows next to highest initial cost of $410 000 and the highest MRR of $410 521
per year. A major 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.

Example 5b—Secondary-selective system with switchover time less than 5 s

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

Example 7—Simple radial system with cogeneration
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This system matches Example 5b (secondary-selective 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 given in 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 all 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 space is

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
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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 is in 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 a large number of observations.

Consider, for example, that a system is energized at time t = 0, and the state of the system is
noted at time t. This is said to be one observation. Now, if this process is repeated N times and
the system is observed in the failed state Nf times, the probability of the system being in a
failed state at time t is

Pf (t) = Nf / N (8-1)

N → ∞

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, A1 and A2, are mutually exclusive if they cannot occur together. For events A1
and A2 that are not mutually exclusive (that is, events which can happen together)

P(A1 ∪ A2) = P(A1) + P(A2) – P(A1 ∩ A2) (8-2)

where

P(A1 ∪ A2) is the probability of A1 or A2, or both happening; and

P(A1 ∩ A2) is the probability of A1 and A2 happening together.

When A1 and A2 are mutually exclusive, they cannot happen together; that is, P(A1 ∩ A2) = 0,
therefore Equation (8-2) reduces to

P(A1 ∪ A2) = P(A1) + P(A2) (8-3)

8.3.4.2 Multiplication rule of probabilities

If the probability of occurrence of event A1 is affected by the occurrence of A2, then A1 and A2
are not independent events.
136 Copyright © 1998 IEEE. All rights reserved.
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The conditional probability of event A1, given that event A2 has already occurred, is denoted
by P(A1 | A2) and

P(A1 ∩ A2) = P(A1 | A2) P(A2) (8-4)

This formula is also used to calculate the conditional probability

P(A1 | A2) = P(A1 ∩ A2) / P(A2) (8-5)

When, however, events A1 and A2 are independent, that is the occurrence of A2 does not affect
the occurrence of A1

P(A1 ∩ A2) = P(A1) P(A2) (8-6)

8.3.4.3 Complementation

 is used to denote the complement of event A1. The component  is the set of states that
are not members of A1. For example, if A1 denotes states indicating system failure, then the
states not representing system failure make .

P( ) = 1 – P(A1) (8-7)

8.3.5 Random variable

A random variable can be defined as “a quantity that assumes values in 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 a random variable. For a discrete
random variable X, assuming values xi, 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) = 0 unless x is one of the values x0, x1, x2, 
b) 0 ≤ PX(xi) ≤ 1
c)

Another useful function is the cumulative distribution function. It is defined by

FX(x) = P (X ≤ x) = ∑ PX(xi), xi ≤ x (8-9)

A1 A1

A1

A1

…

PX xi( )
i

∑ 1=
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The probability density function ƒX(x) [or simply ƒ(x)] for a continuous random variable is
defined so that

P(a ≤ X ≤ b) = (y) dy (8-10)

If, for example, X denotes the time to failure, Equation (8-10) gives the probability that the
failure will occur in the interval (a,b). The corresponding probability distribution function for
a continuous random variable is

F(x) = P (–∞ ≤ X ≤ x) = (y) dy (8-11)

The function ƒ(x) has certain specific properties (see Singh and Billinton [B3]1) including the
following:

(8-12)

8.3.7 Expectation

The probabilistic behavior of a random 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) =  for a discrete random variable.

=  for a continuous random variable.

The expectation of X is also called the “mean value of X” and has a special 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.

f
a

b

∫

f
∞–

x

∫

f x( )  d x 
∞

 

–

 

∞

 ∫  1=

xiPX xi( )
i

∑

xf x( )dx
∞–

∞

∫
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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 analysis is the exponential distribution, having the
probability density function of

 

f

 

(

 

x

 

) =

 

 λ

 

e

 

–

 

λ

 

x

 

(8-13)

where

 

 λ 

 

is a positive constant. The mean value of the random variable 

 

X

 

, with exponential
distribution is

(8-14)

Also the probability distribution is

(8-15)

If the time between failures obeys the exponential distribution, the mean time between
failures is 

 

d

 

 = 

 

1 

 

/ 

 

λ

 

, where 

 

λ

 

 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

 

The term “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, especially 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
is considered, this term is called “forced unavailability.”

b)

 

Availability. 

 

Availability is the “steady-state probability that a component or system
is in service.” Numerically, availability is the complement of unavailability, that is

Availability = 1 – unavailability

c)

 

Frequency of system failure. 

 

This index 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 a single failure event.”

d = xλe λx– dx
0

∞

∫ 1 λ⁄=

F x( ) λe λy– dy
0

x

∫ 1 e λx––= =
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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 is a “set of components whose failure alone will cause system failure,” and a minimal
cut-set has no proper subset of components whose failure alone will cause system failure. The
components of a minimal 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 components in cut-set 

 

C

 

1

 

 by ,
the probability (unavailability) and the frequency of system failure for 

 

m

 

 minimal cut-sets are
given by

=

+

·
·
·

(8-16)

P Ci( )

P f P C1 C2 C3 … Cm∪ ∪ ∪ ∪( )=

P C1( ) P C2( ) … P Cm( ) m
1
---- 

  terms P C1( ) C2( )∩[ ]– …+ + + +

P C1 C j∩( )[ ] i j
m
2
---- 

  terms≠

1–( )m 1– P C1 C2 …Cm∩ ∩( ) m
m
---- 

  terms
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where , for example, denotes the failure of components of both the minimal cut-sets
1 and 2 and, therefore, P( ) means the probability of failure of all the components
contained in  and , that is

where

Pid is the probability of component i being in the failed state
= ri / (di + ri).
= λi / (λi + µi).

di is the MTBF of component i.
λi is the failure rate of component i.

= 1 / di.
ri is the MTTR of component i.
µi is the repair rate of component i

= 1 / ri.
Π is the product.

The frequency of failure is given by

ƒf = P( ) W1 + P( )W2 +...P( )Wm – [P(  ∩  ) W1,2 + P(  ∩  )W1,3

+…+ P(  ∩  ) Wi,j], i ≠ j
·
·
·
+ (–1)m–1 P(  ∩  ∩ … ) W1,2 …, m (8-17)

where 

The mean failure duration is given by

df = Pf / ƒf

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:

C1 C2∩
C1 C2∩

C1 C2

P C1 C2∩( ) ΠPid and i C1 C2∪( )∈=

C1 C2 Cm C1 C2 C1 C3

Ci C j

C1 C2 Cm

W i j, µk
k Ci C j∪∈

∑=

k Ci C j∪∈
Copyright © 1998 IEEE. All rights reserved. 141



IEEE
Std 493-1997 CHAPTER 8
(8-18)

and

(8-19)

where Pcsi and ƒcsi are the probability and frequency of cut-set event i, respectively.

Also,

(8-20)

where:

df is the system mean failure duration; and

rcsi is the 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 ƒcsi
(assuming n components in Ci) can be computed as follows:

(8-21)

and

(8-22)

For example, for a cut-set having three components 1, 2, and 3:

ƒcsi = 

≈ λ1 λ2 λ3(r1 r2 + r2 r3 + r3 r1), assuming λi << µi

and

P f P Ci( )
i 1=

m

∑ Pcsi
i 1=

m

∑= =

f f P Ci( )W i
i 1=

m

∑ fcsi
i 1=

m
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i 1=
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i 1=
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∑
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∑
j 1=
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λ1 µ1+( ) λ2 µ2+( ) λ3 µ3+( )

--------------------------------------------------------------------
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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 are illustrated using a simple example of a component in series with
two parallel components, as shown in Figure 8-1.

a) 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.

b) Determine interstate transition rates. The transition rate from si (that is, state i) to sj
is the mean rate of the system passing from si to sj. For example, in Figure 8-2 the
system can transit from s1 to s2 by the failure of component 1 and the repair of com-
ponent 1, will put the system back into s1. Therefore, the transition rate from s1 to s2
is λ1, and the transition rate from s2 to s1 is µ1.

c) 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 is involved, 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 = P1d P2u P3u (8-23)

Figure 8-1—One component in series with two components in parallel

r1r2r3

r1r2 r2r3 r3r1+ +( )
-----------------------------------------------
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where

Piu is the probability of component i being in “up” (operating) state

= di / (di + ri)

= µi / (λi + µi).

and

Pid is the probability of component i being in “down” (failed) state

= ri / (di + ri)

= λi / (λi + µi).

d) 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 all components fail. The state space S is shown in Fig-
ure 8-2 is

S = {1, 2, 3, 4, 5, 6, 7, 8}

Figure 8-2—State transition diagram for the system shown in Figure 8-1
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The subset A (representing failure) can be identified as:

A = {2, 5, 6, 7, 8}

and the subset representing the success states is

S – A = {1, 3, 4}

Unavailability or the probability of the system being in the down state is now given
by

(8-24)

where i ∈ A indicates that summation is over all states contained in subset A.

Applied to our example

Pf = P2 + P5 + P6 + P7 + P8

where Pi 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:

(8-25)

where λij equals the transition rate from state i to state j.

ƒf = P1λ1 + P3(λ1+ λ3) + P4(λ1+ λ2)

The mean failure duration can be obtained from Pf and ƒf using

df = Pf / ƒf (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 is the same.

P f Pi
i A∈
∑=

f f Pi λ ij
j A∈
∑

i A∈
∑=
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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 is the effect of failure that is important. Two types of series systems are discussed in
8.5.4.1 and 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

(8-27)

Figure 8-3—State transition diagram for the system shown in Figure 8-1
when components are not independent

λ s λ i
i 1=

n

∑=
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and

µs = λs / (8-28)

where λs and µs are the equivalent failure and repair rates of the series system and

denotes the product of values 1 through n (n being the number of components).

Assuming the λi is much smaller than µi (which, in other words, means that the MTBF is
much larger than the MTTR), the quantities involving the products of λi can be neglected.
Equation (8-27) reduces to

rs = 1 / µs =  / λs (8-29)

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

 and rs =  / λs (8-30)

It can be seen from Equations (8-28) and (8-29) that, for component MTBF to be much larger
than MTTR, the rs for the dependent and independent cases should be practically equal.

8.5.5 Parallel system

Two components are considered in parallel when either can ensure system success. The
equivalent failure and repair rates of a parallel system of two components are given by

(8-31)

and

µp = µ1 + µ2 (8-32)

If λ1 r1 and λ2 r2 are much smaller than 1, then Equation (8-30) can be written as 

λp = λ1 λ2 (r1 + r2) (8-33)

1 λ i / µi+( ) 1–
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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 develops 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 a load 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 analysis tools to predict the important voltage sag characteristics. The
basic tools include a computer program to calculate 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 allow 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
1 s.

According to IEEE 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 a trip is due to a voltage sag, a
swell, a momentary 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 this way if the other
phases are equally low.

A second approach is to report each of the three phases as separate events. This implies single
phase loads or at least single phase controllers. For monitoring results, the numbers of sags in
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 a load connected line-to-neutral.) For prediction methods nor-
mally only the voltages for a single-line-to-ground fault in one phase are calculated. In reality
all three phases have an equal probability of a fault. 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 sags in 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 a few 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 all happened in the same automatic
reclosing sequence. Sag predictions must accurately consider all of these variations to
produce accurate results.

9.2.3 Reporting sag duration

Reporting sag duration presents problems for nonrectangular sags. Most of the techniques in
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 al., [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” is an industrial or commercial site supplied 480Y/277 V from a
distribution transformer.

The lower half of Figure 9-1 shows what happens to the rms voltage when a temporary 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 a complete 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 breaker 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 commercial power systems produce the same voltage sag phenom-
ena. A fault on one feeder drops the voltage on all other feeders in the plant. The voltage sag
may even show up in the utility system.
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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

Figure 9-1—Voltage sags from faults and fault clearing
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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 is the sum of the indi-
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-
tion is

(9-1)

Figure 9-3 and Equations (9-2) through (9-4) illustrate sag calculations for a three-phase zero
impedance fault (Zf = 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 calculations 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 bus to “A,” the voltage at “B” is

Figure 9-2—Basic impedance divider for sag magnitude

V sag

Z2 Z f+

Z1 Z2 Z f+ +
-------------------------------=
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(9-2)

The voltage at the 12 kV bus and all loads on F1 and F3 including “C” in Figure 9-1 is

(9-3)

The voltage at the 69 kV bus is

(9-4)

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 all impedance information including resistance and
reactance of positive, negative, and zero sequence components and the impedance of the
fault. However, the concept is identical 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 requires 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 a transmission 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

Figure 9-3—Impedance diagram and voltage sags for Figure 9-1
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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 all prefault voltages are 1.0 per unit.) 

Figure 9-4—Transmission network voltage sag profile

Table 9-1—Network voltage vs. distance from EHV fault

 

Number of 
kilometers

from the fault

Lowest phase voltage for each type of fault

3

 

 φ φ

 

 to 

 

φ φ

 

 to ground

0 to 8 0 to 0.6 0 to 0.7 0 to 0.75

 

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 square kilometers. Also, physical distance does not translate 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, as in
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 IEEE Power
System Relaying Committee Reports [B11], [B12].)

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.

 

Table 9-2—Typical clearing times

 

Type of
fault-clearing device

Clearing time in cycles

Typical minimum Typical time delay Number of retries

 

Expulsion fuse 0.5 0.5 to 60 None

Current-limiting fuse 0.25 or less 0.25 to 6 None

Electronic recloser 3 1 to 30 0 to 4

Oil circuit breaker 5 1 to 60 0 to 4

SF

 

6

 

 or vacuum breaker 3–5 1 to 60 0 to 4
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Utility power lines that are many kilometers long and exposed to adverse weather are often a
major cause for voltage sags.

The problem is to determine which components in the electrical 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 a fault.

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

 

1

 

 = 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

 

2

 

 = 0.87 p.u. and fault impedance 

 

Z

 

f

 

 = 0. If 

 

Z

 

2

 

 is a line whose reactance is
0.21 p.u./km then 

 

Z

 

2

 

 represents 4.14 km of line. Any zero impedance fault less than  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 lower.

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

 

Figure 9-5—Voltage sag duration probability distribution
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sags to 50% or lower. Therefore, Equation (9-5) shows F2 is likely to cause 0.5 sags per year
less than or equal to 50% of pre-sag voltage for the load at “C.”

(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.”

(9-6)

Notice that F3 will also cause voltage sags for the critical load. 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 F3 is identical 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 faults will 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 is to plot the number of events vs. 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 sags to 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, a trip 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.

Sag50% 0.12   
faults

km year–
------------------------ 4.14 ×   km = 0.5 

sags
year
----------=

Sag  80% 0.12   
faults

km year–
------------------------ 16.67 ×   km = 2.0 

sags
year
----------=
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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 a typical 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-

 

Figure 9-6—Sag magnitude relative number of events
160 Copyright © 1998 IEEE. All rights reserved.



IEEE
VOLTAGE SAG ANALYSIS Std 493-1997
  

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.

This shows the importance of including the effects of transformers in 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-
tions is provided in (Melhorn et al., [B16]).

 

Figure 9-7—Typical sag waveform

Table 9-3—Impact of transformer connections

 

Type of 
transformer 
connection

Phase-to-ground voltage in per 
unit of phase-to-ground

Phase-to-phase voltage in per unit 
of phase-to-phase

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 delta-wye 0.835 0.796 1.000 0.745 0.926 0.959

Second delta-wye 0.959 0.745 0.926 0.835 0.796 1.000
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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 nominal 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

(9-7)

where

 

Z

 

f

 

 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 

 

Ω

 

 resistance, and 5 

 

Ω

 

 resistance faults. Notice that the 5 

 

Ω

 

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.

V point of interest

Z2 Z f+

Z1 Z2 Z f+ +
-------------------------------=
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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
a radial system. The second example demonstrates a more complete symmetrical component
fault analysis on a larger network assuming zero impedance faults. Users are cautioned that

 

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 
voltage

Fault impedance

0 

 

Ω

 

1 

 

Ω

 

5 

 

Ω

 

60% 1.68 1.05 zero

70% 2.52 2.31 zero

75% 3.36 3.15 zero

80% 4.83 4.20 zero

85% 8.61 8.19 0.21

90% 12.600 12.600 10.900

 

Z1 = 0.025 + j 0.10

Z1 = 0.04 + j 0.50

Z0 = 0.04 + j 0.50

SENSITIVE LOADS

Z1 = 0.6 + j 2.1
Z0 = 1.2 + j 3.6

6 FAULTS

Z1 = 0.6 + j 2.1
Z0 = 1.2 + j 3.6

6 FAULTS
Z1 = 0.6 + j 2.1
Z0 = 1.2 + j 3.6

6 FAULTS

Z1 = 0.6 + j 2.1
Z0 = 1.2 + j 3.6

6 FAULTS

Z1 = 1.2 + j 4.2
Z0 = 2.4 + j 7.2

12 FAULTS

V = 1.0 p.u.
100 MVA Base
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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 system in 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 faults to be bolted three-phase only. Also assume pre-fault voltages
are 1.0 per unit.

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

 

Figure 9-9—Radial distribution example one-line diagram
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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 number 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.

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. This is the 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 also include the number of voltage
sags from the plant distribution system and the transmission network.

 

Table 9-5—Radial distribution example sag calculations

 
Lowest phase sag 
voltage per unit

Kilometer of
line exposure

Events per kilometer 
per year

Number of sags
less than or equal to 

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 11.250 0.15 1.69

 

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
a large transmission network. A network fault analysis program calculated 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 line to iden-
tify what parts of the system can cause sags in the ranges of interest.

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 this work

 Table 9-6—Sag events from the 345 kV system  

Type of fault
Events 
per km 
per year

Voltage sag events in each voltage range
(lowest sag magnitude of three phases)

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
Two-phase-to-ground
Phase-to-phase
Three-phase

0.0209
0.0016
0.0002
0.0002

0
0
0
0

0.00
0.00
0.00
0.00

0
0
0

23

0.00
0.00
0.00
0.00

16
66
64

151

0.33
0.11
0.01
0.03

53
192
187
153

1.11
0.31
0.04
0.03

Total 0.0229 0

 

0.00

 

23

 

0.00

 

298

 

0.48

 

584

 

1.49

 

Table 9-7—Sag events from the 230 kV system

 

Type of fault
Events 
per km 
per year

Voltage sag events in each voltage range
(lowest sag magnitude of three phases)

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
Two-phase-to-ground
Phase-to-phase
Three-phase

0.0132
0.0026
0.0002
0.0002

0
0
0
0

0.00
0.00
0.00
0.00

0
0
0
0

0.00
0.00
0.00
0.00

0
0
0
0

0.00
0.00
0.00
0.00

0
0
0

55

0.00
0.00
0.00
0.01

Total 0.0167 0

 

0.00

 

0

 

0.00

 

0

 

0.00 55 0.01
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for the 345 kV lines. Table 9-7 is the same summary for 230 kV, etc. Each table multiplies the
kilometers of exposure by the failure rate for each fault type. Totals for sag events in 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 totals in 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 final 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.

Table 9-8—Sag events from the 138 kV system

Type of fault
Events 
per km 
per year

Voltage sag events in each voltage range
(lowest sag magnitude of three phases)

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
Two-phase-to-ground
Phase-to-phase
Three-phase

0.0217
0.0051
0.0018
0.0012

0
10
10
71

0.00
0.05
0.02
0.09

60
109
87
82

1.30
0.56
0.17
0.10

71
105
98

101

1.54
0.53
0.18
0.12

77
77
69
98

1.67
0.39
0.12
0.12

Total 0.0298 91 0.16 348 2.13 375 2.38 321 2.30

Table 9-9—Sag events from the 69 kV system

Type of fault
Events 
per km 
per year

Voltage sag events in each voltage range
(lowest sag magnitude of three phases)

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
Two-phase-to-ground
Phase-to-phase
Three-phase

0.0400
0.0135
0.0043
0.0037

6
24
24
37

0.24
0.32
0.10
0.14

18
47
39
69

0.72
0.63
0.17
0.26

32
132
130
169

1.28
1.78
0.56
0.63

68
220
203
191

2.72
2.97
0.87
0.71

Total 0.0615 91 0.80 173 1.78 463 4.25 692 7.27
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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. This is
not true when a large 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.

Table 9-10—Summary of contributions from each system

Lowest 
phase per 

unit-voltage 
range

Contribution by line voltage (number of events per year)

Totals
345 kV 230 kV 138 kV 69 kV

0–0.60 0.00 0.00 0.16 0.80 0.97

0.60–0.75 0.00 0.00 2.13 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 

threshold 
per unit

Voltage sags causing tripouts in each range Nuisance 
tripouts per 

year0–0.60 0.60–0.75 0.75–0.85 0.85–0.90

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
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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 several 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 a very 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 (EMTP, which employs the full Park’s equations for the induction
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
is that 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 al., [B16]). The resemblance to Figures 9-12 and 9-13 suggests that there was a
large induction motor load somewhere near the fault position.

Figure 9-11—Number of sags from transmission network example
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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

Figure 9-12—EMTP Model of induction motor influence on a sag waveform

Figure 9-13—Rms plot of EMTP model of induction motor
influence on a sag waveform

t
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has to be used depends on the accuracy required and the availability of software. In the
forthcoming example, a transient stability program is used to calculate the shape of individual
voltage sags.

As in 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 slip and
with very low or very large inertia constants.

— The post-fault voltage sag is more severe for longer fault-clearing time.

It is, in theory, still 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 alternative 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 positions in the distribution sys-
tem to a large chemical complex. The load consists mainly of induction motors. A transient

Figure 9-14—Typical waveform and rms plot showing motor influence
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stability program has been used to calculate 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 a similar 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 this lost 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 due to the sag). If a large fraction of motors is 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.

Table 9-12—Expected number of sags including effect of motors

Magnitude
Duration

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 —
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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, a family 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 typical
performance chart (see Wagner et al., [B18]).

Table 9-13 shows a grid of nine sag magnitude ranges in rows, and five sag duration ranges in
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 a particular case. However, this selection of 45 bins is 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 example 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 individual 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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spreadsheet and graphics program. The lines from 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.

Table 9-13—Count of events in each bin

Magnitude 
bin

Time bin (in seconds)

0.0 < 0.2 0.2 < 0.4 0.4 < 0.6 0.6 < 0.8 ≥ 0.8

<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

<00–10% 1 1 1 1 1

Table 9-14—Sum of events worse than or equal to each
magnitude and duration

Magnitude 
Time (in seconds)

0.0 0.2 0.4 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
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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 equipment 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 a rectangular curve is 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

Figure 9-15—Supply sag performance contours
and partial mapping of individual points
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magnitudes 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.

9.7.3 Non-rectangular equipment sensitivity

The previous analysis 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 area C  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 below.

Total number of sags = area A + area B + area C. (9-8)

Figure 9-16—Supply sag performance contours and equipment sensitivity
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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
find that  A = 11 and B = 5.

Substituting the values A = 11, B = 5 and C = 15 in (8) gives the total number of sags:

A + B + C = 5 + 9 + 15 = 29 disrupting 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 a similar result.)

Figure 9-17—Approximation of nonrectangular sensitivity curves
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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 9-16 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 a value of 9.4 is
found.) For the equipment tolerance curve in Figure 9-17, the expected number of spurious
trips is about 12 + 13 – 9 = 16. (From Table 9-16 a value of 10.9 + 11.2 – 9.4 = 12.7 is found.)

Table 9-15—Sample data from EPRI DPQ Project—
Number of events per year

Magnitude 
bin

Time bin (in seconds)

0.0 < 0.2 0.2 < 0.4 0.4 < 0.6 0.6 < 0.8 ≥ 0.8

>80–90% 53.1 4.8 1.9 0.7 2.9

>70–80% 14.1 1.7 0.2 0.2 0.4

>60–70% 6.8 0.9 0.1 0.1 0.2

>50–60% 3.5 0.9 0.2 0.0 0.2

>40–50% 1.4 0.4 0.2 0.0 0.3

>30–40% 1.5 0.1 0.1 0.0 0.3

>20–30% 1.2 0.3 0.2 0.2 0.4

>10–20% 1.0 0.1 0.0 0.0 0.5

<00–10% 1.9 0.7 0.7 0.2 6.4
178 Copyright © 1998 IEEE. All rights reserved.



IEEE
VOLTAGE SAG ANALYSIS Std 493-1997
Table 9-16—Sum of events worse than or equal to the
magnitude and duration for EPRI DPQ example

Magnitude 
Time (in seconds)

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 7.9

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 7.9 7.2 6.6 6.4

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 results is
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 this is 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
is likely 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-
culties in practice is to 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) [B3].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 possible is an important need of society (see IEEE 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 is important to note that a single
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 criteria for adequacy is
usually 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, a testing 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 bibliography in 10.12.
Copyright © 1998 IEEE. All rights reserved. 183



 

IEEE
Std 493-1997 CHAPTER 10

         
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 failures is dependent upon many factors, including the following:

— The use of new or old technology in the design of the system

— If the system is a combination of old and new components

— The stress placed on the system during operation (e.g., beyond the design limits)

— The frequency 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. As the 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
success ratio (R) is defined 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 a test 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 be initially characterized by the binomial distribution given by

 P(n,r) = nCr(R)n–r (Q)r (10-1)

where

r is the cumulative number of failed tests after n tests;
n is the number of tests performed;
R is the equipment or system success ratio;
Q is the equipment or system failure ratio equal to (1 – R); and
nCr is the binomial coefficient.

A common viewpoint on demonstrating reliability performance of equipment is to 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 the tests, 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 failures is
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 tests is given by

P(n,0) = Rn = Pa (10-2)

For a fixed success ratio (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 success ratio is low.

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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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 allowing no failures to be
observed during the testing plan is shown in Figure 10-2. The manufacturer usually specifies
a success ratio (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 success ratio is at least the value
Ro. During the testing plan, the manufacturer runs a risk 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 α (e.g., 0.22).

The major risk to the customer from the results of a testing 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., R1 = 0.97, Figure 10-2). The probability of this event occurring (Pa1), i.e., the
risk to the customer is β (e.g., β = 0.47, Figure 10-2). If the customer’s risk is too high for a
given success ratio R1, then the number of tests must be increased to reduce the value of β as

Figure 10-1—System operating characteristic curves for no test failures
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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, 0 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.

Figure 10-2—System operating characteristic curve
indicating manufacturer and customer’s risks
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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.,
α) of rejecting systems that comply with the manufacturer’s specifications and minimizing
the risk to the customers (i.e., β) 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;

— An unacceptable value of success ratio R1 specified by the customer;

— The manufacturer’s risk α (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 β (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 {x1, x2, x3, ...,
xn} where xi is the result of the ith test, i.e., either a “0” for a successful trial or a “1” for an
unsuccessful trial is given by

 K Rn–r (Qo)r (10-3)

where

n is the number of tests performed;

r is the number of unsuccessful tests in n tests;

R is the success ratio of the observed set of test results [R= (n–r)/r];

Q (Q = 1 – R); and

K number of possible ways of achieving a success ratio of R at the end of n tests.

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 Ron–r (Qo)r (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 R1n–r (Q1)r (10-5)

Once the test parameters Ro, R1, α, and β 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 Ron–r (Qo)r] / [K R1n–r (Q1)r] (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 – α) 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 accepted and should be greater than or equal to β 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 – α)/β] = [[K Ron–r (Qo)r] / [K R1n–r (Q1)r]] (10-7)

Every set of values (n,r) that satisfies the above equation represents an acceptance coordinate
in an n vs. 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 – α)/β] = (n–r)log(Ro/R1) + r log(Qo/Q1) (10-8)

which can be reduced to

 log[(1 – α)/β] = (n)log(Ro/R1) + (r)log(Qo R1/Q1Ro) (10-9)
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The number of defects r for the compliance test as a function of the number of tests n is given
by

(10-10)

The above equation can be rearranged to conform to the IEC 605-5 [B3] as follows:

(10-11)

(10-12)

where

 (10-13)

(10-14)

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. This is
graphically illustrated in Figure 10-3.

An examination of Figure 10-3 reveals, for example, that a minimum number of 107 tests in
which no failures occurred is required to state that the system complies with specifications
dictated by the customer and manufacturer (i.e., for a fixed α, β, 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 α 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 – β) to comply
with the customer’s risk specifications.

r
1 α–( )/β[ ] n( ) Ro/R1( )log–log

Qo R1/Q1 Ro( )log
--------------------------------------------------------------------------------≤

r =
n( ) Ro/R1( )log 1 α–( )/β[ ]log–

Q1 Ro/Qo R1( )log
--------------------------------------------------------------------------------

r sn ho–≤

s
Ro/R1( )log

Q1 Ro / Qo R1( )log
----------------------------------------------------=

ho
1 α–( ) /β[ ]log

Q1 Ro / Qo R1( )log
----------------------------------------------------=
190 Copyright © 1998 IEEE. All rights reserved.



IEEE
RELIABILITY COMPLIANCE TESTING Std 493-1997
Equation (10-6) can be rewritten to include the rejection risks to both the customer and man-
ufacturer as follows:

 [α/(1 – β)] = [[K Ron–r (Qo)r] / [K R1n–r (Q1)r]] (10-15)

Every set of values (n,r) that satisfies the above equation represents a rejection coordinate in
an n vs. r Cartesian coordinate system. The solution of n and r proceeds as follows:

Taking logarithms of both sides of Equation (10-15) yields

 log[α/(1 – β)] = (n–r)log(Ro/R1) + rlog(Qo/Q1) (10-16)

which can be reduced to

 log[α/(1 – β)] = (n)log(Ro/R1) + (r)log(Qo R1/Q1Ro) (10-17)

The number of unacceptable defects r for compliance test as a function of the number of tests
n is given by

 (10-18)

Figure 10-3—Number of tests vs. number of failures required
to demonstrate compliance to system specifications
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The above equation can be rearranged to conform to the IEC 605-5 [B3] as follows:

(10-19)

(10-20)

where

(10-21)

(10-22)

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) is a linear equation in terms of n and r where r is the 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 is illustrated 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 less than 0.97 (i.e., R1).

Further economical 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., α = β = 0.10). An examination of Figure 10-5 reveals a total of 108 tests in which

r
n( ) Ro /R1( )log 1 β–( )/α[ ]log–

Q1 Ro /Qo R1( )log
---------------------------------------------------------------------------------=

r sn h1+≥

s
Ro /R1( )log

Q1 Ro /Qo R1( )log
---------------------------------------------------=

h1 1 β–( ) /α[ ]log
Q1 Ro /Qo R1( )log

---------------------------------------------------=
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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 major 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 lies in the acceptance zone, i.e., the emergency and standby power sys-
tem is acceptable and complies with the manufacturer/customer sequential test specifications.

Figure 10-4—Number of tests vs. number of failures required
to demonstrate noncompliance to system specifications

10

9

8

6

5

3

2

1

–1

–2

–3
1000

0

200 300 500

NUMBER OF TESTS n

C
U

M
U

LA
T

IV
E

 N
U

M
B

E
R

 O
F

 F
A

IL
U

R
E

S
 r

400

REJECT 

sn + h0

FIXED PARAMETERS
α, β, R0, R1

SEQUENTIAL TESTING PLAN
 “REJECTION REGION”

4

7

Copyright © 1998 IEEE. All rights reserved. 193



IEEE
Std 493-1997 CHAPTER 10
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’s risk
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 allowed to vary.

Figure 10-5—Number of tests vs. number of failures,
sequential test boundaries
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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 IEC 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.

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 a major 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.

DR
Q1
Qo
------- 1.0 R1–

1.0 Ro–
--------------------= =
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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, α, and β) 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 success ratio (Ro) is small, a large 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 a general form which allows the
risks to the manufacturer and the customer to be unique (i.e.,  not equal to ) as opposed to
IEC 605-5 [B3], which accommodates only equal risk cases and references unequal risks
cases.

10.12 Bibliography

[B1] IEEE Std 446-1995, IEEE Recommended Practice for Emergency and Standby Power
Systems for Industrial and Commercial Applications (ANSI).2

Table 10-2—Number of tests in which no observed failures occurred
that are required to demonstrate system compliance

Manufacturer’s desired success ratio Ro = 0.99

Number of sequential tests
(Compliance with no failures)

Customer success ratio 
(R1)

Discrimination ratio
(DR) α = β = 0.10 α = β = 0.05

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

α β
196 Copyright © 1998 IEEE. All rights reserved.



IEEE
RELIABILITY COMPLIANCE TESTING Std 493-1997
[B2] IEEE Std 493-1990, IEEE Recommended Practice for the Design of Reliable Industrial
and Commercial Power Systems (ANSI).

[B3] IEC 60505 (1982): Equipment reliability testing, Part 5: Compliance test plans for suc-
cess ratio.3

[B4] Jensen, F., and Petersen, N. E., Burn-in: An Engineering Approach to the Design and
Analysis of Burn-in Procedures, New York: John Wiley & Sons, 1982.

[B5] Wald, Abraham, Sequential Analysis, New York: John Wiley & Sons, 1947.

2IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box
1331, Piscataway, NJ 08855-1331, USA.
3This publication has been withdrawn by IEC. For information, contact the IEC, 3 rue de Varembé, P.O. Box 131,
1211 Geneva 20, Switzerland.
Copyright © 1998 IEEE. All rights reserved. 197



Appendixes A-P 

(These appendixes are not a part of IEEE Std 493-1997, IEEE Recommended Practice for the Design of 
Reliable Industrial and Commercial Power Systems, and are included for information only.) 

Appendix A 
Report on Reliability Survey of Industrial Plants 

Part 1 
Rellablllty of Electrical Equipment 

Part 2 
Cost of Power Outages, Plant Restart Time, 

Critical Service Loss Duration Time, and 
Type of Loads Lost versus Time of Power Outages 

Part 3 
Causes and Types of Failures of Electrical Equipment, 

the Methods of repair, and the Urgency of Repair 

BY 
Reliability Subcommittee 

Industrial and Commercial Power Systems Committee 
IEEE Industry Applications Society 

W.H. Dickinson, Chair 

P.E. Gannon C.R. Heising A.D. Patton 
M.D. Harris D.W. McWilliams W.J. Pearce 

R.W. Parisian 

Industrial and Commercial Power Systems Technical Conference 
Institute of Electrical and Electronics Englneers, Inc. 

Atlanta, Georgia 
May 13-16,1973 

Published by 
If EE Transactions on industry Applications 

MarJApr. 1974. 

Cq,yigM@ 1999 IEEE. All rights reserved. 199 



This page is intentionally blank



Report on Reliability Survey of Industrial 
Plants, Part I: Reliability of Electrical 

Equipment 

,EEE COMMIlTEE REPoRl 

Copyright @ 1998 IEEE. All rights reserved 



IEEE 
Std 493.1997 

nent. and ,k co”lpo”cnt thereby is ““able to perform its 
intended function until it is repaired or nphced. 

Rep& lime of * faikd c”mp+nent “1 duntian of * faihue is 
the c&k h”“” hoI” the time oftbe “cc”rrence of fhc fai,“rc 

to the time whe” tbc eompanent is re*t”red to setiee. either 

by repair of the UnnpQnent “I by s”ubstitution with 1 span 

c”mponent. It is not the time required 1” restore xtice f” * 

load by putttn~ alterwe circuits into “psntion. I, includes 
time for dilgnosing the trouble. locating the f&d component, 

waiti for parts. repairing “r replacing, testing, nnd rcstaring 

tie component to service. 

A tota, of 30 companies responded t” the svrvey question- 

MI,*, reporting drta on 69 plats from nine industries in the 

United States md CanPda *s shown in T*b,c 1. I%ere WI* P 

tokt of 1982 equipment failures reponed in the survey; this 

included more than 620 ~-@O”nitye*n of cxpe‘ience. Many of 
the “lpnts rewrtcd da* c”verin* m”re *ha” “a* w*r of 

expeiience. . 
Most of the da* were reported to the IEEE Relinbitity Sub. 

committee during late 1971 and early ,972. Vnf”rt”nrtcly.* 
downturn in the businen cycle during this period of time 

c*“rd many companies t” reduce their work force and 

becase of this fewer were sble 1” p*rticip*te in tbc survey than 

had been “righa”y hoped. 

S”R”EV DATA PRF.PAR*T*ON 

A,, of the returned survey q”e*tiorr,ai,e forms were reviewed. 

An attempt was m*de t” d*rify my discrcpsncics that were 

detected. Usable da* were punched “nt” IBM cards for “se in 

da* processing. 

STMISTICAL ANALY*** OF EQWPMENT FAILURES 

Two equipment patneten *re of prime importance in 

maktq system relinbdity studies. These p*rameters ue 1) fnil- 

“re rate pnd 2) rverrgc outsge durstion or repair time. The 

best eztim*te far the f*il”re *cite af I p*rtic*ar type of equip_ 

mcnt is the number of failures actually observed. divtded by 

the tota, exposure time in uRityc*rs. th*t is. 

“=f (1) 

r best esti”lee of fai,“rC r*te in fpilures pa unit.year 
A ,r”e ki,vre nte 

f number of fpilvrn “bserved 

T f”W exposure time in ““ityeus. 

?,t*tements Reading the *cc”racy of fnilure mte c*ttmate* CM 

bemadethm”~the “se “fconfidencc limits [IO]. [Ml-[t7]. 

Ftiure r*te confidence Limits are “ppcr and lower valves of 
f,ih,,e nte such tb*, the f”““wing eq”ati”nr hold: 

R[A‘>Xl -y (2) 

R [X>A”] =y 

A‘ 
A” 
* 

lower confidence limit of failure r*te 

upper contidcnce limit of faihne rste 
confidence interval (“I camidence level) 
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A typica, vat”e often chosen far the confidence intcwJ is 

0.90. Once values for AL-and A” *rc found, one CM say that 
A. whose best cstimste is A. lie* between AL snd Au with ,O@-, 

prccnt confidence. Cle*rly the “arrwe, the i^tcwa, between 

AL and Xv, the greater ““e’s contidcnce th*t A is P gwd es& 

m*te of A, the *me failure MC. Expressions for A, *nd Au *re 

@en as f”“OWS [I71 : 

where x’p,n isthep percentngepointof P chiqusred dirtrib”. 
ti”n with n degrees of freedam. x’p. n is tabled in statistica, 

handbmks. 
By*“bstit”tingthcvzl”eofTf~om(l) int” (4) md (5)~ *et 

A‘ =?(I - YY2.V ^ 

2f 
(A) (6) 

The devirtian “f the lower coofidcnce level from1 in percent 

ofXi* 

%devL=,oO(l-~). (8) 

Similarly, the devi*ti”” of the upper cantidence level f-h 

in percent of1 is 

(9) 

F.q”*tio”* (6)-(9) were “sad to develop Fig. I. Thcr CUWCI 
avoid the need of looking up ~‘p,n. Here AL and Au *re 

plotted in terms of prcent davintion from A as * fvnction of 
the “brewed nvmber of fai,“rcs. 

The best ertinufe for tie *ver*gc o”t*ge duration “I repair 

time for * p*rtic”lar type of equipment is *t”~p,y the *ver*ge 

of the observed ““trge durations. Contidcncc limit expressions 

for *“en@ ““t-e durations we 8,s” *vti,*b,e if the dirtrib”. 

tiond n*t”re of o”t*ge d”r*d”nr is know [17]. Hawwcr, 
such expressions *re not &en here p,im,nly bec*ure the 

nversge ““tqe dumtionr @ven in this psper *re intended as I 

rough @de only. Equipment ““t*s durations PIG believed 1” 

be m”re P f”ncti”n of the MWC of I power sysfem~s operator 

thnn M inherent function of the equtpment itself. Hence, 

werae ““age durations for eq”ipment “ad in re,i*bility 

rtvdics sh”“,d be values believed most reasanable for the 

prticul*r system being studied. 

Tlx d*ta fram the survey contained infonnstion on the 

ftiure and repatr cbar*ctedrticr of 217 c*tegories of equip- 

ment. However. the munber of “brewed f*ilures for many 
equipment catcpries was too sma,, t” lltw *dcq”.tely *cc”. 

r*te e*ti*tn of failure we* to be m*de. The Relisbility Sub. 

c”mmiftee felt thrt *minimum of ei&t to tcnabsewed failures 

was required for “‘&WY scc”r*cy when estbnsti equipment 

fnilure ,*te* (see Fig. t). Therefore, whenever pcwible md 

rcu”n*b,e from *n engineering point of view, equipment ute- 

gorier hwing less than ten “bsewed hilvrcs were combined 
with other c*teg”,te* Y) I* t” brin8 the number of observed 
fiilure, in the combined cstegory up 1” (I minimum “f ten. In 

*“me cues UI W#p”,e”t C*tcg”W with a ,*Q?, “umber Of 
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TABLE 1 - RESPONSE TO SURVEY QUESTIONNAIRE 

N&W Nliliber 
of of 

Type of Industty Companies Plants 

All Industry - USA 6 Canada..... 
Auto . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

3: . . . . . . . 60" 
. . . . . . . 

cement . . . . . . . . . . . . . . . . . . . . . . . . . . 0 . . . . . . . 
Chemical........................ 6 . . . . . . . 2: 
Meal........................... . . . . . . 
Mining ..,....................... 0' . ...*.. i 
Petmleum....................... 5 . . . . . . 8 
Pulp and Paper.................. . . . . . . . 
Rubber 6 Plastfcs............... : . . . . . . . : 
Textile . . . . . . ..*............... 1 . . . . . . . 3 
Other Light Manufacturing....... 4 . . . . . . . 17 
Other Heavy Nanufacturing....... . . . . . . . 
Other . . . . . . . . . . . . . . . . . . . . . . . . . . . ; 
FOlWgll......................... 1 

. . . . . . . li 

. . . . . . . 

*Some conpanfes include nore than one industry 
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circuit electric utibty power aupplics. In addition, there wu 
saw confurio” 0” the outage time .rter a failure Of a single 
circuit of P doub,e- or triple&cub utility power supply. Sn 
the separate discusdo” clrawhcrc in tbir paper “n these points. 
Ibhnc arc the only known major problems of misinterpretation 
of survey qucstiaw. 

It is suspected that the failure rate estimates may be biased 
on the b&b ride due to the tcndcncy of compnnies to report 
only on equipment that bar actuslly experienced failures. I” 
other words, some companies may have omitted submitting 
unit-years of experience data on equipment tint had no 
fadurer. Tbir factor may be putillly b&“ced out by the bc- 
lief that the compznicr that participated in the suwey may be 
the ones that have tie bea maintenance progrunr and keep the 
bnt records md thus may have lower failure rates thin the 

It is expected that a future paper wi” c”“td” P com”ariro” 
of the equipment reliability from thi 
from the prcviou wvcy [I 11 that was published in ,962. A 
preliminary comparison has bee” made and shows the following 
overa,, ca”c,uion far 1973 versas 1962. 

I) Tbc 1973 equipment fnilvrc r&x are about 0.6 times the 
,962 fiilure rates. 

How aceura,e are tic fadure rates shown in Tables Z-19? 
Fig. I how the upper and lower confidence lbnits of the 
failure rate YC,IUI ulc number of fsilurer observed. It ca” bc 
see” tbaf fen failures has upper md lower confidence limits of 
t70 prce”t and -46 percent for P 90 percent confidence 
i”terva,. It it possible to deWmine the upper and lower con& 
dense limits for tbc failure rate data shown in Tables 3-19. 

Tbhc we of pig. 1 to determine confidence limits will be 
illustrated with a” exsmplc. Suppow that it is desired to 
compute confidence limits on the failure rate of liquid-fdlcd 
trnnrformen with voltage above 15 kV in the chemical in- 
dustry. The desired confidence intcrvpl ir 90 percent. prom 
Table 4.x = 0.0119 failures per unityear, and tbr “umber of 
obrawed fai,urcr is 19. Entering pig. I with 19 observed fad- 
wet md using the 90 percent conftdcnee intcwpl cuwn yields 

= 0.0119 0.0wI - O.Wlg failurcr per unit-year 

h” =‘), + 0.461 

= 0.0119 + O.M55 = 0.0174 f.i,vrer per unit.ycar. 
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TABLE 2 - SUmAM OF "ALL INOUSTRV" EQUIFMENT FAILURE RATE MO EQUIP1 OUTAGE WFzATION OATA 
FOR 66 EWIPIENT CATEGORIES CONTAINING 8 OR MORE LURES 

,ectr,c "tllity Pqler Supplier .. All ...... " I " Single circuit ................................................... 
;.g:; 

.. I) II . Do&,,4 or Triple Circuit-All ........ 0:622 
* Y I II Autaatically Sultched Over ....... 0.735 
" . * II Wlnual SuitehoVer ................. 0.458 
* ... v ... Loss of All C,rCufts at One Tim? .. 0.119 

r4nrf4rrrn .................... 
I 

Li.ju;d_Filled-All..................... ;.ii 
15,WO Volts - All Sizes ...... . 

” 200-750 kVA ........................ O.W37 
* 751-2.499 kVA ..................... O.W25 
Y 2.500 kYA 6 "9 .................... 0.0032 
II Above 15.@W volts .................. 0.0130 
.. Dry Type; 0 - 15.000 volts ............ 0.0016 
II .................... Rectifier; Above 600 volts ............ 0.0298 

Ircuit Breakerr ................ Fixed Tyw f'wl. ml&d case) - All .. 0.0052 
Y * 0 - 6W Vo.ts - All Sizes ........... 0.0044 Y " 0 - 600 cll~s ...................... O.W35 " * Abon 6W anps .................... 0.0096 II Y Above 6W Volts ..................... 0.0176 II " Ketalclad Drawout - All ............... O.W30 II II 0 - 6W Volts - All sizes ........... O.W27 II . 0 - 600 4~s ...................... 0.0023 .. * Above 6W aws .................... 0.00X1 . " Above 600 Volts ..................... 0.W36 

ltor St4rtels ................. . Coltact Type; 0 - 600 Volts ........... 0.0139 Y " .................. Contact Tyw; 601 - 15,OW Volts ...... 0.0153 

: 

t 

1 

1.33 
5.66 
0.85 
0.59 
1.87 
2.w 

529. 
174. 
61.0 
217. 
216. 
io75. 
153. 
380. 

219. 
49. 
10.7 

%O 
1260: 
28. 
m. 

378. 
362. 
49.0 
297. 
618. 

"6:. 
330: 

5.6 
4.7 

z.6' 
10:6 
129. 
147. 
3.2 

232. 
109. 

4.0 
4.0 
1.0 
8.0 
3.8 

:.z 
1:o 
5.0 

168. 

31.7 
6.0 
4.0 

4::: 
54.2 
47.2 
75.6 

::: 

65.1 24.5 8.0 
224. 16.0 23.6 

\nrage Estlnuted 
:lock Hours to Fix 
:ailure During 24 
Hour York Day 

2;:; 
ReplX4 
wfth 

:onwnent Spare 

:::: 
3.7 
39.7 
150. 
71.5 
39.9 
20.0 

::: 

;.: 
12:o 

;;i 

4.0 
5.2 

1::"8 



TABLE 2 (Continued, 

Equipment 
Equiprent 
w Class 

Failure 
Rate - 
Failures 

""La 

Dtors.......................... 
” 

II 

II 

II 
. . . . . . . . . . . . . . . . . . . . . . . . . . 

enerators...................... 
II 

. . . . . . . . . . . . . . . . . . . . . . 

,sconnect s-4 tch2s.. . . . 

dabgear Bus- Indoor h Outdoor 
(Unit = Number of Connected 
Clrcuft breaken or InStr~nt 
Transfomr CoapatimntS) 

,s duct - Indoor 6 Outdoor..... 
(Unit = One Circuit Foot) 

,en Wire....................... 
(Unit = 1,000 Circuit Feet)... 

rble - All Types of Insulation. 
!Unit = 1.000 Circuit Feet)... 

I, 8, 
II I, 
II II 
I, ,I 
8, II 
II II 
II II 
II . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Induct$on; 0 - 600 Yolts .............. 0.0109 
Induction; 601 - 15.000 Volts ......... 0.0404 
5y"chronous; 0 - 600 volts ............ 0.0007 
Synchmnour; 601 - 15,000 volts ....... 0.0318 
Direct Current - All .................. 0.0556 

Steam Turbine Driven .................. 0.032 
Gas Turbine driven .................... 0.638 

Enclosed .............................. 0.006, 

Insulated; 601 - 15.000 Volts ......... 0.00170 
tLw?; 0 - 600 volts ................... 0.00034 
Bape; Above 600 Volts ................. 0.00363 

1 
I J I 

114. 18.3 50.2 
76.0 91.5 71.4 
35.3 35.3 32.0 
175. 163. 146. 
37.5 16.2 69.0 

165. 
23.1 

3.6 

66.5 
92.0 

2.6 

261. 26.8 
550. 24.0 
17.3 13.0 

234. 
190. 

50.1 

41.0 
41.5 
20.6 

201. 
400. 

13.7 

66.0 
24.5 
7.3 

All Voltages .......................... 0.00012 128. 9.5 12.9 6.0 

0 - 16,ooO Volts ...................... 0.0169 
Above 15.000 Volts .................... 0.0075 

Ab;ye zun;,eAerial 
....................... 0.00141 

601 - 15,01X volts - All ............ 0.01410 
In Trays Above Ground ........... 0.00923 
In Conduit Above Ground ......... 0.04918 
krial Cable . 0.01437 ................... 

Below Ground 6 Direct Burial 
0 - 600 Volts ....................... 0.00388 
601 - 15.OUO Volts - All ............ 0.00617 

In Duct OP Conduit Gelw Ground ... 0.00613 
Above 15.m volts .................. 0.00336 

42.6 4.0 
17.5 12.0 

8.0 

457. 
40.4 
8.9 

140. 
31.6 

10.5 

6s:: 
47.5 
5.3 

20.8 
26.8 
49.4 

10.6 

39.7 
60.4 
119. 
19.8 
28.0 

15.0 
95.6 
96.8 
16.0 

24.0 

20.4 
20.9 
16.0 

26.8 
26.8 
26.8 

Actual "ours 
Ocmtine 

per Failure 
Median 

ndusty Plant 
#werage Average 



TABLE 2 Kontlnued) 

Failure 
Rate - 
Fallurer 

Equipaent 
Equipment Sub Class i&ear 

Ible........................... 601 - 15,Oilo Volts 
{Unit = 1.000 Circuit Feet)... ThemDp1astic.................... 0.00387 

II Thermsetting.................... 0.00889 

" Paper Insulated Lead Covered..... 0.00312 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . Other............................ 0.01832 

lble Joints -All Types of Insul. 60, - 15.000 volts 
Y ti . . . . . . . . . . . . . . . . . . . . . 'In Duct or Conduit Gelar Ground.. O.OW864 

ele Jo!nts .................... 60, - 15.~0 Volts 

/, I, ThennoQlastlc .................... 0.000754 
.................... paper Insulated Lead Covemd ..... 0.001037 

Nble Terminations - All Types 
Of I"sulatio"....... " Above Gmurd 6 Aerial II II II 

0 - 600 Volts.................... 0.000127 * II II II 
Y * II II 601 - 15.000 Volts - All......... o.ooog79 

II Aerial Cable..... . . . . . . . . . . . . I) II II 0.001G42 

II II II II in Treys Above Gmund......... O.wO333 
In Ouct or Conduit Bela, Grand II H . . . . . . . . . . . . . . . . . 601 - 15.ow volts............... 0.000303 

,ble Temlnstionr ............. 601 - 15,ooo Volts 
Themraplastic .................. 0.004192 

,I .. Thermsettlng .................. o.ooo337 
II * .............. Paper lnaulated Lead Covered ... O.ooC781 

SD?ll~".XWS.................. Inverterr........................ 1.254 
II . . . . . . . . . . . . . . . . . . Rectifiers....................... 0.038 

Actual Hcurs 
owltin 

per Failure 
Medie" 

wustry Plant 
Werage Averag 

44.5 10.0 22.5 29.3 
168. 26.0 27.2 55.2 
4G.9 26.8 17.3 18.3 
16.1 28.5 23.2 44.8 

36.1 31.2 14.7 

12.6 
a.0 

3Z 
15.3 
48.8 

28.8 

12.0 
30.2 
39.0 

5.5 

15.8 
31.4 

8.0 
28.0 

22.0 

3.8 
198. 
48.5 
8.0 

1:.: 
11:3 
9.0 

4x 
1s:o 
58.3 

25.0 23.4 30.0 

10.6 
451. 
68.8 

11.5 
11.3 
29.2 

12.0 
42.8 
30.0 

107. 185. 
39.0 52.2 

Average Estlmted 
Clock lburs to Fix 
Failure Owing 24 
HOW work Day 

!x:; 
Raplace 
with 

Ccmponent span 

5.0 
41.5 1;:: 



TABLE 3 - ELECTRIC UTILITY FWER SUPPLIES 

a 314.4 

2: 2:; 
17 14O:z 

26) 
54.6 

210.7 

7 64.8 

: 
64.6 
60.1 

3 46.5 

: ;:: 
1 314 

202 

1:: 
103 

:: 

20 

:o" 

10 

:: 
46 

:: 
15 

All.............. All................................. 0.643 1.33 
a . . . . . . . . . . . . . . Single circuit.................... 0.537 5.56 
" . . . . . . . . . . . . . . Dotile or Triple Circuit - All.... 0.622 0.X 
II . . . . . . . . . . . . . Automativally Switched Over..... 0.735 0.59 I, 

. . . . . . . . . . . . . . b!anual Switchover............... 0.456 1.67 
u . . . . . . . . . . . . . . Loss of All Circuits At One Tine 0.119 2.00 

Chemical......... All................................. O.aS 1.42 
II . . . . . . . Double or Triple Circuit - All.... 0.339 1.42 
II . . . . . Automatically Switched Over..... 0.333 1.42 

Petmleun........ All................................. 0.215 6.80 

0.;5 
t 

If62 
l 

1.04 
5.10 
1.17 
0.93 
2.00 
1.58 

24.0 
10.3 
24.0 

2i.r 
6:W 

l 

t 

t 

1.58 
1.56 
1.58 

:z 
6100 

Textile.......... All................................. 2.649 0.28 
II . . . . . . . . . . Oollble or Triple Circuit - All.... 2.649 0.28 
x . . . . . . . . . . Automatically Wtchcd Over..... 13.46 0.014 

0.33 

0.014 
0.014 
0.014 

4.95 

2.17 
2.17 
0.014 

9.57 

4.33 

:::4 

: K Other Lfght Nanuf. All................................. 0.402 tt 0.56 
II II I, Double or Triple Circuit - All.... 0.42¶ ;:: * 0.79 

3 2713 " II II Automatically Switched Over..... 0.54g 0.51 l * 
_. 

0.w 1.4 

24.0 
24.0 

l 19 cycles 
** 2 seco"ds 



TABLE 4 - TRAHSFO9"ERS 
Actual Hours Oarnt,,w,Fa,,ure 

Nunbw Failure Rxl- 
of,;lantr "4~; Nyfeer Rate - Minl- kdian Mama 

Failures 
saw1e wt- Failures per Industry %nt Plant Plant 
Sire veal.5 Reported Industry 

r 
Unit-Year Average Average Average Average 

1:*2$ 601-15.000 volts - All Sizer .... 0.0030 174. 2.0 49. 840. 

K 
6:ou 

00-750 kVA ................... 0.0037 61.0 4.5 10.7 
I9 kVA ............... 0.0025 217. 

2:.: 
64.0 2: 

4.0% ................ 0.0032 216. 60.0 403. 

i: 
1.648 24 u 

up 
............. Above 15.M)o volts .............. 0.013l 1076. 12:n 1260. 

4.937 18 ” 
3744. 

............. ON Tvoe: O-16.000 volts .......... 0.0036 153. 0.5 
6W volts ........ 0.0298 380. 24.0 :: 

720. 
867. 

All............. Liquid Filled - All... 0.0041 529. 2.0 719~ vu I 
” . . . . . . . . . 

! 11 u . . . . . . . . . . . . . ~3 
I 

;: 
” . . . . . . . . . 751 - 2.4% 

b ” . . . . . . . . 2.500 k"A 6 I 

I 3 -672 20 " . . . . . . . . . . . . . A&iii.;, Abow 

;: 
8.698 43 Chemical ........ Liquid Filled - All ............... 0.0350 338. 8.0 168. II 1EXl. 
6.636 24 ........ 601-15,WO volts - All Sizes .... 0.0035 52.3 8.0 48.5 336. 

: 
y: 10 

" ........ 300-750 kVA ................... 0.0031 
Above 15,000 volts 

19.3 3.0 8.0 
19 II 120. 

'662 I6 
........ .............. 0.0119 610. 12.8 I 708. 3600. 

2 ........ Aectlfler; Above 603 volts ........ 0.0242 425. 80.0 474. 067. 

: * 
;.g 

lo” 
Pet.Fle~ ....... Liquid Filled - All ............... 0.0054 243. 4.5 591. 1178. 

....... 601-15.01X volts - All S,res .... 0.0043 244. 4.5 204. 403. 



E 9.501 8.990 

9 
: 

:G 
'510 

28 40.770 

;: ::*:z 
13:220 
16.2% 

5 1.961 

: 
1.520 
937 

: 
lO.%O 
4.808 

: :*iF 
2 1:a17 

: 
10.430 
9.656 

2 4,943 

2 
27 
13 

12: 

;: 

2 

20 

:: 
33 
31 

;; 
17 

:5" 
19 

All ............ 
" ............ 
" ............ 
* ............ 
* ............ 
N ............ 
” ............ 
” ............ 
” ............ 
” ............ 

chemical.. ..... 
II ....... II ....... * ....... 
II ....... 

Fixed Type(lncluder mlded care) - all O.W52 
0 - 600 volts - All Sizer........... O.W44 
O-600 anpr ........................ 0.0035 
Above 6W mps .................... O.OQ96 

Above 600 volts ..................... 0.0176 
)*t~lclad. Drwout - All 
O-MN) volts - All Sizes ........................... 

;.OO$ 

0-6W anpr ........................ O:W23 
Above 6W m&x .................... 0.0030 

Above 600 volts ..................... 0.0036 

Fixed Type(includer ml&d case) - All 0.0102 
O-600 volts - All Sizes ............. 0.0099 
Above 600 m~s .................... 0.0139 

l!et~lcl~d. Omwwt - All .............. 0.0033 
Above 6W volts ..................... 0.0664 

Petmlalm....... 
" . . . . . . . 

Fixed Typ(lnclu&s mlded case) - Ail z.OO& 

" . . . . . . . 
O-zNw;gs- All Sizes............. 

. . . . . . . . . . . . . . . . . . . . . . . . oh094 

Textile ......... .............. " Petalclad. Drawout - All O.WZ? 
......... O-600 volts - All Sfzes ............. O.W26 " ......... O-600 asps ........................ 0.00% 3.6 

5.8 
4.7 
2.2 
9.6 
10.6 
129. 
147. 
3.2 

232. 
109. 

a.1 
9.5 
9.6 
83.7 
89.3 

5.8 
1.9 
1.9 

0.5 4.0 

0.5 0.5 ::: 

5.0 1.5 !:"B 

0.3 
::: 

::: 

0.2 ::: 
1.1 168. 

4.3 
:.: 

;.; 

5:a 
a:0 

97.7 
6.3 97.7 

i.0" 
1:o 

:.: 
2:5 

z.: 
0:3 

::: 
2.2 

72.0 
11.0 

17: 
72:O 

& 
410 

E: 

11.0 
11.0 
11.0 

576. 
576. 

72.0 

::: 

690. 
884. 
4.0 



TABLE 6 - MJTOR STARTERS 

NUS4W Fallwe Actual Hours Dwntirr/Fallure 
of Plants Saple Ntier Rate - 

in Size of 
M,"l mdxi- 

sanp1e 
Failures 

Unit- Failures mnJn %; num 
Size :~';z: Years Reported Industry 

per Industry Plant Plant 
Unit-Year Average Average Aversge Anrage 

All........... Contact Type 
4,522 u . . . . . O-600 volts......................... 

1: 6.516 1; 
0.0139 65.1 24.5 

u . . . . . . . . . . . 
75.5 

3 664 
601-15,WO volts.................... 

5 
0.0153 264. :.: 16.0 1440. 

n . . . . . . . . . . . Circuit Breaker....................... 0.0059 2.6 2:s 2.6 2.0 

7 5.340 14 Chemical...... Cc&act Type; 601-15,ooO volts........ 0.0026 296. 4.5 16.0 1323. 

1 207 51 MaI......... Contact Type; O-600 volts............. 0.2470 75.5 75.5 76.5 75.5 

2 626 61 Petmleum..... Contact Type; 601-15.000 volts........ 0.1294 1440. 1440. 1440. 1440. 

TABLE 7 - mTORS 

NtiW Failure 
of Plants Sarple Nwtw 

Actual Hours Datl..?/Failum 

Size Of 
Rate - mni- Rxi- 

SO& ""it- Failures 
F4ilUrrS 

Equipment 
hdian wm 

Size YEllS Raported Industry 
Industry %t Plant 

s&l Class "%ear Average Average Awage Average 
Plate 

All............... Induction 
19.610 213 u . . . . . . . . . . . . . . . 

;: 4,229 
O-600 volts...................... 

171 
0.0109 114. 0.5 16.3 312. 

" . . . . . . . . . . . . . . . 601-15.000 volts................. 0.0404 76.0 3.3 
" . . . . . . . . . . . . . . . Syndlm"o"s 

91.5 191. 

2 13,790 10 
11 

u................ 
4.276 135 

O-600 volts...................... 0.0007 35.3 35.3 35.3 
u . . . . . . . . . . . . . . . 601-15.wo volts................. 

35.3 

6 558 31 
0.0316 175. 8.0 153. 

M . . . . . . . . . . . . . . . 01mct current..................... 0.0556 37.5 4.0 16.2 g: 
Chemical.......... Induction 

6 
;:68: 

* 

8 
. . . . . . . . . . 0-6w volts............. 

12": * . . . . . . . . . . 
0.0052 22.5 6. 10.3 

601-15.W.l volts........ 
45.7 

Y 0.0433 56.3 3.3 36. 
synchronous 

191. 
. . . . . . . 

13.750 I . . . . . . . . . . 
: 1.201 

O-600 volts............. 
:; * . . . . . . . . . . 

O.wo? 36.3 35.3 35.3 
601-15.0&l volts........ 0.0433 129. 26.6 113. 2i)5s:3 

Petmleun......... Induction 
6,467 146 * . . . . . . . O-600 volts............. 

: 
0.0226 

1.015 34 " 
158. 120. 

601-15.wO volts........ 0.0335 
159. 

. . . . . . . . . ” 139. 

. . . . . . . . . synchKmous 
90. 1';: 147. 

2 2.626 76 ' . . . . . . . . . 601-lS.wo volts........ 0.0276 207. 167. 210. 254. 

Mber 6 Plastics. Inductlo,_ 
3 161 12 * (I 601-15;ORl volts........ 0.0746 144. 132 150. 166. 

1 161 17 Textile........... Direct Current............ 0.1056 9.4 9.4 9.4 9.4 



: 
761.6 24 All ............. Steam TutWn Driven ...... 0.032 165. 108) 

57 
::: 4 

............... 64s Turbine Driven ........ 0.636 23.1 ::i :.: 720' 
4 " .............. Driven by Ilotor. Diesel. 0.067 127. 121. 133: 144: 

or 64s Engine .............. 

1 1 5.5 54 Petmlcu....... 6as Turbine Orlvan............. 9.616 5.0 5.0 5.0 5.0 

6 2.065 
16 15.490 9i 

All............... OF+"..................... o.m29 163. 1066. 
' . . . . . . . . . . . . . . . Enclosed................. 0.6061 3.6 ::i ;:"B 9.3 

4 

z 

2.205 22 Chniul.......... Enclosed................. 0.0106 6.0 2.0 5.1 6.6 

2. 1 4.293 61 kbta1............. Enclosed................. 0.0142 2.6 2.6 2.6 2.6 

5 
B G TlgLE 10 SYITC- Bus: - INWOR 6 MrmM)R 

% 
(l,,h(t - 6-r of C0mat.d Circutt Bnakerr or InstrUCnt h”sfoncr Colpartmts) 

iii NtiT Failure Actual Hours OmtlWF4ilum 

A 
of,;lnb S&a "$4 Rate- mni- Rwi- 

i 
Failures 

Equipmt Industw Tut 
lbdln U 

Unit- Fallurn Plant Plant 

2 
'z4 Vwn Reported Industry WI Class &VW Average Average Avcragn Anraga 

$ 12 11.740 20 Ail............. Insul4ted; 601-15.m volts.... 0.00176 261. 6.0 26.6 1613. 
. . . . . . . . . . . . . nan 

': 
32,zm 20.560 i: - . . . . . . . . . . . . . O-606 volts............... 0.06034 650. * . . . . . . . . . . . . . Above 606 volts........... o.mm3 17.3 ::: :i.; . 262Q: 

6 4.003 15 CMaiUl........ Insul4t.d; 601-15,mO wits. 0.00375 uo. 16.0 26.6 1613. I . . . . . . . . 9wm 
3 17.210 10 * . . . . . . . . Abow SW volts........... O.wo56 19.3 6.9 42.0 48. 



TABLE 11 - BUS DUCT: INmMI 6 WTDOOR 
(Ihit - 1 Clrcutt Foot) 

W&w Flll"le 
of,;lmts 'a~&; "9 Ilate - 

Actual lb;;;,cimtite/F~ilum 
l&l- 

Failures 
saB@ Unit- Failums 

:z%:: 
lndustly xnt x2 nm Plate 

SiZ8 "9.0 Rwxted lndurtry &%I,,, Average Average Averags Anrw 

12 160.400 20 All........... All Voltages............... 0.060126 128. 0.5 9.6 2160. 

TAKE 12 - OPEN YIAE 
(hit - 1.000 Circuit Feet) 

I 
NlEbW Failun 
of,;lants Sa&e NT., Ilate 

Actual lhu;n7_lkamtir/Fa,lun 
HBxi- 

Failumr 

'x: 
tilt- Failurns Equipent %;n u Plant 
Years Repotid lnd,,sWy s&l Class 

Industry a;,, 
&"ear Average Avsragr Avw,~~ Anne 

? y&S Yf Ail.................. . . . ..C............ O-15.OW kove 15,Ca Volts.......... volts........ 0.0189 0.0075 ::.: . 0.4 1.0 12.0 4.0 3600. da. 

3 292.6 10 Chemical............. o-lS.Ow volts............ 0.0342 606. 4.0 7.5 3600. 

1 2.121 76 Petmleu............ O-15.006 volts............ 0.0366 4.1 4.1 4.1 4.1 



TAME 13 - CABLE (NL TTPES OF INSLkAlIoII) 
(Ihit - 1,000 Circult~ Feet) 

*r F4ilure 
f,;lmt4 S;p$ NL$ 

Actwl l+o~~,w"tim/Fatlu~ 
Pate- 

x4 
Unit- FAllunr 

h,l"lWS lbdian u 

V9ws kported Industry :I%%: 
Wr Industly xnt Plult Pl4a 

wt-vew Avwpc Aver49c AWqe 4nr.Gl 

All................. Abow Smuld6krial 
5,692 6 : . . . . . . . . . . . . . . . . . o-6w volts...................... 

;"B 6,24G 
0.00141 457. 

601-bS.aM volts - All........... 'so.: %: . . . . . . . . . . . . . . . . . 
1 1.617 :: 

0.01410 
7: 

02:; . 
- . . . . . . . . . . . . . . . . . In Trays Ahon Gmurd.......... 

EE; 
12.7 

1: 
' . . . . . . . . . . . . . . . . . In Conduit &bon Gmund........ 

3.E 5: 
140: g 4fi 

" . . . . . . . . . . . . . . . . . Awl41 cable................... 0:01437 31.6 2: 
. . . . . . . . . . . . . . . . . . Bclar 6mmd 5 GImct Gurlal 

3 " . . . . . . . . . . . . . . . . . . 
ii:: 

o-600 volts...................... 
11: : . . . . . . . . . . . . . . . . . EEl 

16.0 8.0 
601-15.OOG volts - All........... 

24.0 4G.0 

E 116 . . . . . . . . . . . . . . . . . 
95.5 

In OUct Or Cmdult Gelor Gmlnd 2: :z 
1 2:976 10 

o:mS13 96.8 :.: 
" . . . . . . . . . . . . . . . . . Pbobon lS.Mx) volts............... O.OG335 16.0 16:O 16:O 16:O 

Ch4Dical............ AbonGmuld6Aerl41 

la1 :: " 
. . . . . . . . . . . . 

: 
Wl-15,OW volts - All........... 

1.137 I 0.02244 35.6 
x 

154. 
. . . . . . . . . . . . In Trays Abborr &omd.......... 

6 737 20 . . . . . . . . . . . . . 
O.OG968 ::: 8.0 

. Aeri4.l Cable................... 0.03800 4::: 2.0 417 178. 
. . . . . . . . . . . . Gelar Gmmd 6 Mnct _&41 

;E 

. . . . . . . . . . . . . 
:: , E " . . . . . . . . . . . . 

601-15,OGO volts - All........... 
EE 

53.0 
E ::: In Duct orCmdvit9.zlar6mmd . 53.0 ::: . . 

Petm1eu.......... Pbbov4 Gmlnd6krlal I . . . . . . . . . . 601-16.000 volts - All........... 
2' ::El :: * . . . . . . . . . . . 

O.Q3629 21.0 27.7 47.6 
Aerial cable................... o.m460 I 23.1 ::: 

5elo* Gmund 6 Direct Burial 
53.8 loo. 

. . . . . . . . . . 
961 . 

: 
. . . . . . . . . . M)l-15.0X3 volts - All........... 

961 :: . . . . . . . . . . . 
0.02345 94.0 26.6 69.7 

;1: 
1 

In Duct or Conduit Bclar Gmmd 0.02345 
K 

26.8 
2,976 10 ' El . . . . . . . . . . Above 16,wO volts............... 0.00336 . 16.0 . 16:O 



s 
a 
,5 
8 

TABLE 14 - CABLE (ML APPLICATIWIS) 
(IbW I l.@lO Circuit Feet) 

2 
% nwJ9r 

ii of,;lurts Sy: Nw$ ':::y 
Actual lb~uv,bmtfn/Failum 

Ilaxi- 

A 
Failurns M Median ua 

E .'z4 
!Mt; F4ilwes 

Rewwted Industry :?6x;: 
per Industry Plant Plant Plant 

2 
Al,.................. 601-16.000 volts 

Ihit-Vear Avcraae Aivera.x Averaar~ Anr4q 

5 
9 

:: 

pg 
ii 

. . . . . . . . . . . . . . . . . . . 44.5 10.0 176. " Themplastic................. 

7:126 55 
. . . . . . . . . . . . . . . . . . Themsetting................. ::%z 166. ,, 

a . . . . . . . . . . . . . . . . . . Paper Insulated Lead Covered.. 0.00912 46.9 
g;q 

:z "%: 

g 
6 1.419 26 ' . . . . . . . . . . . . . . . . . . Other......................... 0.01632 16.1 0.7 2.9:5 168. 

601-16.030 volts. 

9.156 2,570 : 

Chcrlcal............. . 

. . . . . . . . . . . . . . . . . . . . . . . . . . . Themplastic................. themrcttlng................. 0.00393 0.01009 117. 45.4 1::: 202 9.6 
25:0 

178. 367. 
g37 
697 

: * . . . . . . . . . . . . . Parer Insulated Lead Covered.. 0.02774 10.7 2.6 120. 
" . . . . . . . . . . . . . Other......................... 0.02297 16.3 6.0 9.0 166. 

Petmlcun............ 601-16.OW volt4 
2,520 1.299 :: . " . . . . . . . . . . . . . . . . . . . . . . . . Paper Tkcnmetting................. Insulated Lead Conmd.. 0.01770 0.00595 21.0 94.0 26.6 7.7 69.7 27.7 113. 47.6 

TABLE 16 - UBLE JOINTS (ML TYPES OF INSLLATIW 

N&w F4ilUrr 
of,;lmts S;PF. "~$4 NM.% 

Actual ibq;ln,kuntWFailu; 

Fsllures 

'z4 
Wt- hflum 
Ve4rr Rtmwted lndustrv :zl%z: 

115ow Its 
it!!:-Vu Awrrgc Anrape Anragc Avera- 

. . . . . . . . . . . . . . . . 

1: 
* A& gm:d 6 Aerial.......... 0.000611 20.3 16.5 46.0 
" 
. . . . . . . . . . ...\.. 
. . . . . . . . . . . . . . . . In Duct or Conduit Belcu Ground O.U30654 36.1 ;:: 31.2 160. 

ChWiCll........... 601-16,oCm volts 
6 24.120 21 . . . . . . . . . . . . In Duct or Cmdult 9elon 6mmd O.OCQ671 17.0 1.0 6.0 34.4 



TASLE 16 - CABLE JOINTS (ALL APPLICATICMd 
I 

NdW 
of,~lants SW& 

"Y 

Failure Actual Hours Cwmtia!Failurr 
Rate- mni- kxi- 

'2: 
Unit- Failures Equipnent Failures lkdian mun 

Year5 Reported Industty Sub Class Industy !?nt Plant Plant 
lJ%Year Averaqe Anraqe Average Averag 

Al,'................. 601-15,wo volts 

: 
27.860 2, Thcnnoplastic.................. O.C4,0754 15.8 3.4 
4.657 

1: 

: . . . . . . . . . . . . . . . . . 
. . . . . . . . . . . . . . . . . Themosettlng.................. O.Wl235 102. 14.0 608.: l$O 

5 13.500 " . . . . . . . . . . . . . . . . . Paper Insulated Lead Covered... 0.001037 31.4 1.0 2a:o 75.5 

Chenlcal............ 601-15.000 volts 
4 22.900 20 " ............ Themplastic .................. O.wO873 14.8 3.4 8.0 34.4 

TABLE 17 - CABLE TEPMNATITIOWS (ALL TVPES OF INSULATION) 

tuber 
)f Plants Suple Nldcr 
In SlZS Of 

$1' Unit- Fallunr 
"ears Aeported 

All.........,...... 

1: :% 55" 
" . . . . . . . . . . . . . . . . 
u 

24:OlO 
. . . . . . . . . . . . . . . . 

4 v . . . . . . . . . . . . . . . . 

: 
3.920 : * . . . . . . . . . . . . . . . . 
11.g10 22 " . . . . . . . . . . . . . . . . 

. . . . . . . . . . . . . . . . 
6 26,390 6 " . . . . . . . . . . . . . . . . 

In Trays Wow Gmurd...... 
In Conduit Above Gmw,d.... 
Aerial Cable............... 

In Duct or Cmdult Belaa Gmund 
601-15.Mx) volts............. 

chamica1........... Above Gmlndbkrial 

: 
25.790 21 ........... 
1.677 9 ' 

601-15.000 volts - All....... 
........... Aerial Cable............... 

AbonSmund5krial 
O-600 volts.................. 
601-15.000 volts - All....... 

0.003127 ,983:* 0.5 1::: 5.9 
o.Ow379 1.0 726. 
o.OaO333 6.0 7.0 9.0 11.0 

yo;Oo", 1157. 46.5 24.0 1.0 732. 11.3 1440. 64.4 

o.wo3l3 25.0 16.0 23.4 34.5 

O.OOaGI4 2G4. 7.0 11.2 728. 
0.005367 14.6 9.0 13.7 24.0 

Petmlcun.......... Above Ground 5 Aerlai 

: ;: 
II . . . . . . . ..I * 60!-'!&K-Q volts - All....... 0.001182 79.3 54.2 . 64.4 

. . . . . . . . . . Hna( caie............... o.wlo87 G4.4 ::: 64.4 64.4 



I 

Itar F~ilum Actual Han OmWalFailun 
Fate- mn,- Max,- 
FallurnS #kdIm 

%? 
LMt- Failures xl* 
Yerrr Reported 

Industry i?int P,,nt 
mhisty :zzz:: "%-ha? Average Average Aver494 A,w,gc 

All............. Em-ls.w Volts 

9' u’% 1: 
u . . . . . . . . . . . . . 0.004192 10.6 

5 20:49O 16 
1 . . . . . . . . . . . 

Thmoplastic................ 7.0 11.5 16.0 
11.3 1446. 

. . . . . . . . . . . . . 
rknoretting................ yQaw”p~? 451. 
Paper lnrulsted Lead Cove,ed. . 68.6 1::: 29.2 62.6 

TABLE 19 - I~ISCELUIIEWS 

I n!hlhr failum 
of Plants Sup14 N&w 

Actual Hours Omntlaa/Fai?urc 
Rdtc- mni- 

SZ$ - F.I)L-eS 

mxi- 

%; 
Fa1lum 

Ymn Reported Indvlty :%z:: 
Per Industry znt ::r M Pint 

tilt-Year Avmge Amage Aver,pe AW4$$ 
5 3,164. All............ FWRS........................ 
3 3wOO. z 

o.M)19 5.5 1.0 
" . . . . . ..I.... 

2.0 24.0 

: 
11.2 14 1 . . . . . . . . . . . . 

Prntectin Relays............ 
Y:Y 

5.0 0.6 ?2 

314. 
Inverrerr.................... 

12 . . . . . . . . . . . . Rectlfterr...........:....... 
107. 

0.0382 39.0 2% 
,e53:* 269. 
52.2 72:o 

2 5.6 14 Chemtcal....... 1nnfien .................... 2.51 107. 2.1 166. 369. 

1 16.8 IO Petrolem ...... Rectlficm ................... 0.5970 32.4 P.4 S2.4 0.4 

-I 

I 
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over lchmn arc expcted to hrw higher outa4e rates thm two pobltsjurt reflect the ruts oflife. 
nom&y closed breaker schemes, it follow, that the computed A eomFuiwn of ths au.blclu¶ive fail”rc rate (0.643 failures 
au.in*w*vc outage nte iI probably cane*, lower than the per year) with the fallwe rate for loal of al, circuits at one time 
outyc rate which would be computed for throwaver ~he,,w (0.119 failurn ,xr ye.,) @“es . rou4b idea of the de&w of 
only. i,lJ”foltunately v/e cannot comp”te the th‘owover supply faUurc mte improvement poaibk by wing fran a 
scheme outw nfe since we do not k,,ow which of the reported throwowr achemc to . l&me usiw “omlay dcded CilNi, 
utility rupplier w thmwovtr schemer.) breakers 

only point 3) re”ectr on the aocurxy of the d,u; the other 
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TABLE 20 - AVERAGE COST OF POWER OUTAGES FOR 
INDUSTRIAL PLANTS IN THE UNITED STATES 
OF AMERICA AND CANADA 

*. I 1 
All Plants $1.89 Per kU + $2.68 Per kWh 

Plants> 1000 kU $1.05 Per kW + SO.94 per kh'h 
Max. l&and 

Plants<1000 kW $4.59 per kW + $8.11 per kWh 
Max. Demand 

TABLE 21 - MEDIAN COST OF POWER OUTAGES FOR 
INDUSTRIAL PLANTS IN THE UNITED STATES 
OF AMERICA AND CANADA 

r 

All plants $0.69 per kW + $0.83 per kWh 

Plants > 1000 kW $0.32 per kW + $0.36 per kWh 
Max. Denand 

Plants < 1000 kW $3.68 per kW + $4.42 per kWh 
Max. Demand J 
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TABLE 22 - PLANT OUTAGE COST PER FAILURE PER kW OF MAXIMUM OEMRNO - 
ALL PLANTS (I per kW) 

Plants 
Industry Reporting _ Minimum u m Average 

;;HoInIluftry - USA h Canada 42 .002 .69 10.00 1.89 
. . . . . . . . . . . . . . . . . . . . . 0 

cement ..................... 
Chemical ................... 1: .02 .;2 3:a :75 
Metal .................... ..- - 2 _ _ .10_ _ 2.42_ _ 4.67-- 2.42 
Mning ..................... 0 
Petroleum .................. 5 .002 .07 :31 112 
Pulp and Paper ............. 
Rubber and Plastics........- - :_ _::L_::L_ G:__::o’ 
Textile .................... 

; 
.07 1.00 1:92 1.00 

Other Light Manufactur!ng . . .09 1.10 2.80 1.22 
;;th; Heavy Hanufactunng . . 

: 
1.67 3.85 10.00 5.11 

...................... .25 .94 7.50 2.26 
Foreign ..................... 1 .33 .33 .33 .33 

TABLE 23 - PLANT OUTAGE COST PER HR. DOYNTIHE PER kY OF MXIKyl DEEUND - 
ALL PLANTS IS per kUh) 

NUltW 
of 

Plants 

All Industry - USA I Canada 41 .0009 .a3 27.W 2.66 
Auto....................... 0 
cement ..................... 
Chemical ................... 1; .0&l .;4 2.11 
Metal ...................... - - 2 - - .55 -- .94 __1.33 
Mining ..................... 0 
Petmleum .................. 2 .0; 1.;4 2:43 
Pulp and Paper ............. 
Rubber and Plastics ........ - - : _ -53 - - :2 - -1% 
Textile .................... 1 .24 .24 .24 
Other Light Mufacturing . 6 .33 .79 2.00 
Other Heavy l4anufacturi"g . . 
Other ...................... 6" 

.93 6.35 27.00 

.75 2.50 5.77 
1 .07 .07 -07 

1.24 
.07 

-.66 
.24 
.91 

9.73 
2.69 
.07 



TABLE 24 - PLANT OUTAGE COST PER FAILURE PER kW OF MAXIMUM OEMRNO - 
PLANTS MORE THAN 1,000 kW MAX. DEMAND (5 per kW) 

NUti.2~ 
of 

Plants 
industry Reporting Minimum u Maximum Average 

All Industry - USA S Canada 32 .002 .32 7.50 1.05 

Auto........................ 
cement...................... i 
Chemicel.................... 11 .0; .;2 3:33 :75 
Meta,......................._ - 1 _ _.1.8 _ _.18 - - .18__.18 
. . n 
mmng...................... ” 

Petroleum................... 5 .002 .07 :31 .12 
Pulp and Paper.............. 1 .33 .33 .33 .33 
Rubber and Plastics.........- - 2 -- Textile..................... 2 2; - _,:;; - -,.9';- 

Other Light Manufacturing... 4 .09 1.10 2:80 

-,.;; 

1:27 

Other Heavy Manufacturing... 
: 

1.87 1.87 1.87 1.87 
Other....................... .25 .94 7.50 2.86 

1 Foreign..................... 1 .33 .33 .:3 .33 

1 

TABLE 25 - PLANT OUTAGE COST PER HR. .BlWfITIK PER kW OF MAXIMUM OEMRND - 
PLANTS MORE THAN 1.000 kW MAX. DEMO (f per kWh) 

NUirber 
of 

Plants 
Industq Reportinq m u m Average 

All Industry - USA 6 Canada 31 .0009 .36 5.77 .94 

Auto....................... 0 
cement..................... 
Chemical................... 1; .0009 .;4 2111 .;3 

Metal......................- - ! _ _ .55 - - .55_ _.55 - -.55 
Mining ..................... 
Petroleum .................. ; .04 
Pulp and Paper ............. 1 .07 
Rubber and Plastics ...... ..- - 3 _ - .28 - 

Textile ..... ..- ............. 1 .24 
other Light Manufacturing . . 4 .33 
Other Heavy Kalufacturing . . 1 .g3 

Other ..................... 6 .75 
Foreign ................... 1 .07 

1.;4 - 2.43 
.07 .07 

_.36 _ _1.33_ 
.24 .24 
.54 1.20 
.g3 .93 

2.50 5.77 
.07 .07 

1.24 
.07 

_.66 
.24 
.65 
.93 

2.69 
.07 



TABLE 26 - PLANT OUTAGE COST PER FAILURE PER kW OF MAXIMUM OEHANO - 
PLANTS LESS THAN 1,000 kW MAX. DEMAND (I per kW) 

I , 

Industry 

NUlltIer 
Of 

Plants 
Reporting _ Minimum Average Median Maximum 

All Industry - USA 6 Canada 10 .50 3.68 10.00 4.59 
Auto ........................ 0 
cement ...................... 
Chemical .................... : 
M&al .................... ..- - - 1 - - 4.67 - - 4.67 - - 4.67 - - 4.67 
Mining ...................... 
Petroleum ................... : 
Pulp and Paper .............. 
Rubber and Plastics ......... - - :__ -__- ___--_- 
Textile..................... 
Other Light Manufacturing... : .50 1.11 1.72 1111 
Other Heavy Manufacturing... 1.67 5.00 10.00 5.57 
Other....................... 

0' 

Foreign..................... 0 

TABLE 27 - PLANT OUTAGE COST PER HR. WWNTIME PER kW OF MRXI%V! DEMRND - 
PLANTS LESS THAN 1,000 kW MRX. DEMAND (I per kYh) 

Industy 

NUilber 
Of 

Plants 
Reporting Minimum m Maximum Average 

- USA 6 Canada 10 
....................... 

: 
Chemical ................... 0 
Metal ...................... - - 1 
Mining ..................... 
Petroleum .................. : 
Pulp and Paper ............. 
Rubber and Plastics ...... .._ _ 
Textile .................... 
Other Light Manufacturing . . z 
Other Heavy Manufacturing . . 7 
Other ...................... 0 
Foreign .................... 0 

.e6 

-1.33 - 

--_ 

.@6 
3.33 

4.42 27.00 

_1:33 - _1:33_ 

_- - 

1.43 2.00 
7.69 27.00 

_- - 

8.11 

-1:33 

_- 

1.43 
11.00 



TABLE 28 - PLANT RESTART TINE (After Service is Restored Follaring 
a Failure that has Caused Conplete Plant Shutdarn) 

of 
Plants Median 

Industry. Reporting (Hours) 

All Industry - USA 6 Canada.. 43 17.4 4.0 
Auto ......................... 0 
cement ....................... 0 
Chemical ..................... 19 20:7 20- 
Petal ........................ - - 1 - - 4--4 
Mining ....................... 0 
Petroleum .................... 3 37.3 26 
Pulp and Paper ............... 10 
Rubber & Plastics ............ _ _ : -- - 2.33 _ -'! 
Textile ...................... 3 58.3 72 
Other Light Manufacturing .... 7 2.14 2 
other Heavy Manufacturing .... 
Other ........................ : S.6 

2 
1 

Foreign ...................... 1 48 48 - 

TABLE 29 - CRITICAL SERVICE LOSS DURATION (Naxlmum Len 
Failure that Yill Not Stop Plant Production 3 

th of Power 

Nl&er 
Of 

Plants 
Industry kportinq a #dian 

All Industry - USA 6 Canada .... 55 12.6 min. 10.0 rec. 
Auto ........................... 
Cenent ......................... : 
Chemical ....................... 20 4.56 min. 1.25 sec. 
meetal .......................... _ _ 2 _ _ 15.0 min. _ _ 15.0 min. 
Mining ......................... 0 
Petroleum ...................... 1 1.0 sec. 1.0 sec. 
Pulp and Paper ................. 
Rubber 6 Plastics 

10.0 cycles 10.0 cycles 
.............. _ _ :__ 30.0 WE. - - 20.0 sec. 

Textile ........................ 3.34 min. 
Other Light Nanufacturing 

30.0 cycles 
...... : 10.3 min. 10.0 rec. 

wh:; Heavy Manufacturing ...... 10 47 min. 45 min. 
.......................... 8 1.9 min. 20.0 cycles 

Foreign ........................ 1 15.0 cycles 15.0 cycles 



APPENDIXA 
IEEE 

Std 493.1997 

TABLE 30 - LOADS LOST VERSUS TIME OF POWER ObTAGE 
(Tabulation of the Percentage of Equipment Failures 
for Which the Designated Load was Lost and Average 
Plant Outage Duration Resulting from these Failures) 

Type of 
Load 

For Equipwnt For Equipment For Equipment 
Failures 1 Cycle Failures Between Failures 10 
or less in 1 and 10 Cycles Cycles or tlore 
ouratjon in Duration I" Ouratl0n 

Not Not Not 
Yes No K"OW" Yes No Known Yes No K"Ow" 

computer 
Motor 
Lighting 
Solenoid 
Other 

0% 0% 96% 0% 91% 
:: 0% 343: 67% 0% 697: 33% 

0% 0% 22% 79% 0% 39% 61% 2% 
0% 

:: 0% 
0% 22% 74% 4% 25% 66% 
0% 7% 15% 78% 25% 62% 

Average 
Plant 
outage 
Ouration 

0.0 Hours 1.39 Hours 22.6 Hours 

Only non-zero data was Med in computing the average plant outage duration 

5) Mditioml i”fOr”Mi0” 0” tile cost of power outages in 
Sweden, tialway, and the United states is contained in [2] 

7Xe textile, petroleum. md chemical indurtrien have P much 
iongsr plant restart time than the other indurtrier included in 
the ruwey. 

L) There is a wide spread in critical setice loss duration 
thne for the 55 plaltr i” tile S”rwY. 

2) I, i, ruggcsted that the data from the 55 plants should be 
compiled 10 *ow several percentiles (IO. 25, 75.and 90 per- 
cent) in addition to the media” value already tabulated. 
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S”R”EY RPs”LTS 

The results are tsbulecd for the 14 “win equipment classes 
in Tabter 33-41. Ewbtabte represent* 0°C cotl”n”(of3o-46. 
card type 3). 

SUMMARY OF CONCL”SlONS 

T?E”.lfO- 

I” the fsres reported, there were approxb”ate,y s* cqust 
number of incidence, af repsirblg the fsikd m”sfm”lcr snd 
rep,ncing it with P spare. The repsir urgency stightly fwarcd s 
round-theclock repair “vcr the regular work.dsy schedule. 
tnrdequatc pre”e”tin mPi”te”MCe did not seem to tlsvc much 
blnuence an the reported fai,ures since “a prm”ti”c “labltc- 
“MM was rcpartcd ml only 5 percmt of the fsi,urcs; 11 percent 
of the fat,urcs VJerc blamed .a” inadequate maintcnmce. 
Danaged buulatio” both i” the vindings and busbi”gs ac- 
counted far the mjority of tbc trnnsfomer dansge, with the 
majority of failures being flssbovcrs bwotving ground. 24 
percent of the reported EPYS considered normat deteriomia” 
from age ss the contributi~ csuse of the fait”% yet 39 per- 
cent repted th*t they felt the mnnufscturer wss prbmrily re- 
spo”sib,e. Trsnsicnt ““emltages. from ,t$ltni”~ or stitching 
surgC*. s”d other blsldstion brel);down accO”nt for 4, percent 
of the reported fsilures. I” 90 percent of the reported cases 
uuc tm”sflmners wee wnoved from the sy*tem by mto”utic 
pratectiw devices; only 7 percent hsd manUP, rmlws,. 

cmli, Em.akers 

a.““, the sapme number of circuit bre*ers were repaired in 
plnce a* were replaced by spsrer. The relative importance of 
circuit breakers was indicnted by 73 prcent of Ibe survey re- 
spndcnts “mung repairs on s round-thecloek basis. The b”k 
of *e reported fsi,urn involved fluhovers to graund with 
danage primari,y to the pmtectiw device c”“qm”e”ts and the 
device t”sJtntion. Tra”dc”* 0”cr”cJ,ta~es, insulation brmk- 
downs. and protective device mslfunctions were considered a 

protective relay EOntrOl device hitinted the fame wiul 40 
percent of the respondents reportir~ that “mm, dctcriioratio” 
from age was a contributing came. over ball of the respondents 
felt that improper @testion v/Is primarily rcspnstble for the 
fnilure. tn the CPYl reported 36 percent had been discovered 
d”ri”gtnti”g or “lai”tcns”cc, md 20 percent were only partial 
failures. Lackof preventive maintenance was not a big problem. 
Thaw *tarter* that hsd bee” “mintDined less ,hs” 12 manths 
prior to the fiilurc lccounted for 67 percent of the cases 
reported. 

of the reported “lotor failures, about three quarters were rc. 
teed YCrs”s shout one fourth beg wp,*ced by a spare. 
Ab”“t three quarters were rep&cd on a re&u,s* work&y 
bash. nlhe types of faitvrcs nrtcd from “asbovcn 10 electrical 
defects, to me&mica, defects, Mb winding imvlnti”” md 
bcakgs wtsitig the msjarity of the damsge. tnsutatio” 
breakdown, overheating, and mcchsnicll seizing were blamed 
BS the primary initiating causes with “ormzl dcteriorstio” from 
age, ,au or dcftiency of lubrlcnnt, exposure t” abnormal 
“,oisfwe, snd exposure t” sggrcssivc chemicals raking high a” 
the List of contributing EBUICI. 39 percent of the failures were 
ducovcred during testing or msbxtcnpnce, which probably 
resulted in less sctua, dsmsge in those cases. tnadeqwte 
mbmnmce, improper apptimio”, and defective equipment 
were listed as having p’bnay rcspoponsibility. However, wer 
half of the respondents could not sssi~ responsibility into ““e 
of the survey classes. ‘,Ie mo,“n thst had bee” mb,tsb,ed be. 
Wee” 12 s”d 24 months prior to the frilurc sccounted for 
57 percent af the reported cases with lers tbm 12 months and 
nmre than 24 months accounti”* for 22 percent s”d 19 pr- 
cent, respectively. No prevmtive maintenance accounted far 
only Z percent. yet this does “at corrchte we” with bmdequte 
“mintemnc~ being Wed as having primary responsibility in 
17 prccnt of the re,mrted cases. 

ndsopemtionor testingcrrorsconridcrcdsr c”“ttib”tingwses. 
However, 33 p,ce”t of “w respondents could “at clntify the 

Of the. reparted pnemtor failures 84 percent were repaired 

b,itiati,,9 cause into my of the survey classa, and 55 percent 
in plscc. About the ssmc “umber were repaired on s round- 

could not clnrdfy the contributing cause into s”y of the survey 
tbcslofk bssb as were rep&cd on P rendulu workday basis. 

clnsses. I” sddition, 36 percent af the suspected causes of 
69 percmt of the respondents reported dmsse other than the 

fsi,ure were blmcd a” “ather.” 42 percent of the reported 
survey classes with electrical suxtkuies, winding insulation, and 

fai,uresbw”,ved ctrcuit breskerso@“~tien they should “of; 
moving parts sust.ini”g some damage. Mcchsniul bresling, 

it is ptible &at vvcral of thev fsitures were external to the 
trsnd~nt “vcm,tagcs; s”d about tutf unctssaified items were 

circuit breaker and of unknom csuse md were blamed on the 
considered the p,bnary vlithtin9 cmses with ““ma, dctcriora- 

circuit brcs!er. 32 percent of the repned fsdurcs involved 
tia” from se pnd prsistcnt “vcr,asding considered contribut- 

circuit breaklen ulst f&d du- a load-xrrying condition. 
ing causes. Responsibility vm spread between inadequate 

23 percent of the fsilures were blsmcd on the mmvfactunr 
msintenmcc md defective com,m”ents with sbovt half of the 

s”d mother 23 prscnt a” insdcqustc msintenance, but 36 
respondents unable 1” place primary responsibility into any af 

percent were btmed on “other.‘* lnadequnte preventive 
the survey ctssses. Infrequent 0, “0 preventive mai”te”s”w 

“,ab,fc”mce (PM) could be a factor af me st9”ificmce since 
were ““f invalved i” any af the reported csses, a point *at 

no PM w.s repancd on 16 wrce”t of the failures. 
doen not conc,ate with the fact tb*t s”l”e of the rcspn*mts 
felt budequstc msi”te”mce was the prbnsry responsibility. 

.mror skvte7s “isco”“ecr swirc*es 
Df the rcpmcd “mm stsrter fsilurn, about two thirds were Of the reported disconnect switch failures, 70 percent were 

repsired by rcpllclng the stsrter with a spare and two thirds repsired by reptseement with s spare. with work in 80 percent 

were repaired on P round-thcstoek basis. About ha,f of the <of the cases being performed “n s regular work-day schedule. 

csses reported indicate chat the damage was other thm the Electrical defects. mecba”icPl defects, and Basb”vers to ground 
ctasses Wed in tic survey, prbmily resulti”~ from “ashoven resulted in damage to mechanical components and imutsti”“. 
or ekctricll defects. 64 percent felt that s malfunction of s Same form of mechanical breaking or c”“tact from foreign 
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TABLE 31 - NWRER OF FAILURES FOR ELECTRIC UTILITY 
POHER SUPPLIES THAT CONTAINED THE 
INFORPUTIDN CALLED FOR IN COLWS 3D-46. 
CARD - TYPE 3 

Card NubW 

x 
Of 

u Failures 

2 
Failure &pair Method............. 
Failure RepaIr Urgency............ 

g 

g 
Fallure, months Since Maintained.. 25 
Failure. Damaged Part. . . . . . . . . . . . . 39 

38 Failure Type...................... 49 

z 
Suspected Failure Responsibility.. 
Failure Inltlatl" 

9 
Cause.......... :: 

44 Fallun Contribut "g Cause........ 
46 Fallun Characteristic............ 1:: 

TABLE 32 - NLWER OF FAILURES FOR EACH EViIN EQUIPMENT 
CLASS THAT CONTAINED THE INFORNATION CALLED 
FOR IN COLU4NS 30-466. CARD-TYPE 3 

I 

1 
Main 
y;;Rent 

m w bl 
Transfomrs 101 97 100 
Circuit gnaken 176 161 171 
Motor starters 
Motors 5%01.36) 4%ol.40) 5: 
Generators 63(co1.36) 31(all other) Disconnect Switches 101 100 ,,': 

Swgr. Bus-Insulated 
swgr. Bus-Bare :"4 ;: ;"3 
Bus Duct 
Open wire 1;: 1:: 1;: 
Cable 223 211 216 
Cable Joints 
Cable Terminatfons :: z :?I 
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Of the reported bus duet failures, 65 percent v/em repaired in 
place with the majority of them bdng repaired on a round-lhc- 

Clcck bad*. 90 percent of the rcspondentl mportcd some foml 

of damaged ins”latio” rewlting from a “sbo”er 10 pun*. 
Mechanical failure, insulstion breakdown. and o”crheMi”pw 
blamed as initiaing fieton. with normal deterioration due to 
age being tilted as a contributing factor in half of the cues. 
Iterpondbility for the reported failures varied from defective 
ccmlp”e”rs (26 percent), improper apptrstion (1.5 percent), 
to inadequate maintenance (16 percent). 

Of the reported open-wire failures, 70 percent were repnired 
in place with a little we, half involving a round the flock cf. 
fort. About half of the failures involved flashoven either to 
&round or b&wee” phnw nnd about 25 percent involved o,her 
electrical defects. In the reported failures. transient avcrvolt. 
ages, overheating, or shorting by metal objects were con- 
sidered the most significant initistin$ causs, with ,evere 
weather and exposure to a@Jerrive ctlemicnls b&g the pm- 
dominant contributing causes. 81 percent of the rerpndentr 
indicated that no preventive msinteruncc had bean prformed 
in over two yean. which suupportr the fact that over a fhird of 
them blamed inadequate maintenance as being rerpnsible. 
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TABLE 33 - FAILURE REPAIR METHOD 
TABLE 34 - FAILURE REPAIR URGENCY 

I I 

Table, Title, Category 

1. Repair of failed component in place or 

Repair by replacemnt of failed cm&men 

IIll 1 TABLE 34 FAILURE REPAIR URGENCY (Cal. 32) - 

8055 6656 53 1. Requiring mund-the-clock all out effort! 
1526 2822 31 2. Requiring repair work only during 

regular wor(tday. perhaps with som 
overtim 

5 0 622 16 3. &q;:rfng repair work on a non-priority 

019 0 0 0 99. Other 



TABLE 35 - FAILURE, KiNTHS SINCE MINTAINED 
TABLE 36 - FAILURE, DAK4GED PART 

-I- 

I I I -1 I I I I I 

I 1 I IllI I I II I I 
) TABLE 35 - FAILURE, MONTHS SINCE MINTAINED 

(COl. 34) 

;: 
1. Less than 12 months ago 
2. 12-24 months ago 

4. No preventive maintenance 
0 99. Other 

I I Iill I I IllI I TAGLE 36 - FAILURE, DAMAGED PART (COl. 36) 

1" ’ 

Insulation - winding 
Insulation - bushina 
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SNOIlVNIWI31 
31EV3 

0' 
c SINIOP 

2. 
318V'3 

2 

i? 
318V3 

3UIM N3dO 

k 13n0 

if 
sna 

E 
3UVB 

-Slla 8V35H31IfiS 

a3lvlnSNI 
-slla ~V39H311fiS 

S3H3 Ins 
133NNO;SIO 
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S3H31INS 
1m_ 

SLlOlV~3N33 
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- 

33 

0 
0 
5 
7 

2 

14 

12 

: 
2 

; 
21 

6 

,i 
10 
4 

'0 

3 

: 
0 
5 

0 
0 
5 

10 4 

0 0 
3 4 

293 1: 

3 2 1 3 20 

:: 
3 0 
0 0 

0 3 

4: 40 

- 

5 

: 
50 
10 

0 

0 

: 
0 
0 

0 
0 

35 

/ 

1, 
2 

, 

/ 

2 

I 
, 

, 

i 

TABLE : : - 

c 

:: 
E 

- 

0 

ii 
10 
15 

0 

0 

: 

; 

0 
0 
0 

- 
- 

5: 
:’ - 

- 

26 

2: 
B 
7 

0 

10 

14 

; 
0 

0 
0 
11 

'6 

0 
1 
19 
!4 

0 

7 

: 

: 

0 
0 
0 

: II 
- 

‘A 

:LG 
;g 
- 

- 
11 

0 

4: 
31 

0 

0 

: 
0 
0 

: 
la 

'IATING CAUSE 

I 

;o: 
;: Table, Title, Category 

’ TABLE 39 - FAILURE INITIATING CAUSE(Co1. 42) 

12 1. Transient overvoltage disturbance (lightnil 
switching surges, arcing ground fault in 
ungrounded system) 

0 2. Overvoltage 
2 3. Overheating 
51 4. Other insulation breakdwn 
24 21. Mechanical breaking, cracking. loosening, 

abrading or deforming of static or 
structural parts 

0 22. Mechanical burnout. friction, or seizing 
of mvinq parts. 

4 23. Mechanically caused damage from foreign 
source (digging, vehicular, accident&c, 

2 41. Shorting by tools or mtal objects 
2 42. Shorting by birds, snakes. rodents, etc. 
0 51. LOSS of control power 
0 52. Malfunction of protective relay control 

device, or auxiliary device. 
0 61. La, voltage 
0 62. La, frequency 
4 99. Other 



2 1 
4 

-+ 
2 

: 

i 

4 i 
3G 

2 

: 
a 

4: 1 

I3 4 

:: 
.o 2 
6 3 
0 0 
0 0 

!4 17 L 6 1 

:: 
0 0 

:: 
14 55 

LE 40 - FAI [LURE C 

- 

: 

-: 
17 
0 
0 

50 
11 

0 
0 

+ 
0 

11 

‘RIGUTING CAUSE 

I 

‘Z 
II- Table, Title, Category 

I TABLE 40 - FAILURE CONTRIBUTING CAUSE (Cal. 44) 

0 1. Persistent overloading 
0 2. Above-normal tenwratures 

1, Jelov_normalna te&ratl&v _ 
4. Exposure to aggressive chemicals or solwn& 
5. Exposure to abnormal moisture or water 
6. Exposure to non-electrical fire or burning 
8. Obstruction of ventilation bv foreian 

24 9. 
16 10. 

objects or nmterial _ _ 
No-1 deterioration from age 
Severe wind. rain, snow. sleet. or other 
weather conditions 

Prntectlve relay irpmperly *et 
Loss or deficiencv of lkwicant 
Lms xdeficie& of oil or coolin~di~ 
l4isoperati?%ior test%9 ?i?iv- 
Exposure to dust or other contaminants n-L._ 



- 

I. 

:: 
SC 
- 

I 

IO 

0 

0 

0 

0 

0 

i 

TABLE 41 - FAILUIU TERISTIC 

Table, Title, Category 

TABLE 41 - FAILURE CHARACTERISTIC (Cal. 46) 

Utility Parer Supplies (Select code) 
1. Failure of single circuit (no redundant 

SUPPlY) 
2. Failure of one circuit of a dotile-circuil 

redundant supply 
3. Failure of both circuits of a do&k- 

circuit reduldant supply 
4. Failure of all circuits of a three or mm 

circuit redundant supply 
5. Partial failure of a three or mre circuii 

redundant supply 

Transfomrs (Select Code) 
6. Automatic removal by prutective equipmnt 
7. Partial failure reducing capadty 
8. Manual Fenoval 
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TABLE 42 - SIMULTANEOUS FAILURE OF ALL CIRCUITS 
IN ELECTRIC UTILITY POWER SUPPLIES 

Nunbet. 
of 

Failures 

22 

3 

25 

Utility Power Supplies - 
Failwe Characteristic 
from Table 41 

3. Failure of both circuits 
of a double-circuit 
redundant supply 

4. Failure of all circuits of 
a three or more circuit 
redundant SUDD~Y 

Total ntier of simul- 
taneous failures of all 
circuits in a double or 
more circuit redundant 
SUPPlY 
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Toble 36: The dnmpged psrt of one pzrcent of failed ckcuif 
brake” ia a tap cbanptr. The duruged part oftbrce percent 
of f&d cables h B bead”& Windi tivl.tion is show” u the 
damaged part in failures of cables, bur ductr. and motor 
Itarter% 

Table 39: Three percent of the failures in dlsconncct 
Mtcbe~ were initiated by low voltage. 

Forced Outaaes 

EEI Report 

Number of 
Sample Size OCCUrW”CGs Outage Hours 
(unit-years) per Unit-Year per Occurrence 

204 0.142 91.8 
404 ::::; 126.5 
705 54.4 
483 0.393 125.6 

IEEE Reliabilitv Suwev 

Type of Drive 

Number of 
Sample Size 0ccurrencer Outage Hourr 
(unit-years) per Unit-Yea per Occurrence 

Swam turbines’ 761.8 0.032 165.0 
Jet engines 
Gas turbines 89.4 KG 23.1 
Diesel e”gtnes 59.4 127.0 

‘EEI results are for Seneratorr 60-89 Mw. 
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121 
pp. 169-183. 
B. L. Retterer, “State of art aseamwnt of reliability and maintabv 
ability as ap~lkd to ship systems,” inFwc. I969 Annu. Symp. on 
Rekbiliw, pp. 133-145. 

[3] H. Dagen. ’ Multiple rqpcnion,” in hoc. 29i’Z Amu, Symp. on 
Reliabi/ify,” 99.51-58. 

board &ctronic 

l-766. 

258 Copyright 0 1998 IEEE. All rights reserved. 



APPENDIX A 
IEEE 

Std 493.1997 

Copyright 0 1998 IEEE. All rights reserved. 



This page is intentionally blank



Appendix B 

Report on Eellabllty Survey of Industrial Plants 
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Previowly Reported in the First Three Parts 

Part5 
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Report on Reliability Survey of Industrial Plants, Part IV: 

Additional Detailed Tabulation of Some Data Previously 

Reported in the First Three Parts 

IEEE COMMITTEE REPORT 

INTRODUCTION AND RESUL’l-8 

D URING 1972 the Reliability Wxommit~tee of the 
Indwtrial and Commercial Power Systems Can- 

mittee completed a Ability survey of industti plants. 
This paper presents Part IV of t,he malts from the survey. 
Tbe first three parts [I>[31 were published previouly. 
Sane of the data in the first three pe.rts caused questions 
ta be raked about the pasaibility of obtaining additional 
details. Tbeae additional detaila are being reported in thie 
paper and include the following results. 

T& 48 give, failwe modes of circuit breakers, in- 
0l”dblg 

1) metalcl.sd draw”“t 
a) CMalv 
b) 601-15 000 V 
0) all ““ltrnes 

TaMea 44. 46 give cost of power outage,, adding 25 
and 75 percentile data to what WBI( previouly publiiei. 

Tab& 46 gives critical service loss duration time (maxi- 
mum length of power failure that will not stop plant 
prcduction), edding 10, 25, 75, and 90 percentile data to 
wb.G WM previously published. 

Table 47 lists lose of motor lord vemua time of power 
outape, adding the following leegth of power outage 
cstegoriea: 

1) 10 t” 15 OyclPs 
2) 15+ to 30 cycles 
3) 0.5+ to 2.0 s 
4) 2-t to 4.0 B 
5) >4.0 8. 

2) circuit breakers--metal&d drawout~ 
a, &aJo” 
b) above K”, V 

3) mut0m 
a) inducrion, 0 800 V 
b) induct,ion, 601-15 WJ V 
c) synchronous, 601-15 00, V 

4) oable 
a) abow ground and aerial, Wl -15 OM) ” 
b) b&w ground and direct burial, WI-15 Wo V 

In esch of the T&lea 43 through 56 reference ia made 
to the table in Parts I, II. and III where prcviow results 
bad been rrported. 
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TABLE 43 - FAI RE MODES OF CIRCUIT BREAKERS - Percent of 

Metalclad 
Drawout- 
All 

% 

5 

-" - 

1 
16 

0 

2 

0 

100% 

117 

7 

G 

4: 
l l 
stal Failures in Each Fallure Mode 

T 

,Flxed 
Type- 
All 
x 

z 
.4_ . 
4 

743 

2 

0 

5 

00% 

48 

1 

49 

Card-Type 3. Cal. 46 
FAILURE CHARACTERISTIC 

Failed to close when it should 
Failed while opening 

_Opened when it shouldn't _ _. 
Danaged while successfully 

opening 
Damaged Mile closing 
Failed while operating (not whi' 

opening or closing) 

Failed during testing or min- 
tenance 

Damge discovered during testin! 
or rmlntenance 

Other 

Total Percent 

Ntier of Failures in Total 
Percent 

Nunber Not Reported in Col. 45. 
Card-Type 3 

dual Failures in Tabk 5 
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It ,,,,pwra that t,he dominate failure modr for metalolad 
drawout circuit breakers, (t600 V, is “opened rhen it 
shouldn’t.” It is possible that wme of thcsc failures sero 
cxterns, to the bwakrr and of unknown cause and w.ere 
blamed on the bwaker. Rome of the* may have been due 
to imnroorrlrttinn of tbr trio current. 

The dominate i&c mode ior find-type circuit breakers 
(ineludrs molded case), o-600 Y, is “isilrd &la operating DISCUSSION-EFFECT OF FAILURE REPAIR 

(not while opining or closing).” JIETHOD A?jD FAILURE REPAIR 
URGENCY Oh’ AVERAGE HOURS 

DOWKTIME PER FAILURE 

DISCL%IOS-LOSS OF MOTOR LOAD 
categorirr, rather than thr 74 categories given in Part I. 

VERSUS TIME OF POWER OUTAGE 
These 9 elc.2trical equipment ca*tiies were selected be 
ce.use an adequate e.mple size existed ol the number of 

The data on loam of motor load shown in Table 17 failure and lxcaw the svemge dowtimc per failure 

indicate that for wwer out,apcs greater than 10 cwles we eRected simdfieantlv hr the failure rewir method I _ 
duration most of the plants lose the motor load. How&w. and/or the iailure repair urgency. 
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TABLE 44 - PLANT OUTAGE COST PER FAILURE PER kW OF l44XIMJIM DEKAND ($ per kW) 
All Industry - USA 6 Canada 

(Data Previously Reported in Tables 22. 24 and 26) 

Plant 
Size 

Nunber 
of 

Plants 25% 75% 
Reporting Mi"lmum Percentile Media" Percentile Waaximum Average 

All Plants 42 .002 .17 .6g 2.55 10.00 1.89 

Plants > 1WO kW 32 .002 .09 .32 1.31 7.50 1.05 
Max. Demand 

Plants < 1000 kW 10 .50 1.71 3.68 8.27 10.00 4.59 
Max. Demand 

TABLE 45 - PLANT OUTAGE COST PER HR. DOUNTIME PER kW OF K4XIMuM DEMRND ($ per kWh) 
All Industry - USA 6 Canada 

(Data Previously Reported in Tables 23, 25 and 27) 
1 

Plant 
Size 

NUfltJW 
of 

PIAM< 25% 75% I _. __ 
Reporting Minimum Percentile Median Percentile Maximum Average 1 

All Plants 41 .0009 .lB .B3 2.71 27.00 2.68 

Plants , 1000 kW 31 .0009 .12 .36 1.20 5.77 .94 
Max. Demand 

Plants < 1000 kW 10 .B6 1.83 4.42 12.50 27.00 8.11 
Max. Demand 



6 
9 TABLE 46 - CRITICAL SERVICE LOSS DURATION (klmum Length of Power Failure 

2 that Yill Not Stop Plant Production) 

z 
(Data Previously Reported in Table 29) 

, 

$ NUlliIW 

g of 

iii Plants 10% 
Industry 

25% 
Reporting 

75% 
1 Average Percentile Percentile 

9oz 
median Percentile Percentile 

i All Industry - 55 12.6 min. 
USA 6 Canada 

5.0 cycles 10.0 cycles 10.0 rec. 15.0 min. 60.0 min. 

Chemical 20 4.56 min. 3.2 cycles 8.5 cycles 1.25 sec. 5.0 min. 28.5 min. 

TABLE 47 - LOSS I 
Tabuli 
for Ml 
(Data 

1 cycle or less 
1+ to lo- cycles 
10 to 15 cycles_ 
15+ to 33 cycles 
0.5+ to 2.0 sec. 
2.0+ to 4.0 rec. 
>4.0 second 

3F 
at1 
IlC 

Pr 

T 

EClTOR LOAD VERSUS TIME OF POYER OUTAGE 
on of the Percentage of Equiprrnt Failures 
h the Motor Load was Lost 
'dviously Report,ed in Table 30) , 

i 



TABLE 48 TFZANSFORMERS-LIQUID FILLED, 601-15,OOO VOLTS 
EFFECT OF FAILURE REPAIR )rETHOO AN0 FAILURE REPAIR URGENCY 
ON THE AVERAGE HOURS DOUNTIK PER FAILURE 
(Previous Data Given In Tables 4, 33 and 34) 

FAILURE REPAIR METHOD FAILURE REPAIR METHOD 

Replace Replace 
Repair with spaFe Total RePai r with Spare 

Awrage Hours Dwntim 
Nuher of Failures per Failure FAILURE REPAIR URGENCY 

4 22 26 l 130 1. Requiring round-the-clock all out efforts 

10 3 13 342 t 2. Requiring repair work only during regular 
workday, perhaps with sore overtim 

0 0 0 3. Rez;ruring repair work on a non-priority 

14 25 39 Average 174.Hours Total 

*small sanp1e size 

TABLE 49 - TRANSFORFICRS-LI'?UID FILLED, AGOVE 15,OOO VOLTS 
EFFECT OF FAILURE REPAIR METHOD AND FAILURE REPAIR URGENCY 

ON THE AVERAGE HOURS COHNTIME PER FAILURE 
(Prevfous Data Given in Tables 4, 33 and 34) 

I 
FAILURE REPAIR METHOD FAILURE REPAIR METHOD 

Replace Replace 
Repair with spare Total lt.Zpair with Spare 

Average Hours Darntime 
Nunber of Fatlures per Failure FAILURE REPAIR URGEWCV 

2 5 7 l * 1. Requiring round-the-clock all out efforts 

12 4 16 1842 * 2. Requiring repair work only during regular 
workday. perhaps with son?? overtim 

0 1 1 t 3. &&ring repair work on a non-priority 

14 10 24 Average 1076.H~~~ Total 

l smn11 Sawle size 



TAM 50 - CIRCUIT BREAKERS - l&TALClAD GMYOUT, O-600 VOLTS 
EFFECT OF FAILURE REPAIR )rETHOO AWD FAILURE REPAIR URGENCY 

ON THE AVERAGE HOURS OOUNTIME PER FAILURE 
(Previous Data Given <n Tables 5. 33 end 34) 

I 1 
FAILURE REPAIR MTHOD FAILURE REPAIR lETHO 

I I 
Replace Replace 

Repair with Spare Total Repair with SDwe 
Average Hours OobmtW 

Nuber of Failures per Fellwe FAILURE REPAIR URGENCY 

31 19 50 3.3 3.6 

6 1 7 * 1 

1. Requiring round-the-clock all out efforts 

2. Rqulrlng repair work only during regular 
workday, perhaps with SML overttme 

I a 1 9)' l 13. Requfring repair work on a non-priority 
basis I 

1 1 

45 21 66 Anrape 147. Hours Tote1 

*aa sIlp1e size 

TABLE 51 - CIRCUIT BREAKERS - METALCLAD DRAW-I. ABOVE 600 VOLTS 
EFFECT OF FAILURE REPAIR HETHOO AND FAILURE REPAIR URGENCY 

On THE AYEpAGE HOURS OOHNTIFE PER FAILURE 
(Previous Data Given in Tables 5. 33 end 34) 

I FAILURE REPAIR KTHOO FAILURE REPAIR EETHOD 

Replace Replace 
Repair with spare Tote1 Repair with Spare 

Average Hours Darntin 
Nu"ber of Falluns per Fallun FAILURE REPAIR URGENCY 

34 12 

3 9 

0 0 

37 21 

*smell Sanole Sire 

46 

12 

0 

56 

83.1 2.1 1. Requiring mund-the-clock all out efforts 

l l 2. Requiring repair work only during regular 
workday. perhaps with sane overtine 

- 3. Re;;ufng repair work on a non-priority 

Average 109.Hours Total 



TABLE 52 - MOTORS - INDUCTION, D-600 VOLTS 
EFFECT OF FAILURE REPAIR METHOD AND FAILURE REPAIR URGENCY 

MI THE AVERAGE NOURS DOWNTIME PER FAILURE 
(Previous Data Given in Tables 7. 33 and 34) 

FAILURE REPAIR METHOD FAILURE REPAIR METHOD 

Replace Replace 
Repair with Spare Total Repa4r with %arn 

Average Hours Damtime 
Nu,tier of Failures per Failure FAILURE REPAIR URGENCY 

12 19 31 

175 2 177 

D 5 5 

187 26 213 

44.7 6.6 1. Requiring round-the-clock all nnt effort? 

123 t 2. Requiring repair work only during regular 
workday. perhaps with sblte overtine 

- t 3. I$;luring rnpalr work an a non-priority 

Average 114.Uours Total 
I I 

l smn11 Sanple size 

TABLE 53 - WJTORS - INDUCTION, 601-15.000 VOLTS 
EffEcr of FAILURE amm METMD AUD FAILURE REPAIR URGENCY 

ON THE AVERAGE HOURS DOWNTIME PER FAILURE 
(Previous Data Given in Tables 7, 33 and 34) 

FAILURE REPAIR METHOD FAILURE REPAIR NETHDD 

Replace RePlW 
_R air with Spare Total Repafr en 

Average Hours Dwntine 
Nunher of Failures per Failure FAILURE REPAIR URGENCY 

14 10 24 88.1 l 1. Requiring round-the-clock all out efforts 

93 48 141 83.6 34.7 2. Requiring repair work only durtng regular 
workday, perhaps with SOIR overtlue 

6 0 6 l 3. ;eqzq;ring repair work on a non-priority 

113 58 171 Average 76.Hour~ Total 

l Sm31i sanp1e size 



TABLE 54 - KITORS - SYNCHRONOUS, 601 - 15.000 VOLTS 
EFFECT OF FAILURE REPAIR METHOD AND FAILURE REPAIR URGENCY 

ON THE AVERAGE HOURS WNNTIME PER FAILURE 
(Previous Data Give" in Tables 7. 33 and 34) 

FAILURE REPAIR PETHOD FAILURE REPAIR NETHOD 

Reolace ReDlam ~~~~-~ 
ReDal r with SPare Total 1 lle~air with Spare 

Average Hours Downtine 
Nun&r of Failures per Failure FAILURE REPAIR URGENCY 

28 2 30 198 l 1. Requiring round-the-clock all out efforts 

55 a 63 201 t 2. Requiring repair work only during regular 
workday. perhaps with s"me overtire 

1 0 1 l 3. Requiring repair work on a non-priority 
basis 

a4 10 94 Average 175.Hours Total 

'Snail Sample Size 

TABLE 55 - CABLE - ABOVE GROUND II 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 
Reoair with Spare Total 

Re lace 
Repair wit Spare R 
Average Hours Downtime 

Ntier of Failures per Failure FAILURE REPAIR URGENCY 

46 4 50 9.0 

11 8 19 l 

t 

+ 

1. Requiring round-the-clock all out efforts 

2. Requiring repair work only during regular 
workday, perhaps with some overtime 

2 4 
I 

* t 3. Requiring repair work on a non-priority 
basis 

59 14 73 Average 40.4 Hours Total 
I 

'Small sanp1e Size 
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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 

INTRODUCTION AND RESULTS 

D URING ,972 the Rdibilitg Subcommittee of the 
Industrial and Commercial Power Systems Com- 

mittee completed a reliability survey of industrial plants. 
This papa presenti Part V of the result4 from the survey. 
The first three parts [I>[31 w-we published previo&; 
come of the data of lesser importance were not published 
at that time but are presented in this paper. Included in 
Part v *e 

Table 57-Failure Forewarning for Public t 
Power Interruption Only. 

Table %-Percent Production Last, 
Table S%\Iethod of Service Restoration, 
Table BO-Average Age of Electrical Equipment, 
Table BI-Plant Climate, 
Table 62-Plant Atmosphere, 
Table K-Plant Operating Schedule. 

Idlit! 

These data are useful nhen using the results published in 
Parts I, II. III, IV [a], and VI [.i]. This information is 
also useful in the design of industrial power distribution 
systems. The data on werage age of electrical equipment 
snd plant operating schedule provide answers to some 
pointa raised in the written discussion to Part I. 

SURVEY FOR>, 

The survey form is shown in Appendix A of Part I [I]. 
The information reported in this paper came from 1) card 
type 3, columns 25,;13, and .SS; 2) card type 2, column 33; 
and 3) card type 1, columns 9-11 and 13. The definition 
of /ailwe is given in Part I. 

RESPOh-SE TO SURVEY 

A tots, 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 thir paper, Part V, the 
number of indust,ries were reduced from nine down to five 
plus .w “a,, othw” category. The five industries selected 
were the ones for which equipment failure rate data were 
reported in Tables 3 through ,9, Part 1. A,, of the remain- 
ing indust,rics IWTP combined into an “al, other” c&gory 
in Tables 6,&G on plant climate, plant atmosphere, and 
plant operating schedulr. 

DISCUSSION-FOREWARNING FOR PUBLIC 
UTILITY POWER IXTERRUPTIOS 

Only 3 perecnt of the time was a failure frxewarning 
given for a public utility power interruption to the indue- 
trial plant. Data from Table 3, Part I. and Table 57, 
Part V, indicate that B large percentage of these interrup- 
tians 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 B double circuit 
with manual a,vitchover. 

273 
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TABLE 59 - METHOD OF, SER 

I 20 17 
1 14 

7: 
0 

I 13 2: 0 
0 6 

I 100 100 100 
I 15 69 12 

RESTORATION 

Cal. 58 
Card Type 3 

Gi~;~ne;;b; of restoring service 
P 

T wmry selectron - manual 
2 Primary selection - automatic 
3XSecondary selection - manual- 
4 Secondary selection - automatic 

Network Protector operation - 

__ 

, 
automitic 

Repatr of failed conponent 
Replacement of failed conpcment 

with spare 
Utility restored service 
Other - explain in remarks 

!!E 
160 - 

po_ 
26 - 

r0td Percent 
TOTAL NUMBER REPORTED 

E 60 - AV 

-T- 

ELE 

I 

\GL - 

I 
IER 

I 

NUM LL Age 

0 03015 0 12 1 Less than 1 year old 
1998 1206 12 1019 1385 3314 2 l-10 years od 
555 13640 472 1831 2338 5712 3 More than 10 yean old 
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1 

-1: 
7 
a 

- 1. 

: 
0 

22 

-;. 

-0”. 
2 
1 
1 

TE (for entire plant site) 
PHERE (for entire plant site) 

Table, Title. Card-Type 1 Colum No. 

TABLE 61 - PLANT CLIFYITE (Col. 9) 

Average of Daily Maximum for Hottest Elonth 

TenWrature Relative Hunidlty (RH) 

1 Hot ()9OF) 
-(measured at noon to 2 PM ST) 
High 055 RH) 

2 Hot 09OF) b!oderate ( 50-55 RH) 
_ -3 Hot (>90F)_ -Low (< 50 RH) 

-- 

9 Low (< 8oF) 

TABLE 62 - PLANT ATMOSPHERE (Col. 10) 

1 Clean to slightly polluted air 
2 With salt SPIW and corrosive chemicals 

_- -3 With salt spray and dust or sand _ _ _ _ 
4 With salt SD,XY onlv 
5 With corrosive chemicals and dust or sand 

.-- 6 With corroslw chemicals only_ _ _ _ 
7 With dust or sand only 
a with conductive dmt 
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TAB 
I I 

NUMBER OF PLANTS HOURS PER DAY (Cal. 11) 

0 
9 

: z 0 
1 

: : 0 Less than 8 
6 8 

1: !I _-O.-O 0 -O.-O 

: 1 ! : 3 : 3 

- 1; -9 16 to15 - - - _ _ 

4 1: 0 7 24 17 to 23 

DAYS PER WEEK (Cal. 13) 

__3k O __ O ,_ ? _ 
Less than 5 

3: 

; : 0 ~._:_2:._ 0 0 : ----_ 

) 19 1 7 1 3 : 7 

DISCUSSION-PERCENT PRODUCTION LOST 

The most severe category of failure in B” industrial 
plant ia where above 30 percent of the production is lost. 
Data from Table 38 show that the followiing percent of 
equipment c189s failures resulted in losing above 30 percent 
of the production. 

DISCUSSIOS-METHOD 01: SERVICE 
RESTORATION 

Copyright 0 1998 IEEE. All rights reserved. 

22 pereP”t 

22 percent 
?? percent 
12 percent 
11 pPlCe”t 

7 percent 
2 percent 
2 percent 

xnatie o+ percent 

DISCUSSIOS--AYERAGE AGE OF 
ELECTRICAL EQ”IP.\IENT 
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Bus duct 92 percent 

open lnire 92 percent 
Generators 9Q percent 
?lIotors 65 percent 
Cable 64 percent 
Cable joints 63 percent 
CsbIe terminations 63 percent 
TIfUl8fWl”WS r,4 percent 
Suitehgear bueinsulated 52 wrcent 

Motor starters, diicanneet switches, switchgPar buwbare, 
and circuit breakers had over 54 percent of the installed 
units one to ten yews old. 

I,? percent of the circuit breakers were less than one 
year old. AU other equipment elssses had less than 0 per- 
cent of the in&&d units less than a year old. 

DISCUSSION--PLANT CLMATE 
AND ATMOBPHERE 

Data on plant climate and plant atmosphere are given 
in Tables 61 and 62. 43 percent of the plants wwc in a 
hot climate, 33 percent in B moderstc climate, and only 
4 percent in a low climate (cold &Me). 43 percent of 
the plants bad high rrlative humidity. 31 percent bad 
moderate relative humidity. and ?6 percent had low rela- 

tive humidity. 53 pmcent of the plants bad a plant 
ntmusphere rIassifie.3 as “clean to slightly polluted sir.” 
The other 47 pmxnt had 8” stmosphere with some 
contamination. 

DISCUSSIOX-I’LAST OPERATING SCHEDULE 

The data on plant opt.rati”g schedule arc eve” in Table 
63. 52 percent of the plants operated 7 daya per w-erk, 
4 prwnt for 6 days, and 44 pmrnt for 5 days. .59 percent 
of the plants operated 24 h per day, 28 percent fur Lc, h, 
and 13 percent for 8 h. 

REFERESCFS 
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Report on Reliability Survey of Industrial Plants, Part VI: 

Maintenance Quality of Electrical Equipment 

IEEE COMMITTEE REPORT 

3, col. 40 (suspected failure responsibility). The d&nit& 
INTRODUCTION of foilwe if given in Part I. 

A KNOWLEDGE of maintenance quality of electrical RESPONSE TO SURVEY n. equipment in industrial plants iauSef~1 information 
when planning the maintenance progre.m of industrial 
power diatributian systems. In addition it is useful to 
know bow this correlatea with the normal maintenance 
cycle and the failurea blamed on inadequate main+.enance. 
During 1972 the Reliability Subcommitteeof the Industrial 
and Commercial Power Systema Committee completed B 
reliability survey of industrial plants. This paper presents 
Part “I of the results from the survey. The first thrix parts 
[I+[31 were published previously. Table 33 from Part III 
reported that inadequate msintenance wa4 blamed for 
between 8 to 30 percent of the failures of ele&rieal equip- 
ment. This information has caused the Reliability Sub 
oommittee to make a further study of the failure data; 
the results from tbia study are being reported in this paper. 
Ineluded in Part VI are the results for 12 main classes of 
electrical equipment an 

I) equipment population vemu8 ai maintenance quality 
and b) normal maintenance cycle; 

2) failures due to a” eaues versus a) failure, months 
since maintsined, and b) maintenance quality; 

3) failures due to inadequate maintansnce vemw a) 
failure, months since maintained, and b) main* 
nance quality. 

The “maintenance quality” in an opinion that wan 
reported by each participant in the survey. The four 
ctificatione used were “excellent,” “fair,” “paor,” and 
“none.” The “normal maintenance” cycle is the frequenr, 
of performing preventive maintenance. 

A total of 30 eompsniw responded to the survey qucs 
tionnaire, reporting data from nine industriep in the Uniti 
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 type 3, columns 34 and 40; 
a total of 1469 failures had this information filled in and 
are reported hnre in Part VI, and 240 of that failures 
were blamed on inadequate maintenance. Diflerences in 
the number of failures and unit-years reported here in 
Part VI and those previously reported in Part I and Part 
III can be wplaincd from the preceding. 

STATISTICAL ANALYSIS 

The abject of statistical analysis of equipmrnt failures 
is diussrd in Part I Cl], Confidence limits for the failure 
rate are shown in Fig. 1 of Part I. The Reliability Sub. 
committee concluded that eight failures is e.n adequate 
sample size for reporting failure rata in the summary in 
Table L, Part I. In B fcu cs4op, failure rate data were 
reported in Tables 3 through 19; Part I, where there were 
less than eight failures. 

In this paper several c- are reported in Tables 67 
through 78, where the failure rate contains le4s than eight 
failures; theao c-have been marked “smallsample Sk” 

SURVEY RESULTS 

Results me tab&ted fur 12 tin equipment classes in 
Table 64 where the equipment population is given verw8 
l) mrintenanee quality and 2) normal maintenance cyelc. 

Table 65 summtises the percent of each electriosl 
equipment claw poptdstion versus the maintenance qual- 
itr. Table 66 summak~ the percent of each electrical 
equipment ckss population vemns the normal maintenance 
cycle. 

Results are tabulated for each of the 12 main equipment 
claeses in Tables 67 through 78. where the number of 
failurea is given for 1) failures due to all causes and 2) 

Copyright 0 1998 IEEE. All rights reserved. 279 



IEEE 
Sid 493-1997 APPENDIX S 

280 Copyright @ 1993 IEEE. All rights reserved. 



APPENDIX B 
IEEE 

Std 493-1997 

fair. Lees than 5 percent of the papulatio” in each equip 
ment cluea (except for motor *t.srkra) were classified IvI 
par. Four equipment cateprips bad between 24 percent 
to 43 percent of the population clssnified BS ““one” under 
maintenance quality; tbk included cable termination (43 
percent), disconnect switches (40 percent), cable (35 per- 
cent), aad cable joints (24 peroent) 

Maintenance quality bad a siiificant eRect on the 
percent of all failures that were blamed on inadequate 
main&-“ante. I” the “poor” category 33 percent of aU 
failures were blamed on inadequate maintenance. This 
rompares with 18 percent for fair maintenance and 12 
percent for exce”ent maintenance. Tbe “no”& category 
for “w.i”tens”ee quality &a bad 12 percent of all failure 
blamed on inadequate maintenance; but 82 percentoftbese 
failure+ vere far equipment clasres tbe,t do not require 
much maintenance (cable, esble terminationa, cable joints, 

Copyright8 1998 IEEE. All rights reserved. 281 
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IMINTENANCE 

TABLE 79 - NUMBER OF FAILURES VERSUS 
MAINTENANCE QUALITY FOR ALL EQUIPMENT 

CLASSES COMBINED 

Nunber of Failures 
in Tables 67 thru 78 

ALL INADEQUATE 
CAUSES I MAINTENANCE 

PERCENT 
of Failures 
Dw to 
Inadequate 
Maintenance 

TABLE 80 - NUMBER OF FAILURES VERSUS 
MONTHS SINCE MRINTAINED FOR ALL 
EQUIPMENT CLASSES COMBINED 

PERCENT 
Nunber of Failures of Failures 

FAILURE, W)NTHS in Tables 67 thru 78 DW tq 
SINCE MRINTAINED ALL INAOEQUATE Inadequate 
Card-Type 3. Col. 34 CAUSES MAINTENANCE Maintenance 

Less than 12 Months Ago 310 7.4% 
_ 12-24 Months Ago _ __ 535 __ _ ,',' _ __ 11.2% _ 

More Than 24 Months Ago 113 36.7% 
No Preventive Mdintenance ?l68 44 13.9% 
Total 1,469 240 16.4% 

Motors with e. maintenance quality of “fair” had a 
failure rate due to inadequate maintmanee that wlls five 
times higher than motors with exerllent maintzmanee 
quality. 

open Wire 

Open wire with B maintenance quality of “fair” had a 
failure rate due to inadequate maintenance that, UBL more 
than ten times higher than open wire with rxrrllent 
maintenance O”&,~. 

Approximately 15 percent of the circuit breaker pop&.- 
tion had a maintmancr quality classified 09 %on~.~’ This D,SC”SSIOI\T-.\IAI~~~~*~~~ QUALITY 

cornpaws with ,e~p than 1 percent of the population for From Table 79 it is possible to edcu,at* for all <quip- 
tm,sfom,,ers, motors, and generators. ment classes combined the ratio of the number of failures 

It ie of in+,erest to note that data from Table MI, Part V from inadequate maintmance to the numhrr of failures 
also show that 15 percent of the circuit breaker population from a,, other causes. This ratio Y~~RUS maintcnanco 
was less than one year old; this compares xi-ith less than quality is *s follows poor~+.W, fairq.22, rxeellent- 
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maintenance quality W’BS that there we.% no objrctive 
definition of “~xccllmt~,” “ fair,” or “pwr.” Thrrr RW no CO~I~fF~iTS~~~SOR,\,AL .\IAISTETASCE CYCLE 

standards for maintmancc quality, and thus this dats A detailed analysis has not been made of thr “maintc 
must be eonsidcrcd to be individual judgment. However, uancc, nmmal ryclc” data in Tablw 64 and 66. It is 
data rep&-d under “failure, months since maintaind” possible that some intercstin3 conclusions could also be 
does not have this smm drswback; thir data cm hr cm- dram frum an analpis of this data. 
sidered factual. 
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TABLE 5 

CRITICAL SERVICE LOSS DURATION TIME 
FOR "ALL BUILDINGS" 
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SURVEY FORM ON COST OF ELECTRICAL INTERRUPTIONS IN COWERCIAL BUILDINGS 

INDUSTRYANDCENERALAPPLICATIDNSGRDUP 

RELIABILITY SU3COKMITTEE OF THE INDUSTRIAL 
8 COllHERClAL POWER SYSTEMS COMMITTEE 

A. D. Patton 
Texas A L II University 
Elcctrlc Q~nr Institute 
college station. TX 7734, 

1. 

2. 

3. 

4. 

5. 

COWA,," NAME (Fill in 3-letter abbreviation of name) 

B",LDING NO. (Fill in requencs nuntxr 1. 2. 3. etc. 
for building(r) reported on) 

BUILDING TYPE (Check type which best describer your building): 

D Office 0 Office/Retail Sales ,, Office/Retail SaleslA.plrtmnt 

OFail sales 0 Other (describe) 

BUILDING LOCATION (Check applicable items): 

0 Dmmtcm; cl urban; cl Suburban; 

0 l&A: Eastern; cl USA: Central; 0 DSA: &stern 

BUILDING DATA - GENERlL 

cross Arm, rpvare feet 

N&r of Floors 

Averwe Usage of Building: Nourr/Day Days/Week 

Estimated Nmber of Office Employees (If my) 

Lstimatatcd Annus, Retail Sales (if any) 

IS Auxiliary or Emergency Generation Provided: D Yes q No 

296 Copyright@1998 IEEE.Allrights reserved. 
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Pape 2 Of 2 

6. 

7. 

6. 

9LllLDlN6 ELECTRICAL USLGE DATA 

Electr(ca1 Energy "rage for 1%mnth Period KM 

Electrical Naxlmm Demand for this Period kn 

Type of Service: 0 Single Feeder: 0 Network; ,,~~We,';;,"wd~;,~i'h 

0 Other (Explain) _ 

COST OF ; ;O;A~,ItI~ERRL!W OF EiiCTRlCAL SERYICE TO "OUR BUILDIN 
16 P A C OD (best Opinion _ If no interruptions have 

occurred. assume hypothetical instances) 

a) 19.~l4inute Duratlcm s 
b) 1-Nwr Duration S- 

C) _ Wourr Duration S- 

Doer a, b. Dr c Include losses from 
,n =on-line. electronic com$l"terl 0 "es 0 NO 

for 'Office Bu,ldingr' loss should include wager of all enployees affected. 
plus any other direct costs incurred Including delays. and dmge to equip- 
mnt. Thlr would lnclvde any losses from an "on-line" electronic conputer. 

For 'Retail Sales" cost should include estlmted loss of salts minus cost 
of 9ocds not sold, plus cost of ary dmge incurred. 

&EffiTH OF INTERRUPTION OF ELECTRICAL SERVICE 

If there a definitive, length of tim before 
,n tnterruptm cause* I slgnlflcant loss7 0 Yes 0 No 

If 'Yes', what Is mx.1mm tlnr before 
signlficrnt losses vlll be incurred? _ Hours _ Imuter 
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Report of Switchgear Bus Reliability Survey of Industrial 
Plants and Commercial Buildings 

Power Systems Reliabitify Subcommittee 

Power Systems Support Committee 
Industrial Power Systems Department 

PAT O’WNNEU MEMBER, ,EEE 
COORDlNATlNG AUTHOR, 

cstcgartzc information into major areas of application. An wea 
of primary concern is maintenance because of its obvious reta- 
‘lion to fPilure ,a,~. However, this is ,be mos,difficut,dstum,o 
obtain in complete md unifon forma, for meaningful rewks. 
Rerponscr in this survey did no, permit these results 10 appear, 
parfly due 10 the respondents’ failure lo submit information 
nnd parfly due to the survey forma,. 

Patted u”i, data were requested in the form show” in the 
second portion of the quc~ionnnire. The major categories are 
CIUXI of failure, fypea of failure, duration of failure, and 
faited companentn. This form is lest ex,e”Uve, but more 
specifically oriented for switchpar bus than in 1973 and ,974 
Juwey [Il. 

SURVEY RESPONSE 

Table I ~“m”l~ri2er the survey response including number 
19 buses. compmies. md plants. I” this swvey, bus”u”i,-year” 
is defied a, the product of the 101.1 number of switch&-sr 
connected circuit breakers md co”“cc,cd switches reported in 
ia category timer ule total exposure time. I” the previous 
survey, the u”i,.yea, did “of include the “umber of connected 
witches; *a, is, only the connected circuit bre*en were 
counted. Table ,I shows the ,973 and ,974 [t] ruwey and is 
included for cornpark,” of rcrponser. The ,D,P, “umbcr of 
planta in the new survey rcrponr is considerably greater than 
in the ,973 snd ,974 survey, but it is interesting lo note ,ba, 
uni,.year svnple ,,a is sli&ty less. Also some discrepancy 
appars in the lo,4 “umber of failures reported in Table I and 
fhope of some ubcategories in tables to follow. This is due to 
all companies no, responding 10 every category. 

SURVEY RESULTS 
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Ftg. 1. Switchgear bus reliability survey for metalclad and metal 
encloxd switchgear bus. 
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TABLE II 
RESULTS OF PRE”lOU.3 SURVEY P”BL,SHED IN ,973 AND ,974 , I, 

SWITCHGEAR BUS!: INDOOR AND OUTDOOR 
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TABLE III 
TYPEOFGR~~NDING~VERALL,BUSINSULATEDAND 

BUSBARE 

NOT 
UNGROUNDED SOLID-GROUND IMPEDANCE-GROUND REPORTED TOTAL 

(Unit-Year) 

Sample-Size 20262 9787 17280 4062 51391 

X FAILURE 17 12 23 2’ 54 

FAILURE RATE .000839 .001226 .001331 .001050 

* Small sample size. 

TABLEIV 
BUSINSULATED 

NOT 
UNGROUNDED SOLID-GROUND IMPEDANCE-GROUND REPORTED TOTAL 

(Unit-Year) 

Sample-Sire 4626 4274 14270 1685 24855 

# FAILURE 7’ 4* 16 1’ is 
\ 

FAILURE RATE .001121 .001126 

* Small sample size. 

TABLEV 
BUSBARE 

NOT 
UNGRUJNDED SOLID-GROUND IMPEDANCE-GRWND REPORTED TDTAL 

(Unit-Year) 

Sample-Sire 15636 5513 3010 2377 26536 

I FAILURE 10 8 7’ 1” 26 

FAILURE RATE .OOD640 .001451 .ODO980 

* Small sample size. 
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TABLE VI 
AVERAGE AGE OF SWITCHGEAR BUS 

is that “ewcr bus appeara to experience 1. higher failure rate 
than older bus. Tbir might be expected if one connrdcrs 
improper bwauatian. new componentr failure rate. type 0‘ 
construction of new witchgear, etc. As dixurmd below under 
*‘Ca”se*” of failure*, the logicality of ,bi* obarvstia” is no, 
co”wtc”f. 

The ICS”~B of this category are rummarized in Tables IX-X, 
below. Table XI shows an overall re*“lt of outdoor bus failure 
rate venw indoor bur failure rate. Outdoor bur shown a higher 
failure rate than indoor bus, an ob*rvatio” not too surprising. 

Failure duration ,es”,,s ax reported in Tabtcr Xtt and Xl,, 
below and categorized into repair on P round-&-clock emer. 
geney bea and repair an a normal working hour basis. This 
adds more meaning to the data in Table 1. b”t would be more 
mcaningf”, if repair methods WC= known. Urgency of repair 
ar shown in Table XIV reveals that mwt repairs were made on 
an emergency basis. Tbe data of ther tables compare very 
Iavorable with tbo~e of the previous survey. 

np’pe OlMoinnnmlce 

Relppanr was dirappointingly tow in this category and rel”ttS 
are presented in Tables XV and XVI. The tables show re~“tt~ 
of maintenawx cyeter and time since talt mlintennnce in three 
groups: 1) less than 12 montilr. 2) 12-24 months, and q more 
than 24 montbr. This is a very important categoiy regarding 
reliability, and hopefully the next lurvcy will produce better 
rES”It1. 

Primary rnd eonfrib”t”g causes offai,urer are s”mmanred 
in Tables XV,, and XVIII. Al m&t be expected inadequate 
mtitenance is a large contributor lo faiturer. Tbil doer not 
nceesaarity follow Irom the obwvation above on age of bus. 
However, defective eomponentt are 2 large prbllary cause of 
failures, which it @ical for new in.t~ttatio”~. Correlation 
between the two tables below is clearly evident from the con- 
tributing ca”se of exparure to eontaminvltr and the primary 
ea”Y of inadequate maintenlnce. Expo*“ure to cantaminantr. 
which includes durt. moi~fwe. and chcmicatr, atro supports 
the &,a Ihowing outside bus with a relatively hi& failure rate. 
tnaiequate maintenance was reported as the sin& targert 
primary cayse of fait”reE in tile 1973 and ,974 survey [I]. 
Thir prompted the eflort to survey type of maintenance in the 
new survey. 

TABLE VIII 
FAILURE RATE (FAILURE PER UNIT-YEAR) 

TABLE IX 
SWTCHGEAR BUS INSULATED 
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TABLE X1 
SWITCHGEAR Bus (OVERALL) 

OtIrWOR INWOR 
Sample-Size 
lhit-Year 7825 42695 

FAILURE is 30 

FAILURE RATE .0019Y7 .000703 

TABLEXHI 
FA~LUREDURATI~~:ROUNDCL~KV~RSUSNORMA~HOUR 

(HOURSDOWNTOWN PERFAILURE) 
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TABLE XVI 
NUMBER OF SWITCHGEAR BUS BARE FAILURES VERSUS 

MAINTENANCE Cycm 

TABLE XIX 
FAILURE TYPE 

TABLE XX 
CONFIDENCE INTERVALS FOR FAILURE RATE ,, 
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WORKING GROUP PROCEDURE FOR 

CONDUCTING AN EQUIPMENT RELIABILITY SURVEY 

POWER SYSTEMS RELIABILITY SUBCOFBiITTEE 
POWER SYSTEMS TECHNOLOGY COMMITTEE 
INDUSTRIAL POWER SYSTEMS DEPARTMENT 
IEEE INDUSTRY APPLICATIONS SOCIETY 

Scope: Conduct an equipment reliability survey of industrial plants and 
ccmraercial buildings. Keep anonymous the names of those who submit 
data. Do not collect the equipment manufacturer's name. Publish 
an IEEE 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 Camnercial 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 
publication,by the Chairman, Power Systems Reliability Subcarmittee 
and anyone else that he delegates. Other members of the Power Systems 
Reliability Subcamaittee 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. 

Steps: 1. 

2. 

3. 

4. 

The Power Systems Reliability Subcommittee (PSRS) will determine 
the equipment category to be surveyed. 

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 fran a previous survey 
who is familiar with conducting's 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. 

The WGC will compile a schedule for steps 4 through 15. 

The WGC will review previous reliability surveys (AIEE 1962 and 
IEEE 1973/1974, etc.) on this equipment category, if available, 
and will canpile 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 becane an IEEE paper at an IEEE conference (but this 
is not encouraged). 
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5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

The WGC will compile a draft form for the survey and will send it 
to the members of the WG. In general the new survey will 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 fran 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 canpleted. He will send copies 
to those who request it and should request ccaments 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 IEEE stationery,f?rm, & definitions, reasons for survey). He will 
obtain the mailing list fran the Chairman, Mailing List Worki 

? 
Group. 

He will review the list and augment it if appropriate. The W C 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. Th,is 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 is 

convenient). 

Afterthe "cut off" date, the WGC will analyse and tabulate the 
results frcm the survey. (An attempt should be made to contact 
respondents for clarification of incanplete or inconsistent data), 
They will be sent to the WG members for comnents 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 
canpiled 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 
modelpaper for presentation at an IEEE technical conference. 
Only those who have contributed as Working Group members, or by 
camaenting 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 be 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 fran them. 
Other solicitations for discussions are also encouraged as deemed 
appropriate by the WGC or the PSRS 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. 

Charles R. Heising 
Secretary 
Power Systems Reliability Subcannittee 

CRH:sk 
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THE b4STlTUTE OF 

b ELECTRICAL ANO 

ld ELECTRONICS 
ENQINEERS,INC. 

INDUSTRY APPLICATIONSSOCIETY 

TYPICAL MAJOR MILESTONE SCHEDULE 
for 

EQUIPMENT RELIABILITY SURVEYS 

1. May/June (IKPS 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 (IKPS 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 wrth members of WG and PSRSC. 

9. November/December. WG Chairman prepares number of drafts 
required to satisfy need of WG. 

YEAR 3: 

10. January. WG Chairman sends final draft to PSRSC Chairman for 
approval. 

ll. v: WG Chairman prepares final manuscript and transmits 
or publication in I&CPS Conference record. 

12. May/June (IKPS Conference) WG Chairman presents results of 
survey at Conference. 

Prepared by: 
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Report of Transformer Reliability Survey-Industrial 
Plants and Commercial Buildings 

JAMES W. AQUILINO. MEMBER. IEEE 

dOdfica”t survey data obtained. In any survey of this type 
there will undoubtedly be some new questions raised and 

aho 10me old quntionl and controversies left unresolved. 

We feel, however. that this data will be of considerable value 
Lo system plan”.%. designers, and users. 

SURVEY FORM 

The form used for the ,979 wrvey is shown in the Appen- 

dix. As mentioned before. the Total Population form was 

condensed 10 include data relating specifically to transformer 

reliability. tmportant influencing factors were rating. voltage, 

age, and maintenance. However, reporting the response ,o 

maintenance quality is difficult. The 1973-1974 survey arked 

the respondent to give his or he, opinion of the maintenance 

quality a~ excellent, fair, poor. or none. It is very difficult to 

be completely objective in responding to this type of qucrtion. 

The new ~“rw,‘, therefore. asked for a brief description of the 

extent of maintenance performed, the idea being to enable the 

reader to judge for himself the benefits derived from a partic- 

ular maintenance ,xocedure. The failed unit data requested is 

basically the same a$ that in the previous survey. The most 

imporbmt categories here are the auses of failure, the restora- 

tion method. restoration urgency, duration of failure. and 

rge at time of failure. 

SURVEY RESPONSE 

The respanre lo the survey is summarized in Tables I and 

It. Responses were received from 25 different companies, 

and in many cases several locations within the companies 

were reported. Various types of induotrial and commercial 

fscllities are reprcrcntcd including chemical and pctro-cbemi- 

cat plants, steel milk paper milk, manufacturing plant*, 

md bos~itals, 10 name a few. Similar data from the ,973. 

1974 ~“rvey are shown in Table 111 for comparative purposes. 

A summarized comparison between the two survey results 

appears in Table I”. Direct comparisons cannot be made in 

some instances because of changes made in the subslarses. 

For example. the new survey broke the ratings down into 

two groups, unitr 300-10 000 k”A and those greater than 

10 000 k”A, The ratings in the previour survey were 300. 

750 k”A. 751-Z 499 k”A. and Z 500 k”A and up. 
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,974 survey as MC” by comparing the total number of unit- 
years for both the power and rectifier tranrfomlers. Not too 
r”rpridngJy. the ,srgert sample size reported occurred among 
,he power transformers 3W-IO Ooo kVA which tobled 

I7410 unit-years. 

In Table 1V it is clear ,ha, the ,es”hs from the largest 

calegory. liquid filled power transformers. compsred fa. 

vorably between the 1973-1974 and ,979 surveya. This 

table a,.” con,i,r,u the high failvre rates for recdfier trans. 

formerr. &fore a further disc”ssion an the remIts of the 

survey, in-general. it would be worthwhile to n”te how the 

data compared with the controversial items in the previous 

r”Ney. 

The ,ota, number of hours (130 h, to replace a failed 

transformer with a spare appeared in Table 48 of the resulls 

“f ,hc 1973-1974 survey, under “nils 601-,SwO volts 

requiring a round-lheclock 811 out effor,, and was felt by 

many lo be to” high. Units ,ha, were repaired showed an 

average o”,age time of 342 h. The new survey show a 
considerable variation among power transformerr depending 
upon size. The Ihi&, voltage ““its. reported in Table 49 

“f the rewlfs published in the 1973-1974 survey. showed 

an average repair time ~of ,842 h. This difference could be 

d”e ,” ~ve,a, facton. such 3s the tranrportalion and ha+ 

The muks of the new survey confirmed the long replsce- 

menf time afrer a transformer failure. The much l”nger times 

needed to repair a failed tranrformcr than 1” replace it with 

a spare were a,~ confirmed. The new survey atso confirmed 

the fact that the failure rates for rectifier transformers are 

much hi&r than those for the other transformer categories. 

This may be due to were duties or the environments to which 

they are subjected. 

ACE 

Table V contains data broken down inlo three age groups. 

The failure raw for power transformers 3W-IO OCiJ kVA 

were approximately equal in 811 three age groups. The slightly 

higher failure rater for the “nits aged I-10 years. and greater 

than ZS years, can probably be att,ib”ted 1” the infant mor- 

tality rate and “nits approaching end of life. respectively. 
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*ix catcgorier. The small *ample *ix* in several cntegorier 

in Tabk xv,, make it imposible to draw *ny delinile con- 

chSiO”* on the effect of voltlge on the failure rat** of ret- 

tifier transformer*. 

The purpore of ,hk *ur”ey was 10 up**,* the rc*uIts of 

the 1973.1974 urvcy I”d to clarify *omc of the irruer raised 

by those rc*u,t*. In genenl, Ihe d*t* obtained in the latert 

*urvey confirm the previous reruttr. 
Only th*f dats from which me*ningfu, re*u,t* could be 

obtained were included in this report. Db”io”*ly more in- 

forn,*tion w** rcqucr,ed in the rurvcy than dbcurrrd in 

the previour *cctionr. The remaining d*t* were eliminated 

either beeawe the sample *ties “ieYe too smsll. becaurc anaty- 

*is showed it to have little or no influence on trrnrformer 

reliability. or becaure it could not be reported in a m**ningfu, 

way. 

APPENDIX 

December 15. ,978 

The results of this survey au be pub,,rh*d in P” lEEE 

p*per. The infoml*tion obtsined il expcwl to be of “I,“C 

to *y*tcm plnnncrs. designer*, and users in the reliability C”l,“. 

ation of “*riau* *,tern*ti”e*. lndi”idu*, re*ponser wrl, be held 

in confidence *nd only summaries published. 

SURVEY ,NS~rtlJCT,DNS 

Delinitionr. brief innructtans. *nd sample survey form* 

(Ftgr. 1-2) *re provided far guid*nce. We wtsh to emph**izc 

that a,, requcrted dlts i* importnnt, but it i* *I*0 r*a,i**d thst 

*ome of the information requerted m*y be unknown. In 
such c**e*, simply provide the inform*tion that i* known, 

*r,d leave the other rp*cc* blank. If additiona, survey form* 

*re needed, pleas duplicste the forms provided. 

I) Fniluw: A failure ir my trouble with * power *y*tem 

companent that Cl”Ies sny of the fOUOWi”& to occur: 

*) partial 0‘ eomp,ete *“rdown, or t&w rtlndlrd 

plant operation, 

b) un*cccpt*b,c performance ofuscr’r equipment. 

c) operation of the clectrica, protecti”e re,*ying or 

emcrgcncy oper*tion of the pl*nt electric*, ryrtem. 

d) dc.cnergi**tion of any electric circuit or equipment. 

2) F..tiun Dwatlon: Dur*tion of P f*i,urc or rcp*ir time 

o, * failed component i* the clock hour* from the time of the 

o<:cur,ence of the fplture 10 the time when the component ir 

rc*torcd to *er”ice. eith*r by repair of the component or 

b:y wbstitution with * *p*re component. It include* time for 

diagnodng th* trouble, locating the f*i,ed component, wniting 

for part*. repairing or replacing. and rertoring the component 

to *ewice. 1, is nof rhe bnc required lo rc*mre ravicc 10 a 

k&i by purri,,go,,emore cirevirs inlo OPollliO”. 
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General De0 l&-5r,on 

1) I, is vitally important that the period being reported 1) lndaor 
be given. 2) Outdoor 

2) Indicate the @“era, type of industry in”o,“cd at IhC 
p,ant being reported. such ali a”,“. cement, cbemics,, Raw 

APPENDIX G 

metllworting. petroleum. pulp and paper, textile, etc. 

3) Give a brief dcwriptian of the ex*cnt ofmaintcnnncc. 

I, List each failure separately. 
2) Transformer Number for each failure is the Tranafomlcr 

Number “seed on the Tatal Populstion farm. 
3) specify the age of the trrnrf”rmer at the time of failure. 
4) specify the fillwe initiating cau*, contributing EB”%. 

and suspected failure responsibility using the code ““rn- 
hers on the attrcixd sheets. 

5) Check the rcrtaration urgency. 
6) specify the time in baurs from the ““let of the failure 

until the ttanrfmmer was rcrtored to service. 
7) Describe brieny the cmlponent that faded, including tbc 

component mavria,. 
Your participation in this survey will be F3reatly appreciated. 

Sincerely, 

CODE NUMBERS TO BE USED WITH TOTAL 
POPULATION FORM 

CODE NUMBERS TO BE USED WITH FAKED UN,, 
DATA FORM 
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Report of Large Motor Reliability Survey of Industrial 
and Commercial Installations, Part 1 

MOTOR REL.lABlL.lTY WORKING GROUP 
POWER SYSTEMS RELlABlLJTY SUBCOMMIITEE 

POWER SYSTEMS ENGlNEEKtNG CDMMlTTEE 
INDUSTRIAL AND COMMERCtAL POWER SYSTEMS DEPARTMENT 

,EEE ,NDUSTKY APPLlCATtONS SOCIETY 

Copyright0 1998 IEEE. All rights reserved. 

signiticant points and ruutls of tbc survey. The intent of *is 
working group repon is to present thcv results as updad 
experience in industry applications. and the drawing of 
definite conclusions is left to the reader. 

SURVEY RESPONSE 

The cover tcttcr and questionabe form used in the survey 
are included in the Appendix. The farm is speciricstty oriented 
m motors greater than 200 bp in size and no older than IS 
yean. AS in c&r surveys succeeding the 197) overall survey. 
this form is simplitied into two xx&m: teal population data 
and failure data. 

Although the response was inadequate to identify a substan- 
tial number of industry types. the number of companies and 
ptan~ identified was encouraging and the ovemtt response was 
considemd a success. Totat population is less in this survey 
than in Ihe 1973 survey, but this was anticipated due to tic 
restriction on age and size. However. the total number of 
plants in the new survey is greater which adds credibility to the 
daLI as being representative of industry applications. The 
following list summarizes the magnitude of the response: 

number of plants 75 
number of companies 33 
number of motors ,141 
total population (unit years) 5085.0 
Lot.4 failures 360. 

Some respondents did nol submit data for every category 
evidenced by the commenl “no! specified” in the tables. 
Where response was insufficient to identify the motor and/or 
period reponed the response was no! used. As in previous 
survey reports, this report maintains Ihc standard for cmdibit- 
ity of failure rates by identifying categories that con&n an 
insufficient number of failures to be representative. 

SURVEY RESULTS 

Summary 

Table t summarizes the ruults in types of moors and 
voltage classes in similar fashion to the previous survey 
summary table. The previous data have been rearranged for 
comparison and presented here as Table It. In the M\V wvey 
there was Mx enough respanw to separate the petrotcum 
industry and &m&al industry or to sqwate WI other 
industry types and stilt show meaningful results. 
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experienced the highest failure mlc among lhose wifh subsun- 

fiat sample size. Depending on the application this MU,, might 

have been expected except the table below on causea doa no( 

support this result in UK abviws causea of moisture and 

aggressive chemicals. I, is ruspsted that m+rc supponing data 

may be hidden in the relatively high rqonsc 10 cwses 
reponed as “nber.” 

Environmenr 

In Table VI tie survey results show failure rate as aflec,ed 

by indoor and outdoor applications. I, was expected uls, 

oufdmr motors would show a higher failure rate than indoor 

molars. but the opposite was tme. This follows from Table V 

which shows open ,ype enclosures wilh the highest failurn 

rale. Om migh, conclude that when all environmenlally 

related causes arc combined as one, ulcy suppon UK results of 

Tables ” and “I. 

This population ,ype breaks out continuous and intermiltenr 

application in Table Vii. The fotll sample size was heavily 

dominated by continuous duty use wifh Uris category showing 

the high.% failure rafe at about lwice that of interminen, duty. 

Saw motors were reponed as inlerminen, in a backup or 

s(andhy role and operaled only a small fraclion of the period 

reponed which may account partly for Ihe large difference in 

failure rates. 

Reliability versus service ffftar (SF) is an impman, 

considcrarion for thost who mu* apply mctors a, varying load 

condilions tba, somedme exceed the nomul nrmcplale raing 

of Ihe maors. Table VU1 shows a higher failure for I. U-SF 
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applications. The previous ~“rvcy results pmssntcd no down- 
time data for the “tow priority” category, and thus ,he ma, 
avemgc in Table XVtff is calculated “sing only the data 
shown. 

GENERAL DlsC”ss,DN 

It is Ihe general c”nscnS”s of dw subcwnmittee sponrafing 
this activity that the new motor retiabitiry data of this sumcy, 
conlingent “n reporting accuracy of * respadents. is m-are 
practical and “s&t for ifs intended purpose than the older 
survey data because of the restrictions on age and size. This 
survey *so produced an amctivc et-m se&on of cxpericme 
in the number of plant8 represented. One very 0bvicu.v 
differmx in the findings in this survey over UK 1973 s”wey is 
the general trend of higher failure rata in the new dau. 

For obviws r-, maintcnmx is expected to have a 
signiticmt impan on fait”= rate and downtime. This paper, 
for the most part. pnxenu reS”lU of Mponsu to me 
popularion types as requested in the wwey qusstimtim. 
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Tbcre are many posJibte combinations of Wegoriu. cspe- 
ciatty including dose related 10 maintenance, lha, can be 
fmmutsted from dz-5 rafxmses. llte questions and uncertain- 
&es scimutati by ,he resutls pnsentcd here warran, conlinued 
amtysis and an additional repan ii planned 10 prcsen, this 
expanded analysis of dte correlation b*ween ,he various 
categorical rcsutu wi,h panicutar emphasis on dx effects of 
maintenance. 

As an additional LOOI, Table XIX provides a measure of 
confidence in the we of dw new &la in this repon. The Iable 
ittus,m(cs Ihe statistical limbs within whiih 90 percent of the 
fakes could be expected 10 occur. The confidence limits are 
bucd on curves assuming B honmgcnews papllation siwe i, 
would be impmcdcat to surch out every variable affsling 
cordidence levels and delermine curves for each one. 

paren, of ,be total mom, population). Ihc failure mte is 
O.tW9 (one unit failure per 92 unit years). This failure rate 
awrs 10 be unreasoonabty tow when compared with akr 
equipment eafegorics (i.e., maor stanen = one failure per 72 
uni, years, neam Wrbine driven generalon one failure per 32 
unit years, wansformcrs one failure per 244 unit years). 
Failure m,e of this overall class of motors is abviwsty 
valuable information 10 users and manufacturers. This new 
survey wilt suppon or upda,e this failure rile. 

Moror designs, shop fabrication facilities, and manufacwr- 
ing procedures for NEMA frame PC m@on (ratings t-200 hp) 
an: significantly different from those for m&xs rated over 200 
hp. In the previous mo,or rctiabilily survey, the failure dam for 
nao,s of all horsepower radngs WCR lumped together. The 
new mow retiabitily survey wilt cottec, failure da@ only on ac 
mMon m,d above 200 ho. Usuallv. motors rated above 200 ~. 

APPENDIX hp are driving critical equipment. The reliabili,y of ,hcse large 

REASONS FOR CONDUCTING A NEW RELIABILITY 
muon is of prime impanance 10 the Mustrid system design 

SURVEY ON MOTORS 
engineer. Recent UY, erpcrienee wbb reliability of ,k currem 
gcmeradon of large ac moor designs (over 200 hp) indica,cr P 

.9~: Power Sysrems Reliability Subwmmi,,cc, rncnd loward a higher number of failures per uni, time. 
tndussial and Commercial Power Sys,ems Committee, The previous survey data show tha, ule industry average 

lEEE Musry Applicadons Sccidy Litme ,o repair ac tow-v&age molars (o-600 V) is 114 h 
Sememkr ,981 compared 10 76 h for medium-votmge PE mows (601-15 Ooo 

Charles R. Heising (Chain non) Don W. McWilliams 

lams W. Aquiline Willism T. Miles 
Car, E. Bder lascph 1. Moder 
Richard N. Bell lob” H. Moore 
Thomas V. Fkxuh PM O’Donnell 
Wittiard H. Dickinson A. D. Pa”on 
Ewucc Douglas Chinan Singh 
Philtip E. Cannon Wayne L. Stcbbins 

Raymond E. Gibley Howard P. licktcy 
tan Harley Harold T. Wane 

Thamas Key s,anlcy I. welts 

V). TIis informalion should be updated with a large, ~mpte 
size of medium voltage malors. 

Ik increased emphasis on minimizing capilal inveslmcn, in 
indusrrist faeiti,ics has resulted in a signi6eant increax in dw 
use of two-pole ac induction motors. Because of lhesc 
retativcty high speeds (3603 r/min). reliability of these two- 
pate momrs is expected 10 be tower than the tower speed IC 
mamrs (four and six p&s). The previous reliability smdy did 
no, differentiafe belween 3600 dmin two-pale mofors and the 
slower speed motors. The new mom, reliability survey wilt 
cottect repware retiabiti,y data on ,wo-pole mokvs. Retadve 
rctiabititv dafa on ,wo-wte mo,ors and those with four or more 

The IEEE “Repon. on Retisbility Survey of lndustriat &s wilt be useful 10 the indusfrial design engineer in 
Plsnls. Part I: Reliability of Etearicat Equipment” published evaluating the quipmen, cost savings inherent in twbpole 
in 1973 conlained information on faiture rates and downtime/ (3600 rImin) operating speeds for mow and awxiated driven 
fail”re for momn. equipment. 

In lheir m-z&w on Mw 12. 1980. in Haus,on. TX. and in nK da(abau for the previous ntiabitily ~dy @& uni, 
keeping with tt&cammiimcn~ to vpdale the previous survey. yean and number of units) repn~ents something in the order 
Ihe Power Syslems Reliability Subcanmiaee of the tEt3E of only a few hundredths of a percent of the ,ant motor 
Indus,riat Power Systenu Depanm*, is condueling a wzw twpuladon. 
survey on the reliability of mMoR. The mditing tis, for ,k Dew survey wilt be exploded and 

Overall ,be main pwposc of this retiabiti,y survey is ,o c&zd 10 obtain failure dam on a larger perccnUge of the ,oW 
tdentify failure data and the etTec& of Pwen,i*e mainBnance l*or population. 
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However. bnh sludies foound that for squimluge induc- 
tion mc+xa. bearing and aator winding related faiturcs 
accounted for approximaaty fhree-fourths of all hilures, 
white rcw retared faituns accounted for only ten pcmn, of 
,he failwe.. These w.wtts seem 10 cowbon,e exh aher and 
gives u( gruar coofnlurc in our umbuions a to where 
emphasis should be placed. Fig. 4 and Table XXI Show the 
percenuge failure by cmnpawnt as reported by UK EPRt 
study. 

As a pan of the EPRl srudy. additional analysis was 
performed to wielltpnd reliability issues bener. We faund 
tha, the mat signhicant variable affecting ano(or failure we 
was the plant (unit) where Ihe motor ww instrlled. Pm 
example. in dx EPIU study a 90 percent confidwce interat 
for hilun ~IIC of each of the 132 uniu was ulculalcd. If att 
units bad dx same underlying failun nlc. aban 13 “nils 
would bwe a W percent confidace intervat which doer na( 
include ,be failure rate for Ihe entire poprladon. However, in 
the EPRI swdy. 40 uniu had a ‘)o-penmt in,erwl endrely 
below the population avenge. and 22 u&s were entirety 
above ,hc poputadon rvemge. 

We fell it was imporun, to consider this unit variation when 
invcsligating aher facmn rwh as applicarion or size effscu. 
Was any such effec, between respondents inwligated in Ihe 
Working Group survey? In pnicular. cautd +.he effect of 
horsepower naed in Table III of ywr repon be pcrrlly due 10 
the different companies represenled in various size ranges. 

Table 111 of the Working Droup repon suggesLc P tendency 
for Ihc motor faiturc m,c ,o increase wilh mcmr size. Boor. d 
01. atso made an analysis based on motor size [4]. However. if 
was fell ,ba, horsepower per pole. rather ,han horsepower. 
beftCr repruenled exposure 10 such failure mechanisms as 

l fatigue resulting from ditTeren,iat expansion, 
l high stress during apcruion. 
l susceptibiliy 10 laMrat vibration. 

Would i, be possible to analyze the Working Omup dam on the 
basis of horsepower per pole. similar 10 the EPRl anatysis? 

As a Real cornmen,. UK detail of anatyris must be 
commensun,e with the size of du da&se. With the targc 
database in the EPRI Phase II study. WC hop lo be able to 
investigalc such facum LF the effect of Ant failure on 

Pa, O’Donnell (CowSluring Author): Fin,. 10 address 
apeciTE questimu of Ur Discussion, wc find dx rcsut, of 
variation of reliability of mOlon in three differen, categortcs of 
uniu or gnwps very intersating snd uxhtl. However. the 
IEEE survey daU do nc4 lend themselves to this Ipeifii 
uutysis. Our immedtalc rmponx to this result is concern over 
dw obvious ause or reason la this grouping to merge. The 
IEEE dam rewlu mUemp(ed to classify industry rYpe& which 
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Report of Large Motor Reliability Survey of Industrial 
and Commercial Installations, Part II 

MOTOR RELIABILITY WORKING CROVP 
POWER SYSTEMS RELIABILITY S”BCOMM”TEE 

POWER SYSTEMS ENGINEERING COMMtT-fEE 
,ND”STRtAL AND COMMERCIAL FOWER SYSTEMS DEPARTMENT 

IEEE INDUSTRY APPLICATIONS SOCIETY 

rcsutts. A f-xime marks insufkicr response where fatlures 
were reported. but the ,&a, wu kss than ci**, This is in 
keeping with the standard of credibility previously caahtirkd 
by the Powr Systems Reliability Subcmminec. In prcpm- 
lion of this paper. a careful, ctoser took was taken and some of 
the minor errors in counting were c~rm_icd. Thus the tDu, 
cwnt in wm PMI wit, differ slightly fmm those of pan 1. 
However, the correcdons are minor md no~trendr are affected. 
Also, as in the Pan I ruutu. downtime CDT) for two fsilurcs 
was omined. One was 960 h loran induetian *or, O-,099 V 
and reptaced-with-spare. IIe other was 6570 h for an 
induction motor. ,M),-Moo V. 

As with other survey results by this sukommisce. a hricf 
discussion is included for each table emphnsizing signiticant 
rewtts. but there is M) intent to draw definite cmctusims. The 
tables m pnrcnted repmenting results from the data rcpmcd 
in the survey. 

,NDUCf,ON AND SYNCHRONOUS MOTORS 

The msut~s in Part I of the survey showed induction and 
synchronous motors with warty equal failure rates. Some 
ktievc that synchronous motors, beaux of their complexity. 
should fait more than induction mnon. Table I cornpam 
these typea to various cnegoriw to identify any nc4abte 
differcnccr. 

Two categories showed some deviation from the general 
results of Pan I. Where response was adquste in the first two 
ctasses, stam per day clearly affecfed synchronous mo!ors 
more than induction motors The inducrion mow failure rate 
changed very little. but the synchmnws motor failure rate 
increased with an increase in stms per day. In the speed 
category it was the induction m&xx that showed same 
deviation from #he trend of Pan I. One ohwwation is the 
inerase in failure rate with spnd for the first two classm of 
speed A second observation is the high failurn rate for 
synchronous motors in the slowest speed c,a.v. So the two 
types ofmocon had opposite trends in failure rate with speck 
The intlucnce of synchronous motors on the slower, speed 
class is clearly widen, where this class showed the highest 
failure me in Part I. For induclion mo(on. the lowest failure 
rate was again in the highest speed class. The effects of speed 
are also evaluated in comparisons to lmrsepower, causes, and 
failed component. 
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Ou Compny for usisunec in the compter program used for 
the malyaia of the data for this prcscnuth. 
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Report of Large Motor Reliability Survey of 
Industrial and Commercial Installations: 

Part 3 

summarized in Tables I through VII. As with patl 2. these 
ruu,ts focus on Mw comparisons of the data. The tables 
add- sane questions and comments received since p-n- 
tstio” of Pan 2 and provide additional analysis of causes. The 
d&r of the tables as presented is mare or less random and 
there is no inlent to portray a dctibrate order. 
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Reliability Study of Cable, Terminations, and 
Splices by Electric Utilities in the Northwest 

W,lAAM P. BRAUN. MEMBER. ,EBE 

OR T”E PAST IS years dlc Norolwcst ““der*r”“nd 

F.: Dntnbwon Cornmill.% of the Nonhwes, Electric Lighl 
and Power Associlioo (NELPA) has prepared *o *nn**l 
repon lifted “URD quipmen, and mslcrials reliabilily in the 
Nonhwest” 11,. 

Dfpnicutar interest to the tEEE Power Syslems Reliabitily 
Subcommiwe on todortriat and Commercial Power Sysfems is 
,he ponion of the repon peaaining to cables. ferminations. 
splicer. and comucdoos, since similar quipmcn, is ORen used 
on icdoarist or commercial power sys,emr. 

Tb.2 data in the NELPA repon *ppears 10 be more complelc 
and reprewms * much t*rger sample size thsn the data from 
the tEEE reliability survey of industrial plants [ZJ that w*s 
published in 1973-1974 and incorporated into the presem 
ANSI/IEEE Srandard No. 493.1980 131. The standard is being 
revised and updsted in 1986. This paper wilt som*rize the 
NELPA report wbh the inten, of using il *s * source for ,he 
19.86 revision of ANSI/IEEE Standard No. 493. 

NELPA compniu serve mos, of rbe Nonhwwt *R*S of Ihe 
United la,es. Because ,he geograpbicnl makeup of this *ma 
coo&as of ~~rnc wry wet *re*s. some very dry *rear. some 
very ha *re*s. *nd some very cold *reds, the da,* from the 
mpon should be valuable for evaluating URD quipma, for 
YI *round the country. pnicularly for such ilcms IS 
corrosion mistance and io*ut*tion &iBre. 

NELPA coosi*,% of ,hc following member compnics. 

0.13 
0.91 
1.m 
I “1 

0.89 
1.10 

tdaho Power Company 
Mon,*n* Power Company 
Pacific Power & Light Company 
Pontand Gemrnt Electric Compny 
Poge, Sound Power & Light Company 
Utnb Power & Light Compny 
Washington W*,er Power Company 

The repon is only concerned with **forat failures of 
qoipmcn, or materials. All failures c*used by sbnormal 
ex,em*t mans, such *s through dig-ins or damage prior 10 
instattstioo. *TC nn intended 10 be included in the data. In the 
cs~e* whcrr the c*ox of * failure could not be &Sermined. the 
CIUY of the failure is assumed and reponed in that way. 

The member otitidcs *re cootinooorty improving lbeir 
effonr ,o *ccumot*,e basic da,*. However. there are sfill 
problems with field people om reponing Ibe m*tcri*I fsilures. 
All flitore r*,es in this repon should be considered on the low 
aide. 

Tshte I tiwr ,hc hitwe record for *II vokage classes (I 5 kV. 
25 kV. *nd 35 kV) *od inaul*,ion Lypss of primary cnblc used 
on the rystemr. 

In gencr*l the bitwe record is exccttcn,, *t,hough high 
motecut*r weight polyethybnc (HMWPE) inwlatcd cabtc is 
failing P, * much gre*,er rste than crosslinked polyelhylen 
(XLPE). (See Tahlcr IllA and Ill0 for complete data.) 

The *ilure rates for the t*s, few yerrr arc high kc*ua ow 
utility bar jus, rUned rcponing f*ilurcr and lhcy have been 
hwing problems with 175.mil IJ-kV cable. 

A comprirnn W*S *tso msde between tJ-kV HMWPE *nd 
,5-k” XLPE c*h,e for ,hc 1.1, ,en years. Gee Table It., 
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1973 0.35 failures per 100 conductor miles 
,974 0.50 failures per 100 conductor miles 
1975 0.39 failures per IW conductor miles 
1976 0.53 failures per 100 candwor mikS 
1977 0.73 failures per 100 ccmd~lor miles 
,978 0.71 failures per 100 condvcror miles 
1979 0.73 failures per IO0 conductor miles 
,980 0.48 failures per IW conductor miles 
1981 0.80 failures per 100 conductor miles 
,982 0.70 failures per lu) canduetor miles 
1983 0.78 failures per WI conductor miles 

1969 1.5 
1970 I .25 
,971 0.74 
1972 0.62 

failures per 100 conductor miles 
failures per 100 conductor mile6 
failures per 100 eonducmr miles 
failures per I@3 conductor miles 

364 Copyright 0 1998 IEEE. All rights reserved 



APPENDIX I 
IEEE 

Std 493-1997 

Copyright 0 1998 IEEE. All rights reserved. 365 



IEEE 
Std 493-1997 APPENDIX I 

366 Copyright 0 1998 IEEE. All rights reserved. 



APPENDIX I 
IEEE 

Std 493-1997 

single-phase terminator) has been fairly constant over the last 
fwr years. Many of the recenl problems were due either 80 
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 IO problems such as visible tracking 
overheatinp, etc. (See Table ” for complete data., 

This is Ihe fifth year for the study of primary cable splicer 
and primary load break functions. Since the data is relatively 
new ,hc results should be used carefully. 

The failure rate for IS-kV splices was 2. I failures per ,ooO 
units (unit defined as one single-phssz splice). compared to 
last year’s 2.4 failures: the failure rate for IJ-kV primary 
junctions war I .O failures per ICOO units. compared 10 last 
year’s I .3 failures. Splice failures over the last couple of years 

have been due mostly to the molding problems crperienccd by 
one manufacurer and 80 improper installation by line crews. 
(See Table “I for completed data.) 

The oursunding performer for a11 volrag classes (I 5 kV. 25 
kV. and 35 kV) is the molded mbber terminator. The failure 
rate is 0.06 per ID00 units (unit defined as one single-phase 
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Summary of CIGRE 13.06 Working Group World Wide 
Reliability Data and Maintenance Cost Data on 

High Voltage Circuit Breakers Above 63 kV 

BY 
CR Heising, A.L.J. Janssen, W. Law, E. Colombo, E.N. Dialynaas 

IEEE-IAS Industrial Application Conference 
October 2-6, 1994, Denver, Colorado. 

Reprint from IEEE Conference Record 
94CH34520, pp. 2226-2234. 
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I..,, t.bl* I. dl.ou..*d to hiahll‘ht 
r**“lt. of ths .“rY*Y. It I. th* int.nt 

of definit. concl”.ion. i. left to th* 
re.der 

The re..on. for co.d”etl.a tll. 
.“,v*I **r* .ritt*n do.. .t ths bWml.‘ 
..d .r* included in th. .Dnendix. SO.. Of 
th*.* ob,ect~.*. I*=* not .chl*Yed due to 
th. .HU au.b.r or P.rt1c1v.nt. in the 
.“rv.y. It I.. not po..ibl* to detamlna 
th* *i**ot Of pr*r*ntir. ..int.“.no* 0. 
i.i1”r* r.t*. In.“ffici*nt d.t. .*r. 
*“Mitted 0. “.c”“. .nd .t.6l.-,w*..“r* 
W-8 air”“it br..k*r.. 

I ma 6”th.x L. .Lt.h a* fJr.iv.r.it* Of 
“i..o”ri - Coltibi.. lli..O”ri 66211 

Il*.ber. Oi th* circuit Br*.k*r 
P,.,i.bilit, Worki. .r* Aadrsa ‘1. Norri. 
(ch.lN..~. J.M. Y. 8.q”ill.o. *ilu.* 6. 
m.un. Jr.. ch.r1*. 6. R.i.iN. Don 0. 
6cw.l. Lou D. ll*..&.., P.t O~Donnsll. 
6.D. P.tto., ..d P.t*r W. Da,.r. 

The .“rY*Y q”estionn.ira. *lo”6 with 
the Ae..ons For Conductin‘ . W*Y S”N.Y 
o” Ciroult Brsaksr Rsliabilltl. is 
inoluded k, th* .m.*ndIx. 

Due to th* lo” nu.bsr Of r*.Pon.*., 
13 D1.M ~ocatlon.. no .tt*.r.t Y.. ..d* 
to .=~.r.t* i.~l”rs. by indu.try t,m.. 
whlls the n”.ber of r..pond*nt. Y.. la.. 
than hopdd for. a* p”*.tiann.~r*. v.r* 
.,I fully fo.phted for ths r*q”*.t*d 
d.t., with O”lY one (1) “UnhOYn” *ntry 
liatsd *hloh “1. for . L.LI”r* d”r.ttio.. 

ml* folloWi=‘ 1l.t wovld*. . 
*“...IY Of th* .“I‘“.Y r*.Pon.* 

NO. or Plant. 
no. Of circuit sr*.kar. 2,:: 
S..pl* Si.. (““it year., IOST.17 
Total no. of l.ilure. 5s 

The .a.11 ..e~le al.. of th. d.t. 
r*o.iv*d Il.ited the results th.t .r. 
b.1.a publi.h*d to four .q”Im*.t,“olt.a* 
o.t*,sorl*.. A .mci.l not* is ..d* in th* 
t.t?bl** Yh*r. the nu,t-.r ot ia~lure. I” . 
.D.OIIIC f.t*aoW i. =*“.id*r.d 
In.d*~“.t* . ..~l* .I... L.*.. th.” =i 
*.il”r*. h.. be.. Cos.id*r*d . . .n 
in.d..“.t* . ..~l. .i.*. 

v 

T.bl. 1 .“...ri.*.- the overall 
r*.“lt. by Volt.g* ch.4. The IO” nu.ber 
oi f.i1”1‘*. (41 in th* so1 volt to 15,000 
volt ElrfUit br..L*r C1... .a*. t.hi. 
f.il”** r.t* d.t. of q”..tion.bl* 
mlidity. 

Thl. .“i-Y*Y show. . . inor*..* I” the 
failure r.t* POI‘ “nit-7s.r. in th. O-600 
“Olt ol.... Of n*.rll 3 tim.. the *.I”* 
*ho”” in the 1673 .urv*y. There I., 
hovs~ar. . l.w* r*d”ctlo. in th* .o.~.P. 
.nd ..=l.“. f.ilur* duration. of 30% ..d 
66.56 r*.PeotiI*1Y. 

,.bl* 2 *ho*. the eifect ai 0”tdo.x 
v.. indoor locstion on th. f.il”r* r.t. 
Of 0 - 660 volt circuit br*.k*r.. Th. 
i.i1ur* r.t. s.. 1.64 ti.*. hi6h.f for 
outdoor fircult br*.k.r.. 
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T‘bl‘ 4 show‘ ths i.11ur. .od*. ior 
c1rauit br“k‘r‘ r.Port.* in th‘ ‘“rY*,. 

It I‘ notsd th‘t th‘r* “or. Cd, WC 
instancas oi unit. th‘t -*‘il*d to OP.” 

on co“‘nd”, .“d “0 OOEUrr‘nC‘. OS 
“clo“‘ althwt 00”‘“d’. I” the o-so0 
volt c1.s. ‘11 cimu1t bre‘k‘,r‘ r‘PQrt4.3 
h‘d 4” int4.r.1 trip *eels*. Th‘ Ciroult 
br*‘k‘r‘ with . .t.tic 1nt.sr.1 trip 
d."io. ..r. aHit b.t.... -f.il.d to 
close o. cca..nd" (4.3). .ad "Open. 
without co...nd" (5.X). Clrouit braak.r. 
aitb .l*otro-.ecb..io.l tn. Of int.‘r.l 
trip d.ric. had . .." 1.~. wrtion 
(93x1 oi tb. f.il"r.. r.port.d to b. 
"i.ll.d to olo.. on oou.nd-. 

T.bl. 5 .bo.. th* pri"" i.i1"r. 
initl.ti.. c.".. r.3ort.d for both 3..5- 
133bV .nd 345tV oiro"it br..b.r .IO"D. . . 
"..ch.nio.l br..bdom' " 5dI .nd 55% 
r.*suoti.ew. Th. O-000 Volt ciro*it 
br..kx ‘ro"~ .ho.. -uliuaotion of 
wot.oti.. r.1.1 or tri~pi.. d..lc.- to 
bethtb. "Jar *.t.IoIT .t tesx, 'I:;:;; 

.1.otro-ncbmio.1 
trippin.. Tb. O-500 rolt unit. .ith 
.t.tio tn. i.t*.l‘.l triPPi.. r.3Qrt.d . 
ro".hlV . . . . ‘VS.:" b.t.‘.n 'tr.n.i.nt 
o*.r.o1t.#.- '..li".ctlon Of 
mot.otiv. ml., or tripMud d‘rio.". 

T.bl. 3 ‘ho.. tb.t "du.t. ..1t 
.PI‘.l. or otimr c..t..i..nt ‘IPO.“r.- i. 
th. WI”=, r.port.d li‘ti.‘ 1.t SW) for 
f.il”r. ooatributira a.“.. ior O-600 .Olt 
~iroult bre.ker‘ s,ith .l.otro-uch.r.ia.1 
tVu. int*dr.l trip. Th* o-000 .01t 
circuit br..L.r. "lth ‘t‘tic lnt.er.1 
trip b.d -1‘ck Of pr..*ntiv. ..Int.n.ho*- 
r.mrt.d for 55% of I‘ilur... rlth th. 
r...i.Ins 4.1 shorn . . -v.r.i.t..t 
o.‘rlo.d-. Ultri.. for oth.r .olt.,. 
cl..... .r. in woh lo"‘= P.VO."t".‘. 
..o.ot ior tb. "oth.r- o.t.d." in th. 
J..&lSIL...d 54&V dro”m. 

In t‘bl‘ 1 the d‘t. .bor. . ..t O-500 
Volt b".k.r‘ rim .l.awo-..Qh..iQ.l 
tm. or I.t.dr.1 trip . . b..i.d 
-ia.dapu.t. pbl.ic.1 prot.oti..- (33X) . . 
tb. .".wot.d i‘ilur. r..eo..ibllitV. Th. 
O-500 .o,t br..b.r. rlth .t.tio tVP. 
i.t**r.l trip nport. 5.3 u.d.r -I.DroP.r 
oR.r.tlo.-. .ad 44% “.d.r -i..d.w.t. 

.‘1"+.‘"‘"C‘"~ The 34.5-138kV .ind W5k” 
“olta‘* c.te‘0ri.a both .how "d.i.etlv. 
0o.wm.nt" .‘ tb. uin E.t.‘or,. 

T‘bh 5 .hoa. l*r.s 
~roent.‘. ot f.il"re‘ i: thzI500 volt 
CiroUit br*.b.r.. . tot.1 Of 9.X. . . 
b‘in. dl‘cora;ed -d"rin. ~~ik.1 
OParatlon-. Th‘ 34.3-135bV cl... .boaad . 
.i.niiio.nt P.rcent.as Of f.i1"Iw‘ (5Tf) 
. . bein. di.cov.r.d 'duri,,. roUti.. 
t..tin,,"int.".ncs". !?bile tile 345bY 
br..b.r. "*Iv split b&was. "during 
ro"ti"‘ t..ti.S,..inten.no." .nd "during 
non.1 o..I‘.tio.- with 4.1 in ..ch 
l?.t‘aor,. 

T.bl‘ 3 show. th.t .o.t f.il"r.. 
oyxurr.d "itbin 34 .onth. of th. l..t 
"i.t....o.. 

T.bls 10 .hoa. th.t . hi‘h 
~~?.t..,,~toi oirc"it bra.b.r. in th. 

501-15.000 
94.5-135kV A"‘. w.r. -r‘,i:~~,.,;:: 
oomDO...t i. P1.o. or .*a out *or 
t‘.p.ir-. 

Tb. 345119‘ ,ro"~ oi oirauit br‘.b.r. 
‘how. th. bi,h..t .".b.r (44%) .‘ 
'm~1.o.d f‘i1.d "nit .ith ‘mm'. Thi. 
1.r.. DemerItam I‘ oo..id.r.d 
t"e.tio..bl. sine. .n in.P.otlon of th. 
i.0.d co.POn..t entri.. .ho".d in .o.. 
c.... th.t . fii1.d oo.no"..t. ‘"oh . . . . 
.Ir cowr...or, . . . r.3ort.d . . "mp1.o.d 
i‘i1.d "nit .ith .~.r.'. 

It i. of 3.rtio"l.r int.ra.t that. 
in T.bl. II. onl, TX of th. 53 i.il"r.. 
r‘vort‘d ior .ll ro1t.d. o.t.‘ori*. 
1i.t.d th. r.~.ir "r‘..c, . . r.."iri.. 
"orbi.. 0. . round-the-oloct b..... Thi‘ 
.., b. due. .t least I” Part. to the aat 
th‘t t"o oi th. .olt.‘. ol.‘... CO-500 
.olt. .nd 001-15.000 rolt, oont‘lnin‘ 43% 
of th. tot.1 failur... .nd h.d "xim,. 
i.il"r. dur‘tion. oi 4 baur‘. 

The 34.5-133bV ..d 345kV cIrc"it 
br..b.r‘. ettl their 1o.d.r S.ilura 
d"r.tioa.. ‘l‘o she" n..rlr .ll r.~.ir 
woe .‘ nor..1 rortirld ho"=.. 

T‘bl. 13 ‘ho.. the u,oritr of 
r....,nd.nt‘ (53%) aoa.ld.r.d tb....lv.. 
. . hwi., . -f.ir- "i.t....O. W.litl, 
wbll. 33% oor"id.r.d their "iat.n..O. 
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t.ua 1 -~muAl..L CmctlIt rnI.uEI PELIABILIT’I DATA 
__________________________________________________ 

O-600 m’olt au-1~.OOl! volt 
* l ** 





IASLS l I - CIRCOIT SSSAKSRS 
IOLTADI vs. ,AILOSS “008 
.__________-______-_-----_-~-- 

s-so0 VOLT l (101-16s” 
Air Sasm’tlO *it‘ samlstlo 

it.ti.2 ‘l%ro-uch -o- I 
11% 

-o- 

-cl- 

-o- 

* 
ssx 

-o- 

-o- 

-o- 

-o- 

-o- 

-o- 

-o- 

-o- 

-o- 

-o- 

93s 

-o- -o- 

-o- * 
sol 

-o- -o- 

-o- 1 
28X 

-o- -o- 

-o- 1 
x.8 

-cl- -o- 

-o- -o- 

-o- -o- 

-o- -cl- 

-o- -o- 

-o- -o- 

1 -o- 
7% 

-o- -o- 

1 
11% 

-o- 

-0. 

-0 

-o- 

1 
11% 

-a- 

-0. 

-o- 

-o- 

-o- 

-0. 

-o- 

-0. 
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Various classes end tnes of aimuit 
brs.bers I” the 1676,74 .u”.r h.d 
simiiicantlr dlffersnt di&~ib”tionm of 
the rarioum *.i1ure 
iniorution on thl4 e”bJai 
intereat to dwl‘ner. of wwer w.te... 

Reliability lniorution on .edi”. 
md hi‘h “olt.6e cire”it bra.ber. “sin6 
the n.wer technolc6ie4 i. cl iotere.t to 

6wltcb6e.r bu. I. not included in 
this ‘“nay. 
wbli.hed 

A .epamte .““.,16;;y 
on thi. .“bJmt in 

Protective rel.,.. fume‘. .nd ‘ritob.. 
.r. not Included in tbi‘ .“n.,. I .“r.., 
in 16’76 iz; the.* equipunt ~.te‘ori~. 
..bed ill*““.ticIl that “Ill 
iad”.trial “ad co..emi.l u..” did not 
haw readllr wailable: .nd the .““e, 
II.. un.“co..siul. 4 u.ited -t Of 
infcr~ticr, i. fcntai.md ia the 1676,74 
m”r.e, on di.ccnn.ct witobe., nlws. 
.nd iu..‘. 
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CmCOIT BBIbluR BILIABILIYY 90P”1Y 
WJRVIY CODS 

Yot.1 PoPul‘tioa ran 

“0r.41 l‘int*“‘nce c,o1* ,I, 
1. O-12 .onth‘ 
3. 12-24 ‘0”th‘ 
3. over 3. . ..tll. 
4. “0 Dr...ntlr* ,.int.a.no. 

W.lnt‘n.no‘ 9u.11tr CL) 
Your *stA..ta Of Pr‘sentlrs 

LI.intsmnc. Qualit,: 
1. Ixcellent 
2. lair 
3. Poor 
4. "on. 

P.i1ur. 1nlti.ti.d C.u.* (9, 
l.m&&e$ orenolt... - ‘"Oh .* 

.Witchi.S ‘Urn.. or 
‘I&.. r&t.. 

2. In.ul.tion Sn.kdo... 
Ileoh.nic.l bur.o"t. *riotic.. or 3. 

4. 

s. 

:: 

9. 

0. 

M.oh.mio.l br..kdw - .uob . . 
0r..t1... 1oo...1.,. .br.dl.9. 
or d.ionUu oi .t.uo or 
.truotur., Pmt.. 
2:;;::' d..u. or .horti~~;,: 

.O"ro. - 
r.bIo"1.r .ooid..t. 
Sl.otrlo.l f."lf or ",*".ot~... 
S.lru.ot~o. Of mot.otin n1.r 
ort~W,9 d..io.. 

.u.ill." d..io. -._ 

1.i ,Y: 
2. 

3. 

4. 

k 
1. 

*. 
9. 

omr1o.d - &ni.t.nt 

0.r.n .iiih. -.u.b . wind. 
r.1.. ‘110.. or .1..t. 

~‘yi.4 Oh..iO.l.. 
“It .P1‘.,. or .ttl.r 

oontl1ault ‘xro‘“r~. 
won.1 d.t‘r~or.tlo. fro. .S.. 
Lubrlout lo‘., or d.fIoi..oP. 

10.I.PrnP.t‘ 0Per.tir.‘ or .t..t 
procadur.. 

11. Tri~~iw .o”ro‘ d.fict‘"t. 
12. LSCL or Pr‘*.ntin uint.n.no.. 
13. Oth‘r 

S".Peot.d P.llur. R..Pcn.lbillt, (I) 
1. D.f‘atlr‘ oo.Poa..t 
3. I.Pro~.r h.ndllns/.hiPP~na 
3. Poor In.t.ll.t~on,t..tkI. 

- 1. In‘dew‘t‘ ‘.lnt‘m~c‘ 
5.. 1.PrOP.r 0P‘r.t10n 
9. *.proP‘r .*p1io.tio. 
7. 1n.d.w.t. Ph1.10.1 Protection 
9. kt.id. .~.noP (.uoh . . r.hiou1.r 

.o.ld..t, 
9. 1 
10 

P.ll"f. 
1. 

:: 
4. 

2 

7. 

:: 

“ad‘ (I) 
3.il.d to 010.. on co...nd 
P.1l.d to olo.. ..d l.tch 
P.1l.d t. OP.II o. co...nd 
Clo... aithout oo...nd 
Open. althout co-ad 
..il.d to br..h owr..t 
owned 

&!x 
.hil‘ .u.o.“i"ll, 

D.ma#“ Whll‘ 0I0.1n‘ 

mi1.d to 0.1" ourr..t 
19. P.ult to 9round. or Ph..‘ to 

Ph... coot .hll. ope.l.9 or 

11. 

13. 

13. 

14. 

1s. 

OlO‘ilU, 
I."11 40r0.. aDell oOiIt.Ot~ (Ilot 
"hIi‘ o~.,,in. or clo.~.‘, 
Lo.. Of ..C"". (ior ..OU". 
br‘.k.r‘, 
0th.l i.uur. r..uirilu r.mos.1 
ire. ..r.io. "ithi. 30 ‘laut.. 
oth‘ker f.llUr. not r..ulriM 
&a&t. r.....l fr.9 ..nio. 

sonthe 91no. L‘et ".lnt“‘no‘ (0) 
1. 0 - I3 month. 
3. 13 - 2. .onth. 
3. 0v.r 34 ..nt.h. 
1. Ilo pr...nt~.‘ ..1nt....0. 

s.P.ir ur.‘nol (RI 
1. “ortl,,. round-the-clock 
3. Sor..l "orki.. hour. 
3. Lo. priorit, 

I.u.ir Or ReP1.c. (J) 
1. Il.P.W.d 9.il.d oo.Pon..t I. 

P1.0‘ or ..nt out for r.Dlir 
:: La&wd ai1.d u.1t .itkl ‘9.I‘. 

U,l,;;'SS St.nd.rd 493-1900. '1111 
Pr.otia‘ ,or D..u. or 

m~~,I.du.trI.l ..d com.mi.1 P0.w 
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Potential data sources were screened by means of a rtnrc- 
Wed telephone survey technique. using the queaions shown in 
Fig. I, to identify candidate power ptnds for data collection. 
The objective of this screening was to determine the appli- 
cabiliry. availability. and quality of operational. mailenancc. 
and failure data. plants were selected from B wide variety 
of applications (e.g.. electric utilities, cogeneratars, bwpi- 
~1s. airfields. military installations. and compuler and com- 
munication facilities) IO reprewnc a range of variables such 
as manufacturer. plant usage. age. environment. and msinrc- 
“awe practicer. Where possible. plants wit,, at least ten years 
of operation and maintenance biaxy were alecred. 

Selected power-plant operators with formal data colleclion 
ryrkms were requested to mail facility descriptions and bis- 
toric., records of their opcralion and maintensnce logs. 
Rdlow-up kcbnical questions to clarify data intcrprctalion 

The problem most frqwntty encountered in obtaining data 
from panicipating facilities was the level of effort required 
by the plant staff to assemble and reproduce the necessary 
records. To ensure the acquisition of represenlativc data. site 
visits were made to facilities that could not respond to the 
mailing requeas. Technical personnel experienced in plant op- 
eration and maintenance conducted these visits. In addition to 
words collection. visits typically included structured inter- 
view with senior operations and maintenance personnel to 
obtain additional insights into failure cwots and maintenance 
tasks. 

Twenty-two plants puticipatcd in the study, providing data 
on 71 power syncms. The data represeented 708 unit-years of 
operating experience. and all plants provided data for periods 
Of 3 years or longer. 

‘The SOYIC~ data on mai”tcnzmce and failure events were ar- 
ranged in a conriste”, record format for computer entry and 
validation. Data reduction was perforrded by examining events 
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Reliability/Availability Guarantees of Gas Turbine 
and Combined Cycle Generating Units 

Thomas E. Ekstrom 

2) Running Reliabiliry: The expected likelibwd that a gen- 
erating unit ES” provide electricity when quested. Mea- 
~ureme”ts of running reliability deal with unplanned eve”@ 

and generally exclude all outages associated with scheduled 
ma,ntena”ce actI”!fles. 

3) Availabilify: The expected portion of period time (typo 
ically a year) that a generating unit is capable of providing 
electricity. Availability considerr all outage activity, both 
planned and unplanned. forced and scheduled. 

4) Equivalent Avoilabiliry: Similar to availability but fur- 
ther refined by capacity adjutments to reflect the cum”lative 
energy production capability. It becomes the expected ponio” 
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 moder. The 

concept of “Equivalent ” can also be applied to running 
reliability mea~weme”t~. 

Technically speaking, the domwtic (USA) electric utility 
industry has one fomud standard for reliability,lermi”ology. It 
is ANSI/IEEE Standard 762.1987. cntided “IEEE Standard 

Definitions for Use in Reporting Electric Generating Unit 
Reliability. Availability, and Produclivity” (11. It was written 
for base-loaded power plants and defines no less than 66 
reliability-related terms plus home 25 performance indexes 
(“one of which are explicitly named “reliability” or “running 
reliability.“) lEEE Std 762 is fairly “cw and to the author’s 
c”rre”t knowledge, there are no industry databases or operator 
data collection systems that are strictly based on the IEEE 
Std 762 definitions. The twxc commonly used definitions in 
Ibe United States ae those of the North American Electric 

Reliability Council (NERO, a.7 applicable to its Generating 
Availability Data System (GADS). A significant “umber of 
domestic (USA) utilifieS supply annual operating data to the 
GADS data base. The NERC GADS definitions arc sligbdy 
different from the IEEE Std 762 definitions but NERC is 
gradually changing its definitions to be more in line with the 
lEEE standard. And despite the IEEE and NERC definitions, 
the majority of Utilities still “SC their own “home-grow”” 
waditional mea~“res which lend 10 combine classical rclia- 
bility theory with specific system configuration, operating or 
;admi”istrativr “ecds. 
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The objectives of IEEE nnd NERC relate to the gathering 

and presenting of broad system operarionol data on a consis- 
tent basis. But component failure rate data and failure cause 

data have “of been rigorously kep, and no effort has bee” made 
to assess mainlenance intensify effec,. Force majeure events 
are not subtracled. Downtime is not segregated into active 
repair effon. waiting time, or unapplied time. Consequently. 
the IEEE and NERC definitions stmc,“res have no, bee” ad- 
equate 10 suppon the needs of equipment reliabili,y engineers 

..~ 
nor to suppon real-won” re,~a”,,,ty,a”*,,ao~llry warr*“rles. 

Nonetheless, the concepts, definitions, and fonulas of IEEE 
Std 762 and NERC GADS still provide a” excellent staning 
paint. The terms und recommendations in this paper “filize, 
expand upon, and generally Row with these “standards.” 

Another database receiving increasing attention is the Op- 
erational Reliability Analysis Program (ORAPI which was 
devised by GE in 1976 and is currently managed by Strategic 
Power Systems Inc., a private company in Albany. NY. 
I, utilizes the old standard terminology of Edison Elecvic 
lnstitu,e b”, was se, up as a” “eve”,s-based” database to 
specifically serve reliability engineering needs. I, presently 
includes more than 45W ““it-years of comprehensive gas 
turbine operating data and provides Ace, pafommnce reports 
and failure rate data to Lhe users, EPRI, archilec, engineers 
and the OEM’s, Today, with the ever-increasing flexibility 
of computers, systems such as the 0W.P system have the 
capability to suppan the most detailed categorization of evenll 
and the” provide for multiple analysis and reporting. From one 
se, of operating data, the computer can generate the standard 
fleer performance repons, the appropriately categorized NERC 
GADS data (or results), the udlity’s preferred internal perfor- 
mance repon and a ““if or plant warranty performance level 
measurement se, under custom-lailored warra”,y conditions. 

Starting Reliability (SRI is easily understood as the ratio 
of the “umber of successful stans to the “umber of attempted 
stuts. 

However, when stating reliability is to be measured care- 
fully, there are a “umber of “special sirnations” *a, must be 
considered, adjusted for, and sometimes co”Vac,“ally quali- 
fied. The most typical are: 

- multiple initiations of the “start” command without inter- 
vening corrective action(s), 

- ‘test” SMS and “mai”,e”a”ce” stans, 
* staning failures caused by other than canuact-furnished 

equipment. 
* staning fime allowance period, 
. operator o, pracedural errors, 
* star, sequence abons by operator or dispatcher discretion 

with no equipment failure. 
. load level reached for a “successful SW,,” and 
- staning reliability measurements for components, subsys- 

tems and panial plants. 

To illustrate the imprtance of the above “special considera- 
tions.” consider the concept of the sating time allowance pe- 
riod as incorporated in the IEEE standard but not in the NERC 
GADS or s,andard ORAP definitions. The IEEE standard 
allows that repeated initiations of the starting sequence. within 
a user-specified period (,ypically 20 or 30 mi”) be counted 
as a single auemp,. The significance of this distinction is 
evident by the fact fha, 74% of tie starting failures (see Fig. I) 
reported in the ORAP data base under the NERC definition 
are followed by a successful s,an within six minutes time of 
the “failure” and have minimal impact to the service demand 
request. When a ,ive-year ORAP history of GE MS7001WEA 
units WBS assessed the staning reliability averaged 93% by the 
NERC definition but 98.2% by the IEEE Std 762 definition! 

The IEEE Std 762 formula for sfarting reliabilify basically 
enables fair treatme”, of all the “special situations” described 
previously by focusing only on the “umber of chargeable 
failures to stat This is accomplished by making a subtle 
fomwla change to 

SMing Reliability = & (IEEE) (2) 

where SS = [Chargeable] Smning Successes, and SF = 
[Chargeable] Staning Failures. 

IEEE Std 762 the” offers some basic qualifications through 
iu definitions. But warranty situadons require expanded qual- 
ification as suggested here along the lines of IEEE Std 762. 

A f)ualifying Smning Anempt is the action intended 10 bring 
a unit tram 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 staning 
time period or without accomplishing corrective repairs are 
counted as a single aftemp,. 

A Chargeable Stanlng Success is the occurrence of bringing 
a ““it through a qualifying staning attempt to the in-service 
state within a specified period, as evidenced by maintained 
closure of the generator breaker fo the system. 

A Chorgenble Smrring Foilwe is the inability 10 bring a oni, 
through a qualifying staning attempt to the in-service sfate 
within a specified period for failure reasons chargeable 10 the 
warranty. Repeated failures within the specified staning period 
are fo be counted as a single sttiing failure 
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A third formula for starting reliability is used in the DBAF 

system for engineering analysis of companem and subsystem 
pxfomlatlce. 

SA-SF 
Starting Reliability = SA (Engineer’s) (3) 

where SA = Qualifying Staling Attempt, and SF = [Charge- 

able] Starting Failures. 

This “Engineer’s” fomtula, like the IEEE fotnxula. accom- 
madates the “special sihlatians” fairly well and actually offers 

the m”st representative measure of equipment perfmmance. 

But it tends t” err on the optimistic side while the NERC- 
GADS and IEEE formulas tend t” err an the pessimistic side. 

For example, a starting attempt ahoned midway through the 

SM sequence by the aperatar, 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 SM by this DRAP farmula. 

When selecting a measurement fom,“la and warranty can- 
text for starting reliability guanntees. there need to be mles: 

What is chargeable, and what is not? The maintenance- 
readiness environment should be addressed. And the measure- 

ment should statistically reflect the inherent staning reliability 
of the equipment. Financial penalties should not be incurred 

in a warranty sif”ation simply due t” the narural randomness 
of starting failures. Here are some examples of SR warranty 

considerations: 

I) Repair verification stans and failures-w-start from 

equipment not furnished under the c”“tract should not 
be chargeable to the warranty. 

2) If the equipment has not bee” successfully started within 
a reasonable periad (e.g., 30 days) then, for compmmise 

of readiness, the next smrting attempt shauld “at be 
considered a qualifying start attempt. 

3) I” order t” realize the significantly higher SR levels 
associated with the lEEE starting time allowance clause, 

there should be technically competent supervision and 
appropriate mtintenance penonnel available at site to 

expeditiously facilitate correction of the minor and “pro- 
cedural” ermn that typically acc”““t for the five-minute 

start-up delays. Remately dispatched sites typically do 
not have this benefit. Fig. 2 illustrates the numeric 

magnitude of this difference. 

A gwd measure of staning reliability considers measure- 
ment precision and representativeness, commonly referred to 

IEEE 
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Fig. 3. co”cep”nl dasrihcation Of omge lime (NERC GADS). 

as meawrement uncertainty. It takes IM) stm attempts for the 
data alone f” be precise to the nearest one percent. And it 

takes IWO start attempts for the measurement to statistically 

represent the hue-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 ““its 
at the same site and maybe for multiple years f” obtain a better 

and m”re representative data set. Obviously a machine that is 
started less than 50 times per year is a poor candidate for a sin- 

gle “nit starting reliability warranty. Here is a way, however, 

that this measurement ““certainty can be fairly addressed. 
If the starting reliability me”s”reme”t must be made with 

an accumulation of less than 500 start attempts, the statistical 
meas”rement ““certainty shall be recognized by providing an 

allowance from the guarantee level. The Measurement Uncer- 
tainty Allowance shall adj”st the paint of damages initiation 
based on the cumulative binomial probability function and the 

actual number of start attempts so as t” assure with 75% 

confidence that the indicated (measured) shortfall is due t” 
equipment deficiency rather than the random nature of failure 

“CC”lTe”ceS. 
The author recommends that Ihe IEEE Std 762 f”m,“,a be 

used for starting reliability guarantees since it is m”st ““ivet- 
sally acceptable. allows focus on only the chargeable sting 

failure events, and is already set up as a published national 

standard. Starting reliability guarantees are not recommended 
for base load and co”ti”“““s service ““its that experience 

infrequent starting. Appendix A provides a suggested generic 
write-up for a multi-unit Starting Reliability warranty. 

Before discussing running reliability and availability. which 

are primarily time-based measurements, one should review the 
principal classitications of outage time. For this, a picture is 

worth a multitude of words and this “picare” (see Fig. 3) is 
: wsd on the familiar NERC CADS definitions. 

1) SF = Starting Failure. Under IEEE Std 762. this is 

called a Class 0 ““planned Outage. 

2) “1 = Immedinre “nphnned Ourage. IEEE Std 762 
call this a Class 1 Unplanned Outage and both NERC 

and iEEE allow assignment t” this classification from 
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either the in-service (running) state or from the shutdown 
(nonnmning, saxe. IEEE addirionally permits scbCd”kd 
outage extension time to be reclassified as Class I 
depending on the cause of the extension. The ORAP 

reporting system ties a different approach to UI, U2, 
and U3 forced outages which will be discussed later. “1 

failures are obviously the most critical failure events. 

3) UZ = Delayed Unplanned Oumge. Similar to UI hot 

less urgent: NERC-GADS generally allows the machine 
to delay the outage to tie end of its daily run. ,EEE 

Sfd 762 calls this a Class 2 Unplanned Outage and 
more specifically requires that unit be removed from the 

in-service state within six hours. 

4) U3 = Posrponed “n,olannedOu,oge. Both NERC GADS 
and IEEE identify this as an outage that can be post- 

poned beyond the U2 level of urgency but mosf be 
removed from the in-service state before the end of the 

next weekend. LEES Std 762 identifies “3 outages as 
Class 3 Unplanned Outages. 

5) MO = Mainrenance Ouroges. IEEE Std 762 identifies 

maintenance outages a~ 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. 

Tbe ORAP definition of maintenance outage is slightly 
broader as it picks up a few of the UZ outages and many 

of Ihe u3 outages. Note that maintenance outages cccur 
for unplanned reasons but can be sufficiently delayed to 

be classed as “scheduled” outages. 

6) FO = Planned Oumges. Both IEEE Std 762 and NERC 
GADS identify planned outages BS those that are sched- 

uled we,, in advance and have a predetermined duration. 
Extensions of planned outage are noted as such under 

NERC GADS and continue to be counted as more 
planned (and scheduled) outage hours But according 

to IEEE. planned ootlge extensions may be retained as 
unplsnned outage extensions or reassigned to Class I 
or Class 0 unplanned outages depending upon extension 
cause. 

Ad*i”isrr*li”e 0utoge “ours (AOH) are a categoly not 

identified under either IEEE Std 762 or NERC GADS but 
very necessary for warranry situations. If provides a charg- 

ing category (or location) for outage hours that might not be 

chargeable under tie warranty such as force majewe events, 
waiting time, nonapplied time, noncovered equipment outages, 

etc. Funkmore, it can also be used to separate the service in- 
tensity/effectiveness aspects from the nominal inherent cquip- 

ment aspects in cases where the warrantor is not responsible 
for providing the maintenance service. In application, the AOH 

hours are removed from the fEEE or NERC unplanned outage 
hours and then either removed totally from the measorement 
or credited as available hours. 

As mentioned previously, the basic ORAP reporting system 
treats the forced outage categories differently from the NEW 

GADS and IEEE classifications. The distinction primarily 
relates to whether the unit was running or in the shutdown 

state at the time of initiation of the outage state. The four 
standard ORAP forced outage categoties are: 

II FS-Sraning Failure 
2) FOA-Automatic Trip from the running state 

3) FOM-hfonunl Trip fmm the running state 
4) FL-Forced Unovailabilify from the shutdown sute. 

The ORAP maintenance outage categories roughly corre- 
spad to the NERC GADS’ MO and PO and are: 

1) MU-Mointennnce “nscheduled 
2) MS-Mainfemnce Scheduled. 

The ORAP outage classifications plus identification of non- 

curtailing events particularly serve the reliability engineering 
needs and enable the measurement of failure rate from the 

running state. MTSF data for gas turbines are generally more 
appropriate when based on service time and failures from 

die running state. The ORAP system also reports concurrent 
mamtenance 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-O&W, 

aud IEEE outage classification systems are somewhat similar, 
bu nor identical. The vtiation~ in outage classification def- 
initions plus operator judgemen, 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 mles and operator interpretations. 

Reliobiliry is defined (in essence) as “the probability that 

the equipment, or system. can fulfill its function for rhe 
phnnedperiod ofneed.” But while there is widespread general 
agreement with this concept, there is unfortunately a large 

number of significantly differem measurement formulas being 
applied to quantify Yeliability.” This group is often referred 

to as “Running Reliability” (RR) measurements (to distin@sb 
them from staning reliability measurements) and their one 

point of commonalily 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 usen, 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 *at some formulas are better 

suited to specific warranty or engineering situations than are 
other formulas. 

A. RR = (1 - FOF) [GT traditional formula] 
where FOF is the Forced @tase Factor and 

(4) 

FOF= ForcedOutageHours 

Period Hours 
(5) 

The author’s company has traditionally used this formula for 
reliability because: I j the Forced Outage Factor tends to be 

somewhat independent of service duty. and 2) ule FOP CM 
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be directly subdivided to the contributing elements. Forced 
Outage Factor is formally defined by both NERC CADS and 

IEEE Std 762: it typically runs in tie 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 gwd reliability “umber of 98%. most 

users/operators we 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 tmditional CT formula, is as follows: 

RR = Period Hours - FOH 

Period Hours 
(6) 

For warranty situations, FOH are chargeable forced outage 
hours. 

8. RR = (1 - UOF) [“UOF’ formula] 
where UOF is the &planned @age Factor and 

(7) 

FOH Forced Outage ~““rs. 
MOH ““planned maintenance @age Fours, and 
PH period ~““rs 

This UOF formula is similar 1” the traditional CT formula 
(4, except that it includes all ““planned outages (forced plus 

maintenance). Some ORAP historical data has shown that the 
Maintenance Outage Factor runs at about two-thirds of the 

Forced Outage 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 = (I - FOR) [utility FOR formula] 
where FOR is the Forced @age &ate and 

(9) 

FOR = 
Forced Outage Hours 

Forced Outage Hours + Service Hours’ 
(IO) 

The Forced Outage Rate (FOR) is a long established “tilily 
industry measurement formally defined by both NERC GADS 

and IEEE. It works fairly well on high we machines and it 
is often used for “filily reliability calculafions including loss 

of load probability planning. It loses its appropriateness and 
atVactive”ess when applied to Iow usage macbiocs in rlandby 
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. Par! of the problem with FOR, as a measurement, is that 

no credit is given for re~ewe shutdown time when the “nit is 
fully available on standby. Another part of the problem is that 

oil elapsed time forced outage hours (FOH) are debited eve” 
though a large percentage of the FOH might occur doting 

periods of nondemand. 

D. 
RR = 

PH - FOH - SOH - A”H 

PH-SOH-AOH - 
(11) 

where 
[European formula] 

PH @iod noun (one year-g760 h), 
FOF coned Qutage pours, 
SOH Scheduled Outage ~““rs. and 
AOH &dministr&e C&age Hours. 

This formula. see” frequently in European bid specs, is var. 

ously called “Forced Outage Availability” or “Running Avail- 
ability” or just plain “Availability.” It is the truest mea~ore 

of the time-based probability for avoidance of forced outages 
and it is fully suitable as a wmeoty measure for units of any 
service application whether peaking or continooos service. The 

“Administrative Outage Hours” (AOH) category admirably 
CoYen 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 1W service hours also had 200 scheduled outage 

hours plus 20 administrative outage hours. ifs annual “mooing 
reliability” would be 97.95%. The European formula also has 

alternate forms that sometime appear in bid specifications 

RR= SH ~R~~~~OH IEuropean Version 21 (12) 

where SH = In Service Hours (fired hours). RSH = &serve 
~hutdow” ~“un, and FOH = Forced @age Hours. and also 

RR = 
AvaiiableHours 

Awi,ab,e H”urs + FOH [E”r”pea” Vex 31. (13) 

MTBF E. Reliability = m + Mm [textbook f”mula,(l4) 

where MTBF = Mean Time Between ~ailuren, and M’,TR = 

Mean Time To Repair. This &ssical textbook formula (21 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 (ckklcalendar hours), the 
result numerically approximates the GT traditional formula 

(4). If the MTBF is measured in service hours, Ihe result 
numerically approximates the utility FOR formula (9). This 

formula and the terms MTBF and MITR 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: I j The terms MTBF and 
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MlTR are derived, rather than directly-measured vaIues, and “Peaking Reliability Index” (PRI) is a fairly new approach that 

2) it tends to be overly sensitive to event rate. is quite attractive as a single, simple, fair. and overall measure 

F. RR = (I CFOR) [corrected FOR formula1 
where 

CFOR = Corrected Forced Outage Rate 
(FOWDDF) 

CFOR = 
(FOH)(DDR + SH 

and 
FGH Forced @age @us, 
DDF Dailv Dutv Factor. 

(15) 
for peaking or cycling duty units. It is strictly an “events” 

based extension of stating reliability that views the probability 
of not only stanina. but completing a run. The simplicity 
of the me&uremen~ offers at&g a&new panic&y for 
warranty purposes. In the continuing example: As tie peaking 

(16) “example” machine sees 25 successful sta”s and ,W service 
hours, it likely endured one starting failure and maybe one 
forced outage event (a trip) fmm the running condition. 
The corresponding PR, Reliability is easily calculated at 
92.:390 

(Fired Hours per &W24, and 
SH service @urs. 
The Corrected Forced Outage Rate (CFOR) is an anempt 

to 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 purponed to be an applied approximation of a four-state 
Markov mode, (with which some utilities are experimenting). 
and through the Daily Duty Factor (DDF) it recognizes chat 
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 175 forced out- 
age hours and 100 service hours, we might ascertain that 
the average fired hours per SM is 4.0. That gives a daily 
duty factor of 0.167, a CFOR of 6.8%. and a reliability of 
93.2%. Not ar optically pleasing a number as the GT and 
European formulas produce but vemendously better than the 
36.4% associated with the uncorrected forced outage rate 
formula (9). This is a fair reliability warranty mez.surement 
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--(l)’ [mission reliability] (17) 
where e = the base of the natural log (2.71828). A = the 
failure rate in events per hour which is also equivalent to 
VMTBF. and t = mission time in hours. Mission reliability 
is a classical reliability measurement too, and represenU the 
probability that a mission of time (t) will be successfully 
completed once started. Mission reliability is extensively used 
in military and aerospace design and is most applicable to 
continuously functioning components or systems where there 
is no oppamnity for in-service repair. Unlike al, 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 233 
service-hour MTBF in peaking service. then the pmbability 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 too, but a poor warranty measurement 
device. 

SF + FOE 

H RR=l- SF+,SS 
[P.R. Index-l] (18) 

where SF = Starting &lures, FOE = Forced outage Even‘s 
(from tie mn&ng state). and SS = Starting &tccesses. The 

1. RR = 1 - $& (P.R. Index-21 (19) 
where 

“I “Y 

IJOE &planned outage vents. 
SF +ting Failures, and 
ss $rting $ccesses. 

This alternate “Peaking Reliability Index” is a little broader 
than the first version, (18) above, in that it relates al, unplanned 
planned outage events to the number of attempted NOS. It is 
M excellent general measure of the freedom fmm unplanned 
outages. As the peaking “example” machine sees 25 successful 
~~1s. 100 service hours. one starting failure, one forced 
outage (trip) event, and one unplanned maintenance outage 
repair event accomplished during a period of no demand. the 
corresponding FRI.2 Reliability is cakulated at 88.5%. 

J’. RR = (P,~il)(SR)(pmj~~i~“) [demand ~1.1 (20) 

where Pa,;1 = probability of being available using the Eu- 
ropean formula (1 I). SR = Starting Reliability, and P,ision 
= probability of completing the mission using the Mission 
Reliability formula (17). This demand reliability formula is 
receiving increased usage by utilities as a planning twl for 
peaking and daily cycling units. See (41, which is both specific 
and encompassing in nature, and is an excellent coN.?crive 
meawe for most generating units. It has a disadvantage of 
producing poor appearing numbers for units that target for very 
long continuous runs (tbausands 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. 

7he dilemma of the existence and usage of so many 
formulas is tacitly acknowledged by the two leading USA 
norms, ANSVIEEE 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 wa- 

mmy and engineering situations (see Fig. 5). The basic criteria 

for the ratings on warranty measurements are as follows: 

I) The measure should have a tangible feeling; that is, it 

should be a simple measure calculated directly from 

counting hours and/or events. 
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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 rao or minimum dependence on arbi- 
Vary or approximated factors. 

4) The resulting number should have political and emc. 
tional acceptability: i.e., if it is a measure of reliability, 
if should read abave 90%. 

Warranties on running reliability are reasonable for a,, ser- 
vice applications from peaking to continuous duty if the proper 
formula is selected. Warranty structuring for running reliability 
guarantees is concerned with gwd 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 
tie user applied his limited maintenance resouces to other 
projects because of other priorities. 

Appendix B includes a generic sample wananty statement 
(plus qualifying clauses) for a running reliability warranty 
based on the “Eum~ean“ formula. 

The time-based measurements of availability and running 
reliability generally coont the grand total elapsed outage boon 
without difierentiadng actual applied repair time from unap- 
plied time or planned tasks fmm 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 ,ow maintenance priority 
and idle time. Waiting time for replacement parts can have 
ao even more serious effect. Availability can become more a 
measure of Ihe service system than the inherent disposition 
of the equipment to perform. In reviewing CRAP 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 correlated 
to the service application. Fig. 6 exquisitely illustrates *is 
effect. 

The combustion inspection is a fairly standard gas turbine 
maintenance inspection. yet some operators perform it more 
often than others. and the avernge elapsed period hours taken 
to accomplish this inspection vary by 6 to I across the service 
application categories! From a,, 488 inspections the average 
amount of hours to complete is 306. But is the “average” rep- 
resentative? How about the manofacuer‘s iosfmcdoo book? 
Reference [5] estimates 12 eight-hour shifts (or as little as 96 
c,ocWp.xiod hours) for tie MS7WI combustion inspection. 
The data indicate that this is reasonably demonstrated by 
the continuous duty units where the need and maimenance 
intensity are high, where three-shift maintenance is often 
employed, and where an offline. “replace-then-repair.” pans 
correction technique is applied. 
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Maintenance intensity effect is such a significant factor that ,m 
it must be addressed with every lime-basrd 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 *at will be numerically 
different from the normal ORAP or NERC GADS measore- 
men6 no (or even three) “sets of books” will have to be 

~~~~~ 

’ ~ 

Availability is the popular measure of the portion of time where Available Hours (AH) also equals PH FOH - MOH 

that a unit is available to sew load because it is not on forced - POH AOH and 
outage, maintenance outage, or planned outage. NERC GADS, PH eeriod Hours (one year-g760 h), 
ANSIIlEEE Std 762-1987 and ORAP recognize Availability FOH Forced Outage Hours. 
as a key performance index and more specifically call it the MOH (unplanned) &.%enaoce @age Hours, 
“Availability Factor” (AF). POH +rmed &age &mrs (scheduled well in advance), 

AvailableHoun 
Availability Factor = PeriodHours (21) 

where 

Available moors (AH) = PH - FOH MOH - POH 

and 

PH period Fours (one year-87~33 hj, 
FOH Forced potage Hours, 
MO” (unplanned) &%tenance outage 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 VIII. 

It should also be pointed oat that while availability is an 
excellent measure for high usage machines, it is a relatively 
par measure to be applied to low usage machines. In periods 
of low equipment need there is usually little incentive to 
accomplish scheduled or even essential maintenance in an ex- 
peditious manner. The inevitable stretch of outage time accmes 
unfavorably to the measurement. If the service application is 
low usage peaking sewice. it is advisable to consider a more 
appropriate running reliability guarantee along tie lines of the 
“European” formula (1 I) or the “Peaking Reliability Indexes” 
(181, (19) or perhaps just a Starting Reliability guarantee 

The structuring of availability warranties is similar to the 
structuring of mooing reliability wamoties. For both, the focus 
is on the management of outage lime. but for availability 
there most also be same control over the conduct of planned 
maintenance. And, in recognition of the fact that there will 
be nonchargeable outage time, the warranty “enion of the 
availability formula is preferably written as follows: 

Availability of Warranty = PH f”,,, (22) 

and 
AOH ~dministratitive @tage Hours (nonchargeable hours). 

Fig. 7 traces the average annual availability performance 
of tie domestic WA) MS7M)IUEA units participating in 
the SPS-ORAP data system. Appendix C includes a genetic 
sample of an availability warranty statement with qualifying 
temls. 

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 “xying capacity levels and in effect 
becomes a measure of energy production avoilobility Ttis is 
tic 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 term “equivalent” might be used to distinguish 
the subsystem level or component level from the full system 
generation level. For example, the nliability performance of 
a problematic limit switch might be described in terms of its 
F+i”alent Forced Outage Rate @FOR) which was deduced 
from its MTI’R divided by its (MTTR + MIFF). This paper, 
with its focus on w-ty conditions, will look at three types 
(or levels) of “system” equivalent availability measurements 
which increasingly accommodate the capacity element. 

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 measwements 
to the full (multi-unit) plant. If one gas turbine of a foor- 
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 aban 
Z3 of the plant capacity is available. During these periods 
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of panial equipment unavailability the plant is respectively 
considered to be at 75% or 667% cquivalenr availability. 

This measurement system is fully described by [6]. By this 

mea~“rement method. each major generating black is treated 
as king either available or not available to contribute a pre- 

established percentage of the plant’s output. This block method 
of equivalent availability measurement CM 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 Ihe normal 

time-based availability factor then provides a deduct in the 
form of equivalent dented hours for operation at dented 

capacity IeYeIs. 

EAF = available hours - equiv. dented ho,“rs 

period hours 
(23) 

where 

Available Hours 

(AH) = PH - FOH - MOH - POH 

Equiv. Demted Hours 

(EDH) = EUDH + EPDH + ESEDH 

c,l,” 

PH period ~““a (one year - 87M) h). 

FOH Forced G”lage Hours, 

MOH unplanned Maintenance Gutage Hours, 
POH &oned gotage Hours (scheduled well in ad- 

“e”ce,, 

EUDH %uivalenf &planned Erated Hours, 

EPDH &“ivalent @oned @“ted Fours, and 
ESEDH ~“ivalent seasonal @rated Fours. 

The Equivalent Dented Hours ore determined by multi- 

plying the dented operating time (hours) by the percentage 
of derating. If a four-unit combined cycle plant ex~rienced 

unplanned “navailabWy of one gas turbine for 100 period 
(clock-time) hours, it is treated as a 25% “block” denting of 

the plant. For calculation purposes theplanravailahle hours are 
still IW hours (100%) but there would be the accumulation of 

(0.25) x (IW hj = 25 equivalent unplanned dented hours (IM) 
AH - 25 EUDH)/100 PH = 75% SAP. When the equipment 

capacity is limited, all hours are derated including not only the 
service hours, hut also the reserve shutdown hours Seasonal 

dented hours, as defined by IEEE and NERC and discussed 

later. are excluded or set to zero in the block method. 

A second example illustrates the “proportional” deradng 

method which goes beyond the previous block method by 
considering deratings due to p&al equipment failures. If 

another gas turbine generator in the same four-unit combined 
cycle plant had a generator rotor beating problem that pz- 

scribed a limit on output power to 92% of its rated capability 
for a period of loo0 h, lhen that gas turbine generating set 

would be operating with an 8% shortfall of capacity. By 
the proportional denting method, tie plant would accumulate 

(0.08)(0.25)(1ooO) = 20 equivalent planned dented hours for 

the IcKa period hours of *is generator shortfall. These 20 
EPDH would not have been counted under the previous block 

denting method, but here at level 2 they are counted together 
with the other equivalent demted hours 

Using the Level 2 Proportional Block Derating Mefhod, 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 tme 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 demting 
method). 

The IEEE and NERC standards strive for a goad measure of 

energy availability but have not fully addressed the significant 
(and nonfailure) factors influencing gas turbine output power 

levels such as: 

* Ambient Charic Condirions: Temperature, barometric 
pressure. and humidity can cause gas turbine output 

capability to very by IO% 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 output power capability. 

* Compressor and Turbine Clennliness Levels: The state of 
cleanliness of the gas tukke’s compressor and turbine 

sections can impact o”tp”f capability by up IO% in 
extreme cases. This is a site envimnment/maintenance 

issue; it is not a reliability issue. but should it be counted 
as equivalent ““availability? 

. Compnssor and Turbine Degradnrion: 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 categocized as equipment failure but some would 

have it be counted as equivalent ““availability. 

So, the measure of equivalent availability, on a full energy 

production capability measurement basis, is not j”st one of 
reliability or equipment failure, but also bow to deal with 

the other major performance factors. An equivalent availabil- 

ity guarantee especially needs a very clear and explicit set 
of warranty 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 to utilize 
a small computer model to first calculate the theoretical “new- 

and clean” performance on an average hourly basis from the 
manufacturzr‘s plant performance algorithms. Then. actual 

hourly ourpuf capability would be calculated by subtracting 
a cleanliness (fouling) correction, a degradation ~omection 
and an equipment failure correction (derating). Negotiation 
would determine which corrections would be included in the 
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85% Ccmidence Levels 
an 95% inherent SR 

Number of to Favor or Protect 

start 
AttemPtS Seller Buver 

20 90 No, 
Possible 

50 92 98 
100 93 97 
4co 93.75 96.0 
,cKm 94.3 95.7 

EAF measurement. 7he value of each of the corrections is 
determined by regularly pressing the generating machinery 

to maximum operating level and recording the actual output 
power. Since most of these measuren~e”ts would not have 
equipment failure demtings in effect. it is possible to determine 
the average deterioration of perfwmance due to ,a”g term 
degradation, the rate of deterioration due to fouling, and the 
amount of recovery associated with cleaning. ‘f%e derating due 
to equipment failure can also be tested, or eve” measured on 
a” hourly basis. Those corrections that bad bee” agreed to be 
included in the EAF measurement would the” be integrated to 
equivalent derated hours for use in the EAF equation (23). 

Unfortunately, several know” projects have bee” cornmined 
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 compmmise positions such as negotiated 
seasonal (monthly or quarterly) production quotas with asso- 
ciated bo”uslpe”a,ty conditions. EAF has become the percent 
achievement of the quota and it has sometimes exceeded 
1W% (defying al, traditional reliability theory). Eve” the 
variance of the weather has bee” passed back t” the equipment 
manufacturer! When IEEE and NERC standards invoke the 
“Seasonal Deradng” term for gas turbines. it effectively offers 
the same compromise position and the same problems for gas 
turbine power plants. 

Thinking broadly about al, 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 though, out and agreed upon between all parties to 
tie contract. The simple time-based measures of availability 
and block “,e,bad 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. 

I” recognition of the fact that there will be nonchargeable 
outage time. the warranty version of the equivalent availability 
formula is suggested as follows: 

AH - ED” 
EAF Under Warranty = PH _ AOH (24) 

where Available Hours (AH) = PH - FDH - MDH - FOH 
- ADH and Eqquivalent Dented “ours (EDH, = EUDH + 
EPDH + ESEDH and 

PH rencd @“rs (one year - 8760 b). 
FDH Eorced GutiSe ,&wrs. 
MDH unplanned @i”te”ance Outage k&n, 
PO” Planned @age Fours (scheduled we,, in ad- 

vance,. 
ADH &dmi”isuative @age &rs. 
EUDH &ivalent &planned ~emted &urs. 
EPDH &uivale”, Planned &rated &un. and 
ESEDH guivalent &%xu, gerated @un. 

When maney or reputation are at stake, it is important that 
the measurement system be both accurate and representative. 
Tbe accuracy of the dam is accomplished through a “rigomus 
and explicit” lagging system that identifies the nature of each 
operating event (and outage) together with the starting and 
stopping times to the nearest minute wtenth of an hour. 
Representativeness of the data is a little tougher to deal with 
because of the randomness of accurrence of failure events and 
the widely distributed spacing of planned maintenance events. 

The term “repnsentativeness” is used here to relate the ac- 
tual measured value to the inherent long-term operating norm 
of the ez+uipme”t. This was partially addressed under starting 
reliability with reference ,” the “umber of star! aoempts 
required in the measurement to be statistically representative of 
the real. inherent mean. Table I illustrates the SW% confidence 
band around 95% inherent swting reliability to protect seller 
and buyer. 

A similar situation of randomness exists with Running Reli- 
ability and Availability measurements. The statistician will ad- 
vise that at least 25 1” 30 unplanned outage events are needed 
in the measurement set in order for the MT171 and MTBF 
to be considered representative of the inherent performance 
level of the equipment. Once again if is appmpriate f” average 
multiple units and eve” multiple 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 tie” 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 Aeet “average” (mean) data which is commonly 
show” a.3 the cottcctivc pcrf*nnancc statistic. and then a couple 
of distribution statistics. To the sothor, the “median” machine 
performance is a better indicator of expectations for single 
units than the “average” fleet performance. but the imp-xtent 
number for warranty situations should be somewhere near the 
85tb percentile. At that point there is abat 85% probabifity of 
successful achievement and only 15% probability of failure. 
By averaging multiple units and multiple years of dam in the 
measurement, the gap between the 85th percentile and the ‘-a~- 
erage” can be significantly closed. Bonus/penalty arrangements 
CM also drive the guarantee paint closer to the “average.” 

It should therefore be recognized by all parties that gear- 
antee points will normally be more pessimistic than fleet 
average performance. median machine performance or the 
mode example machines. 

X. WARRANT( TERMS 

A convectual 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 aN Reliobiliry Warronries: 

I) The reliability warranty is fully separate and independent 
from the equipment warranty. The wermnties may have 
separate sterling times. ending times, and commercial 
remedies. 

2) A rigoroos and explicit operating log shall be maintained 
from which the performance under warranty is to be 
determined. The log shell clearly identify rhe time. the 
cause. the capacity reduction. the amount of waiting time 
and/or idle maintenance time associated with each and ev- 
cry outage event and be periodically reviewed and jointly 
cenified 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 pbms, a 
work schedule agreement, and well planned replacement 
pans support 

4) The equipment shall be operated and maintained in eccor- 
dance with the suppliers’ recommended procedures with 
perticular attention to maintenance inspection intervals 
and preventative maintenance activities. 

5) A two-week (minimum) reliability demonstration period 
including no less than 5 star-stop cycles. 50 fired hoon 
and mutually acceptable results shall precede the warranty 
me&surement period. 

6) Outage hours or events not directly chargeable to failure 
of equipment furnished under the contract shall not be 
chargeable to the warranty. 

~d,if,io,,o, blouses for Stoning Reliabiliry Worranries: 

7) Test starts and failures to smrt from equipment not 
furnished by the seller shall not be counted as start 
attempts, failures, or s”ccesses. 

8) As a general assomnce of readiness: If a unit has not 
experienced a successful start during the prior ddlfy 
days. then the stat? attempt shall be considered as a 

nonwarranty-qualifying “test start” and shall not be 
counted. 

9) Measurement blocks of at least 5M) unit start attempts 
are desired to ensure that the measured SR is slatistically 
representative of the inherent (true) SR. Where liqui- 
dated damages without bonus provisions an associated 
with the measwemem of SR. and the measm-ement block 
has less the,, 500 start anempts, then a measweme”t 
tolerance band shell be inserted between the guarantee 
point and the point of damages assessment. The mea- 
surement tolerance shell consider the actual number of 
start attempts and relate the measured SR to guaranteed 
SR with 85% statistical confidence. 

Addirional Clauses for Running Reliabilify. Availability and 
Equivalenr Avoilabiliry Worrmries (as Applicable): 

10) For purposes of the warranty measurement: inspec- 
tions, maintenance. and repair sheI be gauged on e 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 
ootege hours and not charged against tie warranty. 

1 I) Equipment outages shall be considered on a “bloclr” 
basis. Each individual major piece of equipment (gas 
turbine. generator, HR.%, or steam mrbine) shall be 
treated as either available or unavailable at eny point 
in time. Equivalent outage hours shall be accumulated 
for “bloclr” outages but not for reductions in capacity 
of the individual major pieces of equipment. 

IZ) planned outage inspections shdl be performed on a 
‘7eplace then repair” basis with all needed replacement 
pans on hand at the SM of the inspection. NDE inspec- 
tions, repairs and cleaning up of removed components 
are to be done separately from the outege/inspection 
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. tf concurrent maintenance cannot be 
practiced. then the nonconcomnt planned outage hours 
for nongas turbine equipment shall not be chargeable 
as either outage hours or period hours, but as admin- 
istrative outage boors. 

14) Whereas seasonal deratings (due to ambient cendidons) 
do not constitute any form of equipment failure. the 
Equivalent Seasonal Dented Hours (ESEDH) shall be 
set to zero and not factored into the measurement. 

In the author‘s experience of writing and negotiating relia- 
bility warranties, them was much new ground to break. Them 
are also several major steps in the process of reaching an 
equitable warranty stxocture: 

srep I: Recognize the value of reliability to the point that 
it must be insured during Ihe contracting process. 

Step 2: Realize the fact that there are no commonly ec- 
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 S,d 762, NERC 

GADS, ORAP. and the German “DEW, 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 aspects. 

Different site applications require different treatment. Single 
unit peaken operating 200 fired hours per year should be 
under warranty by different measurements than base-loaded, 
multi-unit. combined cycle plants. 

Srep 3: Reconcile the “‘real-life” warranty consideration 
factors and determination of the appropriate meawrement for 
the specbic application. 

Pan of this process is to “rough in” the qualifications 
concerning which outage events or boon shall be chargeable to 
the warranty, or fully excluded from the wonnty or handled 

on a. “stop-the-clock” basis. To aid this process. Appendix E 
contains a Worksheet for Allocation of Outage Hours. 

Srep4: Capture the ideas of step 3 in suitable conwac, 
language. 

Step? Implement the measuring system with log sheet 
forms (hopefully computerized) to semi-au,oma,ically ma& 
each machine covered by the warranty. The degree of detail 
or ca,egotiza,ioo afforded by the log shall suppon 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 sough, after on 
a tangible basis. 

A. Starting Reliability Smemenr 

The average Starting Reliability of the [ModeVQpel gas 
turbine-generator units furnished under dds contract is guano- 
teed to be no, less than ,96.7%, over the warranty measore- 
ment period as measured in accordance with the definitions 
and concep‘s of ANSI/IEEE 91d.762.1987. The warranty mea- 
suremen, period for each machine shall commence on the date 
of firs, commercial operation and expire [Wee years] fmm 
that date. 

B. Starring Reliobiliry Warnmy Context 

1. The ANSVlEEE Std..762-1987 provides definitions and a 
fomula for Starting Reliability that allow for the tact that not 
all failures-to-start or incomplete star! attempts are chargeable 
to equipment failure or to the warranty. Starting Reliability is 
,o be measured by the IEEE formula as follows: 

SS = Chargeable Staning Successes 
SF = Chargeable Sterdng Failures 

AlId: 
A Oualifvine is the action intended UI bring 

a unit from shutdown to the in-service sfafe under conditions 
dnf qualify for inclusion in the warranty. Repeated initiations 
of the sting sequence within the allowable specified sting 
‘time period or without accomplishing corrective repairs are 
counted as a single anemp,. 

A agreeable St- (SS) is the occurrence of 
bringing a unit dvougb a qualifying stating attemp ,o the in- 
service state widG a specified period. as evidenced by main- 
tained closure of the generator breaker Lo the sysrem. 

A_ (SF) is Ihe inability ,o bring 
a unif through a qualifying staning stfempt 10 the in-service 
state within a specified period for failure reasons chargeable 
,o Ihe wananty. Repeated failures widdn the specified stardog 
period are ,o be counted BS a single staning failure. 

2. On an annual basis or at each accumulation of 500 quali- 
fying start attempts (whichever is greater). the Starting 
Reliability shall be calculakd collectively as a single average 
mea~uremen, of all of the contmc, units that are within the 
warranty mewuremen, period. If the calculated average 
Staning Reliability falls below the guarantee level, it shall be 
remedied in accordance with the terms se, forth [in the 
Commercial section]. 

If the measurement must be made with an accumulation of 
less than 500 Hall attempts, the s,&ticaJ meas”nme”t “we*- 
minry 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 
SM attempts to assttre with 75% confidence that the indicated 
(measured) shonfall is due Lo equipment deficiency rather 
the,, the random nature of failure occ”rre”ces. 

3. A rigorous and explicit operating log shall be maintained 
from which the stuting reliability measurement is fo be deter- 
mined. Tte log shall be paiodically reviewed and jointly cer- 
tified with a [Supplier] technical representative. 

4. Test Star& and failures to star, from equipment no, fur- 
nished under this contract by [Supplier] shall not be counted 
as start a*tempts, failures or s”ccesses. 

5. As a general assuraoce of readiness; if a unit has no, 
experienced a successful start during ule prior ddny (30) days, 
then the star, auemp, shall be considered as a non-wan;ulty 
“test s,ar,” and shall no, be counted. 

6. Procedural errors that do no, consfitute equipment failwe 
involving repair shall no, be counted as failures-to-start. 

7. The uni,s shall be operated within Ihe design conditions 
specified in the con~ac, and maintained in accordance with 
[Supplier] recommended procedures with pax’dcular attention 
,o mabxeoaece inspection intervals and preventative mainte- 
nilnce activities. 
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APPENDD[ B 
R_ 

[ProjectlCanaac, Title] 

A. Running Reliabiliry Staremenr 

Running Reliability shall be guaranteed in terms of Lhe 
ratio of acmsl available hours to planned available hours. The 
Running Reliability for the gas turbine-generator units fur- 
nished under Uris contract is guaranteed to average no, less 
than [97.2%1 over Ihe warranty measuremen, period. The 
mea~uremen, pertad shalt commence on successful comple- 
Lion of the two-week reliabiliry readiness lest. I, shalt expire 
[IWO years] after the due of firs, commercial operation. 

B. Running Re,iabi,iry Warronry Conrex, 

1. In recognition of the fact that there wilt be non-charge- 
able outage time, the wananry version of the running reliabili- 
ty formula shall be as fo,lows: 

Run”,“9 It&bt,tty E PH _ P,^, AD” 

where Available “ours (AH, also equals 

PH-FOH-MOH-FOH-AOH 
and: PH = Eetiod uoun 

(usually one year 8760 hours) 
FOH = &arced Qutage Hours 
MOH = (unplanned) Maintenance Wage Hours 
POH = &mned Qu,age Hours 

(scheduled wet, in advance) 
AOH = &lminis,mti”e Qutage Hours 

(non-chargeable) 
and: The above ,erms (except AOH) are more fully 

conceptualized and defined by 
ANWIEEE Std 762.1987 

2. A rigmus and explicit operating log shall be maincaimd 
from which the Running Reliability mea~unmen, is m be drier- 
mined. The tog shall clearly identify fhe cause and the amount 
of waiting time and/or idle maintenance tiw associati with 
each and e”ay ou,age even, and be periodically reviewed and 
jointly centtied with a [Supplier] technical representative. 

3. With [Supplier] assistance and concurrence. the Fquip- 
men, operator shall have a documented ti,enance program 
which covers scheduled maintenance plans, a work schedule 
agreement and welt-planned replacement pvts support. 

4. The unit shall be operated and maintzined in accordance 
with [Supplier] recommended procedures with panicular 
attendon to maintenance inspection intervals and preventative 
mainknance activities. 

5. A two-week (minimum) retiabiliry demonsearion period 
including no less lhan 5 start-stop cycles. 50 tired hours and 
mutually acceptable results shall precede the Running 
Retiabitig warranty measuremen, period. 

6. For purposes of the warranty measurrmen,; inspections, 
maintenance and repair shall be gauged on a high priority, 
high need basis. To achieve this, waiting time and inactive 
mainrename time in excess of four hours per outlge even, 
shall be considered as Adminiseadve Outage Hours (AOH). 
As such, they shalt have “s,op,be-cla‘k” ,rea”nen, and effec- 
tively no, be counted as outage hours. denad hours 0, includ- 
ed in the period hours base. 

7. Outage bows associated wi,b the (Supplier] furnished 
equipment but no, directly chargeable to equipment failure 
shall be considered as Adminiseative Outage Hours (AOH). 

8. Operator shall operate the gss turbine unit within the 
design conditions specitied in the con,~‘~,. 
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Availability shall be guaranteed in term8 of the Availability 
Factor as described in the definitions and concepts of 
ANSI/IEEE Std 762.1987. The average Availability Factor 
for the [X/mcdell gas turbines generator sets furnished under 
this contra is guarantad to average not less than (951% over 
the warranty nlas”reme”I pericd. The IneasUrCment period 
shall cmmnence on successful completion of the two-week 
reliability readiness test. It shall expire @wee] years after dx 
date of first commercial operation. 

Wananted A”al,sbl,tty Fador 
=i&% 

where: Available Hours (AH) also equals 

PH-FOH-MOH-POH-AOH 

and: PH = &icd Haus 
(usually one year 8760 hours) 

FOH = Eorced Qumge ,Joloun 

MOH = (unplumed) Maintenance Quage fIoun 

POH = &,med Qutage Hours 
(scheduled well in advance) 

AOH = Administrative Qutage Houn 
(non-chargeable) 

2. A rigorous and explicit opmting log shall be maintained 
from which the Avtilability meewrement 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 wifh a [Supplier1 technical representative. 

3. On an annual basis the Availability Factor shall be c&u- 

lated collectively as a single average tneasurernent of all the 
contract units fhat arc within the availability warranty mea- 
surement period If the calculated average Availability Factor 
falls below the guarantee level, it shall be remedied in actor- 
dance with the terms set forth in the [Commercial] agree- 
ments. 

4. With [Supplier] assistance and concurrence, dx equip- 
ment operator shall have a documented maintenance program 
which covers scheduled maintenance plans. a work schedule 
agreement and well-planned replacement pans support. 

5. The unit shall be operated and maintained in accordance 
with LSuppliefl ncammended 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 5 start-stop cydes. 50 tired hours and 
mutually acceptable results shall precede the availability war- 
ranty meas”reme”t 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 Outage Hours (AOH). 
As such, they shall have “stop&xloek” treatment and effec- 
tively not be counted as outage hours. demted hours or includ- 
ed in the period hours base. 

8. Outage hours associated with the [Supplier] furnished 
equipment but not directly chargeable to equipment failure 
shall 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 sLaR of the inspection. NDE inspections, repairs 
and cleaning up of removed components is to be done sepa- 
rately from the outage/ inspection activities. 

IO. Operator shall operate the gas turbine unit within the 
&sign conditions specified in the contract. 
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APPENDIX D 

Equivalent Availability Guarantee 

(Proponional Block Derating Method) 

[PmjectKontmct TiUe] 

IDate, 

Availability shall be guaranteed in terms of the Equivalent 
Availability Factor as generally described in tie definitions 
and concepts for the ANSVIEEE Std 762.1987. The average 
Equivalent Availability Factor for the contact-furnished gas 
turbines. generators and supporting controls and accessories is 
gwuanreed LO average not less than [ww] over the warranty 
measurement period. The measurement period for each gen- 
emtin8 set shall commence on successfu, completion of the 
two-week reliability readiness test. It shall expire two years 
after the date of first commercial operation. 

B. A”oilabilir,v warranty Confexl 

1. I” order t” reflect capacity reductions due t” equipment 
failures and deal with “on-chargeable outage time, the warmnly 
version of Ihe equivalent availability formula shoal, be as follows: 

warrantad Eq”lvaknt AvallllMmy Fslctw = /$+$ 

where: Available Hours (AH) also equals 
PH.FDH-MOH-PO”-ADHbythe 
co”ve”tio”a,. time-bared. IEEE 762 definition 

Equivalent Demled Hours (EDHI equals EUDH + EPDH 
calculated for periods of &rating due to specific equipment 
failure and excluding sea~ona, derating an* nominal &pa*- 
tian Of perf”mla”ce 

and: P” = Eericd &ulY (usually one year-8760 hcurs) 
FDH = E0rced Qulage flours 
MD” = (unplanned) I&i”te”a”ce Qutape Hours 
FQH = Elanned nutage fioun 

(scheduled we,, in advance, 
ADH = &imi”istrative @tape Hours 

(“on-chargeable, 
EUDH = &uiva,e”t Ynplanned !&rated Hours 
EPDH = Equivalent Elanned Berated k,ours 

2. A rigorous and explicit operating log shall be mainkained 
fmm which the Equivalent Availability measurement is to be 
determined. The log shall clearly identify the cause and the 
amount of waiting time andlor idle maintenance time associated 
with each and every outage event plus a,, data required t” cab 
culate EDH including minimum and maximum ambient tem- 
peratures and the effective reduction in dispatchable depend- 
able cap&y. The log will ix pericdically reviewed and joint- 
ly certified with a [supplier) technical representative 

3. The Equivalent Dented Hours CEDH) shall be calculated 
on a daily basis as follows: 

a. For days wherein 8e”erati”g capacity is “M limited by spe- 
cific failure of contract-furnished equipmenr. the EDH shall be 
lake” as zer” (0). 

b. For days that generating capacity is partially derated due 
t” specific failure of the contract-furnished equipment, the 
EDH shall be calculated as the ratio of the capaciry shortfall to 

the daily dependable capacity multiplied by the “umber of 
hours the derating was in effect. Genera, degrada(io” shall “at 
be consider& as specific failure. 

For example: for each day with some capacity denting, the 
minimum and maximum ambient temperatures for the operating 
period are ““ted. recorded and averaged to determine the medi- 
am daily operating temperature. Utilizing perf”r”m”ce curve* 
fmm Ule manufacturer, a “new and c,e.w” plant capacify level is 
determined for that median tempemure. Then that capacity is 
reduced by a nominal predicted de8mdatio” amount to arrive at 
the media” daily dependable capacity. Now, because of the 
impact of the specific component failure. a maximum dispatch- 
able capacity level will exist wbieb must be rationally deter- 
tined. (If the plant is fully dispatched for the full day. the” the 
full day’s generation in kWh divided by 24 hours is Ihe maxi- 
mum dispatchable capacity.) The diiference between the meti- 
a” daily dependable capacity and the maximum dispatchable 
capacity is the shaniall. 

The ratio of the shortfall lo the media” daily dependable 
capacity is the degree of denting. Then multiplying Ihe degne 
of derating by the “umber of hours that the derating was in 
effect that day, yields Ihe Equivalent Derated Hours. 

4. With [Supplier‘s] assistance and co”curre”ce. the equip 
me”, operator shall have a documented maintenance program 
which cwers scheduled maintenance plans. a work schedule 
agreemen, and well-pkvmed replacement pats support 

5. The unit shall be operated and maintained in accordance 
with [Supplier] recommended pmcedures with particular atten- 
tion Lo maintenance inspection intervals and preventative main- 
tenance activ1tres. 

6. A w-week (minimum) reliability demonstration period 
including no less than 5 start-stop cycles, 50 Rred hours and 
mutually acceptable results shall precede the Equivalent 
Availabilily warranty measu,ement period 

7. For purposes of the warranty measurement: inspections. 
maintenance and repair shall be gauged a” a high priori~, 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. 
lhey shall have “stop-the-clock” ueatmenf and effectively not 
be counted as outage hours, dented hours or included in the 
p&d hours base. 

8. Outage hours asswiared with the [Supplier] furnished 
equipment hut not directly chargeable to equipment failure 
shall be considered as Administrative Outage Hours (AOH). 

9. Planned outage inspections shall be performed “n a 
“‘replace the” rep&i’ basis with all needed replacement pans 
on band at the start of the inspection. NDE inspections. repairs 
and cleaning up of removed components is 1” 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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Worksheet for Allofation of Outage Hours 

A = warranty chargeable hours 
B = non-chargeable “stop-the-clock” hours 
C = non-chargeable fully-excluded hours 

Classific&nr bv Event Cause 

Maimem& (delayed) outage 
Planned Outage 
Unplanned Extension of planned outage 

Non-covered w 

huioment modifications 

Flood - hurricane 
Externally caused fire 
Labor problems. strike 

Excessive frequency swings 
Lack of proper (in spa) fuel 
Inadequate cooling water supply 

Planned outages for residual fuel 

Buyer stocking responsibility 
Supplier W&ing mponsibility 
Carrier (uansponation) mishap 
Delaved in Customs 

Notification delay 
Delayed arrival 

2nd shift not workinn 
3rd shift ml working 
Weekend day or holiday 
Higher priority elsewhere 
Work stretch-out labor problem 

p 
Traveling cranes or lifting gear 
Special welding equipment 
Oil conditioning equipment 

0 

0 

0 

0 

0 

0 

B c 

Ii I; 
(Xl 
(Xl 

(X) 

(X) 
w 

0 ( ) 

Ii li 

( ) ( ) 

( ) 0 

0 0 

0 0 

0 0 
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Appendix N 

Transmission Line and Equipment Outage Data 

Part 1 

IEEE Survey of Line Outages 230 kV and Above 

RR. Adler, S.L. Daniel, CR. Heising, 
M.G. Lauby, R.P. Ludorf, T.S. White 

IEEE PES Transactions on Power Delivery, Vol. 9, 
No. 7, Jan. 1994, pp. 21-39. 

Part 2 

Frequency of Transmission Line Outages in Canada 

D.O. Koval 

Conference Record of the 1994 Industry Application’s Conference, 
Twenty Ninth Annual Meeting, Oct. 2-3, 1994, Denver, Colorado, 

Volume Ill, pp. 2201-2206. 

Part 3 

Transmission Equipment Reliability Data from 
Canadian Electrical Association 

SY 
D.O. Koval 

IEEE Transactions on Industry Applications 
VOL. 32, NO. 6, November/December, 1996, pp. l-9. 
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frm servis.. Cd) wb.thsr’rh. ini;i;ting problem 
involved Ii”. .qu*pn.nt or rerminll .q”ipm”t. (.) tn. 
means by which the circu‘r v.s rssrored to seivic., 
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Transmission Equipment Reliability Data 
from Canadian Electrical Association 

Don 0. Koval. Fellow IEEE 

Wlh reference to Fig. I, the frequency and duration of major 
equipment forced outages for each major cmnpma” presented 
in his paper will be s~atiEed by voltage classification which 
will further be divided into two categories. namely: 

I) Ail imegral nkcampooents of the major equipment 
2) All ten&al eq”ipmem of the major equipment. 

For each major compo”em. tk dominant suixompooe”~(s) 
(e.g.. on-load tap changer) and dominant major equipment 
temtil failures (e.g.. control and prcxectio” equipment) will 
be presented A presentation of all the otha subcomponent 
sod terminal equipment failure statistics is beyond the scope 
of this papa but can be obtain in I31. Two reliability indices 
am presenti for Ibe duration of equipment foxed outages. 
namely. the mea0 and mediam For the majority of uansmir- 
sim system equipment forced outages. there is a SigClficam 
diheoce between Ibe mean sod the media” indicaring h 
skewness of the underlying distributions and the sensitivity 
of he mean LO lengthy outages. Given rhe fmq”ency sod 
dwatio” of forced tmosmission equipment outage swisdcs. 
tk reliability meti~odologies presented in IEEE Std. 493 (i.e.. 
IEEE Gold Book) can be used to predict dze performance of 
!mnsmissio” system operating cadigmations and ~sscss their 
impact on iwJ”suial ad commaial facilities. 

Historical tnramission system equipment forced outage 
statistics provide key answers Lo often posed questions: 

1’) what BR the prime causes of tmnunissian system equip- 
mem fomed outages? 

2) Does tk frequency of lr.msmission system equipment 
forced ourages vary significantly between ia imemal 
subcomponent and its associated ten&al equipment? 

3) How Img Bre tmnsmission system eqtdpmem forced 
outages7 
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2) wa. 
3) core. 
4) Leads. 

5) Ccolirig Equipment 
6) A&ii Equipment. 
7) Other. 

The identified teminal equipment categuies for Imnsfam- 

en ax: 

I) Cmed and Rorection Equipment 
2) surge AIrSler. 
3) Bus. 

4) Discmzct. 
5) Circuit Switcher. 
6) Current Transfcmwr (Free Standing). 

7) Potential Devices. 

8) Mo(or-Operaed Ground Switch 
9) other. 

10) unhlown. 

The frequ~ and duration of all i0tegra.l s&coqmenrS 

and all terminal equipment foned outages for me three phase 

element transformer banks are listed in Table I. 

The dominaa known cause(s) of subcomponent faced 
outages for sing/e fhree phase transfomer banks for each 

voltage class and their perantage of the totd frequency of 

s&component forced outages an: 

II&149 kV On-load Tap Changer 21.10% 
15~199 kV Auxiliary Equipment 39.33% 
2aCrZ99 kV Cmling F@ipment 15.91% 
300-399 kV On-load Tap changer 2.532% 
50Z-599 kV Cml* Equipment 22.22% 
6C&799kV Wmdings 26.67% 

Bushings (inclu~ C.T..‘s) 2o.owo 
ccolklg Fquipment 20.00% 

Ilk149 kV On-load Tap Qwger 28.33% 
500-599 kV On-load Tap Cnange~ 33.33% 

W&k* 25.w% 
a799 kV C&ii Quipmat 26.51% 

110-149 kV Control & Proteuica Q,ipment 42.06% 
150-199 kV Cmtrd & FTotection EquipIIlaIt 75.cw% 
2CxS299 kV Cmtrd & F~~tecti~ E.yipmat 42.37% 
3M399 kV Cmad & RMeQion Epuipment 5555% 
500-599 kV Cmad & Roticm Quipment 37.04% 
60&799 kV Cmtrol % Fvotitim Equipment 50.00% 

The frqwcy and duration of all integml subcompa~ents 
and all termind equipment foxed outages for tbrxe sin- 
gle-phase element transfoonoer banks are listed in Table 

II. 
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‘2) Minimum Oil. 
3) Air Blast. 
4) SM-Live Tank. 
5, vacuum. 
61 Other. 
7) SFh-Dead T&L 
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The subcompursa.5 of each type of cirmit breaker are ment forced ““lages for 110-149 kV circuit breakers and 
divided into the following components: the percentage of dx total frequency of subcomponent faced 

1) Bushing CroCl”din8 C.T.‘s). ““la@ are: 

2) ~ati118 Mechanisms. 
3) Illlemlpters. 
4) Jnsulaticm System (Support Insulators). 
5) Resistors “I Grading Capacitors. 

C$erad”g Mez&misms 42.74% 

6) I”rermpti8 Medium. 
Auxiliary Equipment 18.45% 

7) Auxiliary Equipment. 
8) O&+x The dominant lrncw” cause(s) of terminal equipment 
The identified terminal equipment categaies for each type forced outages far 110-149 kV circuit breakers and the 

of circuit breaker are: percemw of the total frequency of term&l equipment foxed 

1) Control and Protection Equipment outage* are: 

21 sunre Arrester. 
3) Buy 
41 Disconnect. 

Ccnuol and Proteaio” E+ipment 60.59% 

‘The dominant lmown cause(s) of subcompooent quip 
rnent forced outages for (150-199 kV circuit breakers and 
the percentage of the total frequency of s”tcom~ce”t forced 
outages a: 

B”Sbi”gs 2o.w% 
AuxGry Eqipment 18.45% 

The dominant known cause(s) of termioal quipmeot 
forced outages for HO-199 kV circuit breakers and the 

Copyright 0 1998 IEEE. Ail rights reserved. 471 



IEEE 
S,d 493,997 APPENDIX N 



APPENDIX N 
IEEE 

Std 493-1997 

Operating Mechtisms 36.50% 
Lmermpriog Medium 23.99% 

The dominant known cause(s) of terminal equipnent 
forced outages for ZOO-299 kV circuit breakers and the 
percentage of ti teal frequency of termioal equipment forced 
outages are: 

Cow01 and Protection Equipment 
BU 

67.89% 
13.71% 

The dominant known cause(s) of ~subcomponeot equip- 
ment forced outages for (300-399 kV circuit breakers and 
dx percent.a~e of the teal frequency of sutcompooeot forced 
oura,$er are: 

the percenrage of the LMal frequency of subcompooent forced 
outages are: 

Operating Mechanisms 51.99% 
lntenuptin~ Medium 22.73% 

The dominant lmown cause(s) of (temainal equipment 
foxed ou@er for (600499 kV cimuit breakers and dz 

percentage of the total frequency of terminal equipment foxed 
outages are 

Ccnuol and Protection Equipment 
Disconooct 

.IV. CABlEs 

40.34% 
28.57% 

48.80% 
32.20% 

In the Canadian Elecuicd Association’s (CEN “Equip- 
merit Reliability lnfonnation System,” the subcompooent.s of 
cable related forced outqes are divided into the following 

Tbe dominant lmown cause(r) of UemGml equipment SUbcomPOEnt.: 

forced outages for (300-399 kV circuit breakers and the 1) Pothead. 
percentage of the t&l frequency of termiMl equipmen forced 2) Joints. 
outages are: 3) Cmducta. 

4) Insulatim System. 
5) Auxiliary Equipment. 
6) Other. 

Ccnrrol and Rote&on !Zqdpment 62.12% 

Ihe dominant lmowo cause(s) of fsubcomponeot equip- 
meot forced outages for (500-599 kV circuit breakers and 
Ihe percentage of the total frequency of SutcompMent forced 
ouLzges are: 

Operaling Mechanisms 57.55% 

Tbe dominant lmow cause(s) of terminal equipment 

‘Rx identified terminal equipment categaies for cable R- 
tated forced outages are: 

1) Ccmtrol and Protection Equipmenr 
2) surge Arrester. 
3) Bus. 
4) Diswnrect. 
5) circuit switcher. 

forced oulages for StI0-S9?I kV cimuit breakers end the 
percentage of the total frequency of texmiul equipment forced 
outages are: 

6) Cwm Transforma (Free St&b@ 
7) Pow&J Devices. 
8) Other. 
9) KJnlmown. 

The term& equipment caregties for cable related forced 
oulages is identical to circuit breakers. 

Tbe frequency sod duration of cable related forced outages 
for each voltage class is shown in Table X. 

Tne dominant know cause(s) of (s&component forced 
outqes for c&e reinred forced oura,yes for each voltage class 

Cooool and Protection Equipment 
Bw 

63.63% 
22.73% 

The do&ant known cause(s) of (subcomponent equip 
went forced outages for (600699 kV circuit breakers sod 
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110-149 k” Insulalim system 58.18% 
15&199 kV No forced outages ,xcurred OS% 
2W299 kV lnsuladm system 4O.w% 
3W399 kV Insularian System soLo% 
500-599 kV lnsulalim System lCQ.oo% 

1 l&149 kV Ccu~,ol & Protection Equipment 4O.CMYo 
Diszoruect 37.14% 

150-199 kV No foxed outages occurred 0.0% 
2W-299 kV “nhnown 50.00% 
3W39!3 kV No forced outages occurred 06% 
SW599 kV Cm~ol & Prelection Equipment 75.w% 

The frequency and duration of forced outages for rhe 
following equipment are listed in their respective Tables: 

I) Syncbrmous Canpensator Table XI. 
2) Shunt Reactor Bank Table W. 

3) Shunt Capacitor Bank Table XIII 
4) Se& Capacitor Bank Table XIV. 

Derails of Ihe subwmpoaenu md terminal equipment 
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forced outages for dx above four equipment categories are 
nor provided in dds paper due to !he scope of the paper. but 
ihese dettils can be found in ,3]. 

This paper has presented a summary of tk Canadian Elec@i- 
cal Associatim’s “Equipmem Reliability Information System 
Forced Outage Performance of Transmission Equipment” of 
Ihe period 1988-1992. The paper presented du: frequency and 
duration (i.e.. mean and median) of forced outages of the 
following major quipmem by voltage ciasr: 

iI Transformer Banks. 
2) Circuir Breakers 
3) Cables. 
I) Siatic Compensator. 
5) Shunt Reactor Banks. 
6) Shum Capacitor B&r. 
7) Series Capacitor Banks. 

age S~~~~SIICS were divided imo “all integral subcomponents” 
sod “all terminal equipment’ categcrks to provide a clear 
distinction between the major caws of !nmmirsion system 
eqmpment. For each major equipment categmy. (he dominant 
subwmponenr and domkure term&d equipment which con- 
tributed Ihe most to dx frequency of the major equipmax 
foxed outages was idatiEed. 

For circuit breaken. the higher the voltage CIB~S. the higher 
the frequency of forced outages for subcomponent and ter- 
minal equipment forced ouuges. nie mean duration for sub- 
component and terminal equipment foxed outages was sig- 
nificanrly higher thao tk median for b& categories. l?x 
donkant circuit brs!er suhxmponenr forced owages were 

‘b frequency aad duration of umsmission yuipmen: 
forced outage statistics presented in this paper provider dks 
basis for analyzing transmission system configurations and 
assessing tk impact of forced outages on ind”Sti3J and 
commerciai facilitier (e.g.. vokage sags at * given physical 
lccarion. the cost of power outages. the optimum operating 
co~gmation. etc.,. nle rnethcdologks for perf0mk.g lhew 
studies are found in IEEE Std. 493 (IF&X Gold Bmk). 
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lnterruptlon Costs, Consumer Satisfaction 
and Expectations for Service Reliability 

BY 
Michael J. Sullivan, Terry Vardell, B. Noland Suddeth, Alli Vojdani 

Paper No. 95 SM 572-9 PWRS. IEEE-PES Summer Power Meeting 
July 23-27,1995, Portland, Oregon. 
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95 SM 572-8 PWRS 

Interruption Costs, Customer Satisfaction 
and Expectations for Service Reliability 

Michael J. Sullivan, Vice Resident 
Freeman, Sulkan & Co. 

San Francisco, CA 94105 USA 

B. Noland Suddeth Manager of Transmission Control 
Duke Power Company 

Charlotte, NC 28201 USA 

Absbaci - This paper rummuiza results of a 
comprehensive study of the economic value of electric 
service carried out by Duke Power Company in 
eooperatioo with tbe Electric Power km’& hditutr 
In tbe study, cwtomer lnte~ption c& were estimated 
for generation, transmission nod distribution outages oi 
differing kngths occurring uader varying circumstancer 
htemiption cods for momentwy outages and voltage 
disturbances are ah reported. In addition to these 
economic indicators of eustomu value of service, customer 
erpectatloa~ for service reliability and power quality and 
their atlsfaction with the service currently offered are 
reported. Statirtical method8 and pmcedurer used in 
wUmatIng interruption costs are described. 

I. Introduction 

Some electric utility customers experience 
sign&ant economic lcs~s when power is interrupted or 
when power quality problems occur These customers need 
and expgt the highest quality and reliability of senics 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 pmblems. They do not desire, and an not willing to 
pay for, significantly improved reliability and power quality. 

Increasingly, utilities are being squeezed between the 
conflicting demands of customers who requin higher quality 
(and more costly) service and those who demand lower rates. 

Teny Vardell, tanager of ?&&et research 
Duke Power Company 

Charlotte, NC 28201 USA 

Ali Vojdani, tvfanager of Power System Analysis 
Elecbical Power Research Institute 

Palo Alto, CA 94304 USA 

To compete effectively given this situation, it is important for 
utilities to establish a balance between the costs of improving 
servioc reliability and quality, and the economic benefits that 
tkse improvements bring to customers This approach to 
reliability planning is generally called Value Based 
Reliability Planning (VEtRP). 

Value Based Reliability Planlung directly takes account of 
the value of reliability and power quality to cusfmners in 
assessing the cost effMiveness of proposed investment 
alternatives. I)pically. VBRP planning prcnxdures 
incorporate customer value of service in the planning process 
at the paint at which investment altematives are subjected to 
cost-betit analysis. This is done by including avoided 
custmner losses (due to outages and poor power quality) in 
the stream of benetiu that arise tiom utility investments to 
improve reliability or power quaMy 

Fig. I. provides an example of the relationship between 
service reliability, utility investment cost and customer 
interruption cost [Il. The objenive of value based reliability 
planning is to balance the utility’s investment cost against 
the interruption costs experienced by custonw~s l2.31. These 
costs are balanced by investing in reliability so that the Total 
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Cost of service reliability (i.e., investment cost phw custotnet 
intermption costs) is minimized. The line A in Fig. 1. is the 
point on the Total Cost cwve at which the Total Cost is a 
minimum. AtI utility investments with Total Costs 
appearing on the l& side of line A are cost &ctivc and 
reasonable. All those on the tight side of line A are 
investments which increase the total cost and are 
unreasonable. Inveament cost estimates are obtained 
through conventional engineering cost estimation 
techniques. Customer interruption cost estimates are 
obtained by directly sutwying custotners to determine the 
casts they experience as a result of different kinds of 
reliability and power quality problems. 

As part of B larger elion within Duke Power Company to 
establish value based reliability planning, a comprehensive 
value of service study 0fJJuke Power Customen was carded 
out in cooperation with the Electric Power Research Imtitute 
in 1992-93. In addition to interruption costs. the study 
tneastn’ed customer satisfaction with and expectations for 
savice reliability and quality. 

II. Approach 

Custotnet inteMption costs are the aonOmc losses 
Nstomen expetience as a resldt Of intermptiotw of CleatiC 
service or powr quality pmblems. These costs vary tiom 
cunotner to custotne* as a ftmction of a mttnber of factora 
ittaudhlg: 

0 the customer’s depadena on electricity; 
0 the *hue and timing of the electric supply 

di@wbance; and 
0 the eamomic value of the activity being disrupted 

Consequently. to estimate customer interruption costs it is 
necessary to statistically survey representative samples of 
cwtomers. 

Procedures for statistically surveying customer intermption 
costs have been developed and refined by a ttumbx of 
utilities over the past 15 years; and in the late 1980s the 
Electric Power Research Institute (EPBI) co-sponsored 
several large scale &or@ to demonstrate the estimation of 
outage casts using state ofdx at survey techniques [4]. The 
basic methodology used in these studies involves directly 
asking random samples of customers in different market 
segments (i.e., residential, commercial and industtis1) to 
estimate their economic losses as a result of power reliability 
and quality problems cammotdy considered in utility 
planning. 
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Using the methods that had been developed and tested over 
the years by EpP.I and others, information was collected from 
customers mnceming the ecottomic and operational impacts 
of a number of reliability and quality conditions. The seven 
outage scenarios outlined below umtptiw the minimum set 
of condition for which information is required to suppott 
VBItP at Duke power Company. These conditions included: 

2) 
3) 
4) 
5) 
6) 

a one-hour Generation outage (i.e., an outage 
occturittg at the time Of system pzak with advance 
notice; 
a one-hour summer aftemwn T&D outage: 
a four-hour summer afternoon T&D outage; 
a two-hour winter morning T&D outage; 
a 1-2 seMnd tnotnentay outage (clear weather); 
several L-2 second nwmentay outages (occurring 
during a summer storm); and 

7) a IS to 20 percent voltage sag (large custotnen 

only). 

Customers cannot distinguish between outages resulting 
from generation capacity shortfa!Ls (generation outages) and 
those resulting from failures on the transmission or 
distribution system (T&Ll outages). Nevertheless, the 
cd that customers experience during outages 
originating in the generation system are vety ditierettt from 
the co”ditiOnS they expaience for outages otighlating on the 
transmission or diswibution 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 OENI without warning and can last 
anywhere from micmscwnds to many hours (even days). 
Outages resulting from generation capacity shortfalls are 
different ii several impatant respects Generation capacity 
shortfalls do not cuse the collsp~ of the utility system 
baause the operation of the system during generation 
shortfalls is governed by emergency operating procedures. 
These p~ocedtues dictate ameliorative actions that the utility 
ail, take when operating reselves are forecasted to fall below 
specified levels. Among the actions that are usually called 
for are public appeals for vohmtaty curtailments and if the 
situatmn continues to worsen, interruption of randomly 
selected retail circuits preceded by radio and television 
annmmcmxnu. Tbesp intermptions are designed to last a 
fixed period of time (usually one how) and are imposed in 
rotating fashion. B-the duration of the outage is fixed 
and known andbecause the customet receives advance notice 
of its onset, the costs resulting from generation outages are 
signiticandy lower than the costs that customers would 
0theIwise experience. 
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Table 1. su mmarizes critical features af customer 
intemrption cost .nweys cwtducted during the study. The 
survey desigxs, sample designs and study procedures differed 
by market segment and cuetmner size Residential atstmners 
were surveyed by mail. Small and medium sized indusvial 
and commercial cwtmner~ were surveyed wing a 
uambination of telephone and mail; and large indutial and 
commercial cust~men were surveyed in-person by 
experienced cast estimators. 

III. Interruption Cost Summary 

In the event Of a generation outage. the average cast 
per kWh of unserved energy on the Duke Power System is 
estimated to be $7.79 (1992). Table 2. summarim average 
cwtomer interruption cats pr 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 tbir 
study, there is only a five percent chance that tme system 
wide generation outage CON are below S5.38 per kWh 01 
above 510.10 per kWh 

Commercial and industrial custmners experience much 
higher interruption mste than residential custtomers. In 
Tabk 2, it is apparent that r&kntial customer intcrmption 
0xt.s are signiticanUy lower than those of either CommerciaJ 
or industrial customers. For an outage lasting one hour on a 
summer afternoon originating in the transmission or 
distribution system, the average residentisl custmner would 
experience an interruption cost of $5.39 (or about $2.07 per 

coincident kWh of residential custwner load). Far the same 
outage, tk average mmmerci~ cusmmer would experience 
a ccw of $1,317 (or about S45.82 per wincident kWh of 
commercial customer load). For industrial customers. the 
average cmt of this oumge is estimated to be $9,404 (or about 
S7.61 per coincident kWh of industrial customer load). 
Overall the average custcnner cost per unserved kWl, for a 
one hour outage without achmce &ice is estimated to be 

$16.15 (1993). 

Interruption wsts vary from cl~~tomer t0 custmner 
depending on a number of facton. Fig. 2a. and Fig. Zb. 
display UK- diattibution of customer interruption MSU for 
residential, commercial and industrial cwtmners for a one- 
hour wage on a summer afternoon without advance notice. 
Residential cuet~mer intemrption costs range from SO to 
$64. GxnmerciaJ customer interruption casts range from SO 
to over $100,O+O, and industrial custaner interruption costs 
nmge from $0 to wer SI,OOO,OOO 

Diffaencss in intermption cats among commercial and 
industrial custmne~~ are systematic and can & predicted 
ti0m related pmduction factors (i.e., the customer’s business 
type, size and production technology). Using these 
pmduction factors, multiple regression models were 
developed for predicting customer intermption cats. Fig. 3. 
showa the relationship between predicted and actual 
intermption costs for a multiple regression model predicting 
customer intermption casts from these factors Predictions’ 
fmm the regm%ion model are not perfect, but they ale 
signiticantly more accurate than predictions based only on 
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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 
Merent 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 a”emges for the market 
segments - a statisticWy significant improvement over the 
predictive power arising from market segment alone. 

Sina much less information is required to estimate customer 
outage costs from the parameters in the regression model, it 
is possible to calculate customer swAic_ outage cost 
estimates for all large customer9 (from regression models) 
and thus to obtain detailed estimates ofcustomer outage costs 
without the expense of on-site smveys of all customers. Tbis 
approach is being used by Duke Power Company to calculate 
circuit specific outage costs including unique estimates for 
each of its I,KW largest customers 

Although less of tbe variation in msidentllll interruption cost 
is accounted for by variation in other household attributes. 
significant statistical associations are found between 
residential customer intermption costs, the size of the 

imuselwld and the age of its inhabitants. In general, the 
older the members of a household the lower the howhold’s 
average interruption cwt. When children are present, 
cusmmex intermption ants an signifantly higher. 

Circuit level intermption costs should be used when applying 
intenuption cost information to transmission and 
distribution planning problems. While system average 
intermption cost estimates are meaningfxd and useful for 
generation planning, sign&ant errors can be made by 
applying system average figures to particular circuits 
Beauat of the variation that exists across circuits in the 
distribution of customers by market segment and size. 
customer interruption costs for particular circuits may 
deviate dramatically Tim system averages. 

From the individual custmner’s pint of view, generation 
outages (i.e.,. those including advance warning) are 
inherently less costly than transmission and distribution 
outages (i.e., tbosc without warning). Advance warning 
signbkantly lowers the costs of outages for commercial and 
indurial customers Table 3. illustrates the effect of 
advancz notice 0” customer outage MN. 

482 
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Given one hour advance notice, the average large 
commercial customer on reduce its interruption cost by 35 
percent, from $12,506 to $14,574. For large industrial 
customers the savings due to advance notice are eve” greater. 
Given one hour advance “mice, the weraze large industrial 
cvstomer cari reduce its intemtption cost by 43 &cent, from 
S46.695 to $26,582. 

Voltage sags of 20 percent for less than 30 cycles can result 
in sigxiticant interruption msts for about 10 perant cd Duke 
Power’s largest industrial and commercial customers On 
avexage, large commercial and industrial customers 
estimated that a voltage sag would cDst 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 MN estimates provided 
by the remaining 50 percent ofcvstomem mnged from a low 
of $13 to a high of about S285,ooO. Tsn percent of the large 
cwtomers surveyed estimafed their losses fmm a voltage sag 
would be in except of S23.600. For cnstomers who said that 
they would experience costs as a result of a voltage Sag, the 
average cost was estimated to be S60.407. 

Momentary interruptions can result in significant 
intermption costs for most of Duke Power’s large 
commercial and industrial customers. On average, large 
c,,stomer~ estimated they would experience costs of $11,027 
as a result of a 1 to 2 second momentary interruption on a 
summer afternoon. Approximately 35 percent said they 
would experience no losses as a result of a 1 to 2 second 
outage. Fifty percent of the large customers said that a 

customer Class With Notice 
Large Ccm”leroial s14.574 
Large Industrial S26.582 

WI0 Notice 
S22,H)6 
S46.695 

momentary interruption of 1 to 2 seconds would result in 
outage costs in excess of Sl,5W; and ten percent of large 
cusmmers said that their costs in the event of a m”me”tary 
outage would exceed S45,130. For customers who said that 
they would experience costs as a resutt of a momentary 
outage, the average cat was estinmted to be $72,426. 

lV. Customer Expectations For 
Service Reliability 

Most customers understand that it is virtually 
impassible to provide perfect power supply reliability and 
power quality However, they differ dramatically in their 
expectations for the utility’s paformance along these 
dimensions. 

Large commercial and industrial customers expect nearly 
perfect Venice reliability Mosf ofthe large commercial and 
industrial customers in t@ study were served at tmnsndssion 
voltages. These customers experience almost no outages. 
Fmm their reactio”s m the survey, it is reasonable to 
conclude that mast 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 signifiadntly higher reliability than 
residential customers. Customers on primary and secondary 
distribution circuits were asked to indicate the number of 
outages (of different duratiotions) that they consider to be 
acceptits in a given year. The objecthe of this battery of 
questions was to measure the customer’s desired level of 
service reliability in “on-economic terms. The outage 
dmations studied incltie&momentaries, short outages (i.e., 
less than one hour) and long outages (i.e., outages lasting 
one to four how). I” 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 sired 
commercial and industrial customen. The figures show that 
residential customers have signiticantly lower expectations 
for service reliability than commercial and industrial 
customers. Fm example, Fig. 4a. shows that fitly percent of 
residential customers consider two or less extended outages 
per year to be a” acceptable level of service 0” the other 
hand, fitly percent of commercial and industrial customers 
expgt one or fewer outages per year. That is, the media” 
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commercial and industrial customer expects service to be 
about twice as reliable as the median residential custcmter. 

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 outages are significantly less 
satisfied than customers who believe that they are not 
receiving relatively high numbers of outages. 

The diKerence between expectations for service reliability 
for non-residential and residential customers is even more 
rrronounced for motnentav outaees. Fie. 4b. shows that the 
median residential cus&ner~mnsid~rs service to bc 
accepmble if the number of tnmnentay outages is less than Customer’s perception of the reliability of their electric 

about 38 per year -- about once every ten days. On the other setice is influenced by the reliability of their service, but 

hand, the median non-residential customer expects fewer most residential customers cannot distinguish high reliability 

than I2 outages per year _- about one per month. Here non- service from low reliability service. Customers who 

residential customers expect or desire setvice that is about experience relatively small numbers of momentary and 

three time$ as reliable as that desired by residential sustained outages are sigruficandy more likely to say that the 

Nstomers number of outages they experience is very low than axe 

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 
tbe levels of satisfaction for custotners in the survey sampled 
from circuits with dramatically different prior reliability 
histOrieS. 

V. Customer Satisfaction 

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 reliabilitv distribution 
appear to be able to discriminate their le&l of service 

The satisfaction of customers with setice reliability reliability, and then only imperfectly. 
was measured in all duee studies to ensure that the issue of 
customer satisfaction could be addressed. The custotner 
sati&ction measures used in the surveys were comparable to 
those uud on other studies of Duke Power custotners. 

The relationship between the reliability of utility service and 
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Survey Results of Low Voltage Circuit Breakers as Found 
During Maintenance Testing 

Working Group Report 

Pat O’Donnell 
El Paso Natural Gas Co. 

El Paso, TX 
(Coordinating Author) 

Other Working Group Members: WS. Braun, CR. Heising, P.P. Khara, 

M. Kornblit. K.D. McDonald 

Abstrect - The Power Systems Relisbility 
Subcommtttse strives to mslntsln current relisbittt 
dsts on major electrical equipment to assist the 
industry in accomplishing reslbtic snd mesningful 
nlisbiltty studies. This pspsr presents resutts of I 
low vottsge circutt bteoker reliability survey 
achieved through “se of rvsllsble results from 
testing during preventive mslntenmce. A 
substsntial number of test results were obtsined to 
allow credible results for 9 few different circuit 
breaker categories. A similar set of results was 
published in a paper(l) for the 1990 Industry 
Applications Society Conference. Most of these 
results have been incorporated into this new 
expanded effort. 

INTRODUCTION 

Results of a low voltage circuit breaker reliability survey. 
obtained from circuit breaker preventive maintenance 
tests are presented here. The results show differences 
between vadous categories and what components 
failed. allowing the reader to judge with swne 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 date 
and results are of value since often a failure or pending 
failure is not evident until a test is conducted. 

In keeping with the policy of the Power Systems 
Reliability Subcommittee, survey results of this type do 
not identify manufscturers. do not promote any types or 
designs nor are the results intended to drew definite 
conclusions. This is lefl to the reader. 

The following tables reftect available data from the tests, 
but only where sufficient data were available to present 
credible results (in the judgment of this working group). 

GENERAL 

Certain categories were possible to present, as 
evidenced in the tables to follow, and scme comment is 
beneficial here in understanding the results Many tests 
described certain circuit breakerr as being in ‘new’ 
condition or appearing ‘new”. These were broken out 
allowing comparison to “old” circuit breakerr or those 
not identified as in ?ww’ condition. Some circuit 
breakers were tested more than once. Number of tests 
are shown and were counted separately if 
appmximstety 3 years or nwre apart It is important to 
remember the results here sre 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 allow evaluatMn based on either. 
The failure modes available from the tests are defined 
as foll0ws. 

Trip Unit : failed to operate - repaired or 
replaced (Note: where calibration 
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Trip Calibration : 

Mechanical : 

Power contacts 

could not be cnrrected by Arc Chutes : chipped, cracked, burned. etc. - 
readjustment and required repaired or replaced 
replacement. a trip unit failure was Auxiliary Device : auxiliary contacts, indicators, 
counted) pushbuttons, etc. - repaired or 
not able to trip within specified current replaced 
and time range -required 
readjustment 
springs, arms, levers, hardened 

OVERALL SUMMARY (TABLE I) 

lubricant. etc. - repaired or 
replaced 

Table 1 shows all circuit breakem tested and what failed 

alignment, incorrect pressure, pitted, during a test. The trip unit and trtp calibration were the 

etc. - repaired or replaced 
highest in failures. the percentage of failures being 2 or 
InOre times that of other failure modes. 

TABLE 1 

Total No. Bkrs 1174 
Total No. Tests 1969 
Total No. Failures at Test 294 

No. of % Of 
m m 

Failed Component: 
Trip Unit 109 5.5 
Trip Calibration 64 4.4 
Mechanical 45 2.3 
power contacts 44 2.2 
Arc Chutes 12 0.6 
Auxiliary Device 10 0.5 
Total No. Failed Components ‘304 16.3 

* 10 circuit breakers had 2 failed components during one test 

SOLID STATE TRIP UNITS VS 
ELECTROMECHANICAL TRIP UNITS -(TABLE 2) 

Table 2 compere~ solid state (S/S) hip units to 
electromechanical (EM) type. Results show the EM 
breaker types with a higher percentage of failures (or 
unacceptable operation) of all components. As same 
would predict. the EM trip units experienced 
substantially ore failures than the s/S type. 
approximately twice the percentage. Since some CirCUk 
breakers were described in the test results es in “new’ 
condition. these have been broken out to show any 
influence this condition may have had on the failures. 

There wes no test data clearly showing EM type es 
“new’, so it can be assumed that twne of these 
appeared in “new” condition. The results show that the 
‘new’ s/S type. although showing some expected 
influence on the resutts if bmken out sqeretely. 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 EiM types which clearly 
have the highest percentage of failures associated with 
the trir~ units. 
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TABLE 2 

Tdp Unit Type All EM 
Total No. of Ekrs 662 
Total No. of Tests 1054 

Failed Component # Of % Of 
m J$& 

Trip Unit 61 7.7 
Trip Calibratin 60 5.7 
Mechanical 26 2.5 
Power Contacts 25 2.4 
Arc Chutes ‘6 0.6 
Auxiliary Device ‘6 0.6 

Total No. Failures 204 19.4 

* Small sample size -less than 6 failures 

SOLID STATE VS. ELECTROMECHANICAL 
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 600 amp frame sizes are mmbined 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 

All S/S New S/S 
512 99 
935 176 

# Of % Of # Of sb of 
m Tests Flr’J && 
26 3.0 7 1~1 
24 2.6 ‘0 0.0 
19 2.0 *4 2.3 
19 2.0 ‘5 2.6 
‘6 0.6 ‘0 0.0 
‘4 0.4 ‘0 0.0 

100 10.7 11 6.2 

Frame Biie 
Trip Unit Type 
No. of Breakers 
No. of Tests 

above. Results show a significant difference in 
percentage of failures between the smaller and larger 
frame sizes for circuk breakers with EM trip units. with 
the larger frame sires higher than that of the smaller 
sizes. Frame size shows less effect on the difference 
between large and small circuk breaken with S/S trip 
types. EM trip units still show an obviously higher 
percentage of failures when compared to B/S type. 

TABLE 3 

600A8600A 
EM s/s 
464 360 
642 770 

Failed Commnent #Of % of # Of % Of 

Trip Unit 
* TeJtsm &@ 
50 5.9 20 2.6 

Trip Calibration 41 4.9 
Mechanical 17 2.0 
Power contacts 16 1.9 
Arc Chutes ‘6 0.7 
Auxiliary Device ‘2 0.2 

Total NO. Failures 132 15.7 

* Small sample size - less than 6 failures 

22 2.6 
16 2.1 
19 2.4 
*4 0.5 
‘3 0.4 

64 10.6 

1600ABALKwe 
EM s/s 
196 132 
212 157 

x of % Of # Of %Of 
m &g@ m TeJtJ 

31 4.6 6 5.1 
19 9.0 2 1.3 
*6 2.6 ‘3 1.9 
‘6 2.6 ‘0 0.0 
‘0 0.0 ‘0 0.0 
2 0.9 ‘I 0.6 

64 30.2 14 6.9 
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SOLID STATE vs ELECTROMECHANICAL TRIP total of trip calibration failures in tables above. Some 
CALIBRATIONS FAILURES (TABLE 4) circuit breakers did not have all 3 time settings 

available, but pacticelly all had instantaneous settings 

Table 4 shows the failure relationship between the long with the exception of a few. The results show no 

time, short time and instantaneous settings of trip units. calibration failures fur the instantaneous settings for S/S 

Some circuit breaken had more than one time setting trip units. 
out of calibration. evidenced by the total exceeding the 

TABLE 4 

Trip Unit Type All EM All S/S 
Total No. of Skrs 662 512 
Total No. of Tests 1054 935 

Trip Calib. Failure % of % Of #Of % Of 
& TeStS & TeJts 

Long Time 45 4.3 14 1.5 
Short Time *I 0.1 11 1.2 
t”ste”te”eous 29 2.6 ‘0 0.0 

-TOteI 75 7.1 25 2.7 

* Small sample size - less than 6 failures 
** SOme circuit breaken had mwe than one time setting out of calibration 

OBSERVATlONS/CONCLUSlONS 

A significant observation from the results 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 nwre than twice the 
percent of unaccepteble operations es those rated 600 
amp and 600 amp, combined. Again. this included both 
failure of the trip unit to operate and failure due to 
calibration. 

For all circuit breakers bath percent of unacceptable 
operation of trip units and calibretion were much higher 
than the other failure modes. Mechanical operetton 

failtIreS and pewer contact failures experienced the 
fame percentage for both EM and S/S type circuit 
breakem 
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