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Abstract: A review of generally accepted applications and coordination of protection for radial 
power system distribution lines is presented. The advantages and disadvantages of schemes 
presently being used in protecting distribution lines are examined in this guide. Identification of 
problems with the methods used in distribution line protection and the solutions for those 
problems is included. 
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Introduction 

This introduction is not part of IEEE Std C37.230-2007, IEEE Guide for Protective Relay Applications to Distribution 
Lines. 

The art and science of the protective relaying of distribution lines has evolved over many years. This newly 
developed guide is an effort to compile information on the application considerations of protective relays to 
power distribution lines. This guide presents a review of generally accepted distribution line protection 
schemes. Its purpose is to describe various schemes used for different conditions and situations and to assist 
relay engineers in selecting the most appropriate scheme for a particular installation. It is intended for 
engineers who have a basic knowledge of power system protection. This is an application guide and does not 
cover all of the protective requirements of all distribution line configurations in every situation. Additional 
reading material is suggested so the reader can evaluate the protection for the individual application. 

Notice to users 

Errata 

Errata, if any, for this and all other standards can be accessed at the following URL: http://standards.ieee.org/ 
reading/ieee/updates/errata/index.html. Users are encouraged to check this URL for errata periodically. 

Interpretations 

Current interpretations can be accessed at the following URL: http://standards.ieee.org/reading/ieee/interp/ 
index.html. 

Patents 

Attention is called to the possibility that implementation of this guide may require use of subject matter 
covered by patent rights. By publication of this guide, no position is taken with respect to the existence or 
validity of any patent rights in connection therewith. The IEEE is not responsible for identifying Essential 
Patent Claims for which a license may be required, for conducting inquiries into the legal validity or scope 
of Patents Claims, or determining whether any licensing terms or conditions are reasonable or non-
discriminatory. Further information may be obtained from the IEEE Standards Association. 
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IEEE Guide for Protective Relay 
Applications to Distribution Lines 

1. Overview 

This guide is divided into eight clauses. Clause 1 provides the scope and purpose of this guide. Clause 2 
lists referenced documents that are indispensable when applying this guide. Clause 3 provides definitions 
that are not found in other standards. Clause 4 gives an explanation of distribution fundamentals. Clause 5 
discusses system configuration and components. Clause 6 explains the characteristics of protective 
schemes. Criteria and examples are discussed in Clause 7, including margins and normal considerations. 
Clause 8 has several special applications and considerations for distribution line protection. 

This guide also contains two annexes. Annex A provides the bibliography, and Annex B contains a 
glossary of terms defined in other IEEE standards. 

1.1 Scope 

The scope of this guide is to discuss the application and coordination of protection for radial power-system 
distribution lines. It includes the descriptions of the fundamentals, line configurations, and schemes. In 
addition to these, the scope includes identification of problems with the methods used in distribution line 
protection and the solutions for those problems. 

1.2 Purpose 

This guide educates and provides information on distribution protection schemes to utility engineers, 
consultants, educators, and manufacturers. The guide examines the advantages and disadvantages of 
schemes presently used in protecting distribution lines. This provides the user with the rationale for 
determining the best approach for protecting an electric power distribution system. 

2. Normative references 

The following referenced documents are indispensable for the application of this guide (i.e., they must be 
understood and used, so each referenced document is cited in text and its relationship to this document is 
explained). For dated references, only the edition cited applies. For undated references, the latest edition of 
the referenced document (including any amendments or corrigenda) applies. 
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IEEE Std C57.13™, IEEE Standard Requirements for Instrument Transformers.1, 2 

IEEE Std C62.92.4™, IEEE Guide for the Application of Neutral Grounding in Electrical Utility Systems, 
Part IV—Distribution. 

3. Definitions 

For the purposes of this guide, the following terms and definitions apply. The Authoritative Dictionary of 
IEEE Standards Terms [B29]3 should be referenced for terms not defined in this clause. 

3.1 distributed resources (DRs): Power sources such as generators, photovoltaic units, fuel cells, etc., 
connected on distribution circuits and dispersed throughout the utility distribution system. 

3.2 distribution automation: A technique used to limit the outage duration and restore service to 
customers through fault location identification and automatic switching. 

3.3 interrupting medium: The material used to facilitate the interruption of the arc during opening of a 
switching device. 

3.4 polarizing voltage: The input voltage to a relay that provides a reference for establishing the direction 
of the operating current. 

3.5 sympathetic tripping: The phenomena where an unfaulted interrupting device trips for a fault on a 
nearby circuit, usually caused by current inrush on the device after the faulted feeder’s interrupting device 
opens and the system voltage returns to normal. 

3.6 varmetric relays: Relays that respond to the quadrature (imaginary) component current compared to 
the polarizing voltage. 

3.7 wattmetric relays: Relays that respond to the in-phase (real) component current as compared to the 
polarizing voltage. 

4. Fundamentals 

4.1 Fault characteristics 

4.1.1 Type and calculation 

Faults occur on overhead and underground electric distribution systems with regularity. It is not feasible to 
design distribution systems to eliminate the possibility of faults from occurring. Faults can be caused by a 
number of sources including the following: 

⎯ Weather (such as wind, lightning, extreme temperature, and precipitation) 

⎯ Equipment failure 

⎯ Forestry contact 

⎯ Public contact (including pole and overhead contacts and underground dig-ins) 

                                                 
1 IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, Piscataway, NJ 08854, 
USA (http://standards.ieee.org/). 
2 The IEEE standards or products referred to in this clause are trademarks of the Institute of Electrical and Electronics Engineers, Inc. 
3 The numbers in brackets correspond to those of the bibliography in Annex A. 
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⎯ Animal contact 

⎯ Vandalism 

⎯ Vehicle accidents 

When faults occur, they can present hazards to the general public and utility personnel, and can cause 
damage to distribution facilities. Protective systems are applied to sense short circuit conditions (faults), 
clear faults in a timely fashion, and limit the effects to the smallest practical portion of the distribution 
system. 

Different types of faults can occur on distribution systems. The design of the grounding configuration of a 
given distribution system such as a three-wire ungrounded or four-wire effectively grounded system 
determines the short circuit characteristics associated with different types of faults. Fault types commonly 
experienced include the following: 

⎯ Three-phase 

⎯ Phase-to-phase 

⎯ Phase-to-ground or single-line-to-ground 

⎯ Two-phase-to-ground 

Most faults are temporary in nature. Common causes of temporary faults are wildlife, wind, and lightning. 
Some faults are permanent in nature, such as those caused by equipment failures or dig-ins. Often, on 
distribution systems, faults can evolve from one type to another, such as a phase-to-ground fault flashing 
over and involving another phase. In some cases, the fault current magnitude will change through the 
course of the fault event as a fault arc is established or the item initiating the fault burns away. 
Simultaneous faults involving different distribution circuits, sometimes of different voltages or phase 
relationships, can also occur. 

The type of grounding system and fault type must be understood in order to model and calculate fault 
currents, and to apply protective systems that will sense and operate for detectable fault conditions. There 
are three classes of grounding systems used. They include ungrounded, impedance (resistance or reactance) 
grounded, and effectively (or solidly) grounded. Current and voltage characteristics during fault conditions 
will differ from non-faulted conditions, and will vary depending on the grounding system utilized. Fault 
impedance should be considered. Some faults will be solid, such as the case when a broken phase 
conductor contacts a neutral wire; some will have an arc whose resistance varies with the arc length, such 
as an insulation flashover; and other faults involve a specific fault impedance, such as the case of a tree 
limb contacting an overhead circuit. Fault impedance is typically more of a consideration for faults 
involving ground, or at lower distribution voltages. In addition, the types of faults that may occur at a given 
location on a distribution system are defined by the number of phases (one, two, or three) in place. 

Calculations of the system fault currents used to select, apply, and set protective devices for use on 
distribution systems are typically accomplished through the use of the symmetrical components 
methodology. Symmetrical components are a mathematical tool used to calculate the effects of balanced 
and unbalanced fault conditions on three-phase distribution systems. Most fault studies utilizing 
symmetrical components are performed through the use of computers and software tools that allow 
protection specialists to model three-phase power system impedance characteristics, and calculate short 
circuit currents or ‘sequence components’ for various types of fault conditions. These currents can then be 
used to select and apply protective devices such as relays, reclosers, and fuses. Various cases are typically 
modeled in order to calculate maximum and minimum fault currents. For radially designed and operated 
distribution circuits the maximum available fault current is at the substation bus or feeder source. Due to 
the effects of the impedance of the line conductors, fault currents decrease with distance from the 
substation source. In many cases, maximum fault currents are limited in order to apply distribution class 
equipment on the circuit. 

Authorized licensed use limited to: Universidad Nacional de Colombia (UNAL). Downloaded on August 29,2014 at 21:34:46 UTC from IEEE Xplore.  Restrictions apply. 



IEEE Std C37.230-2007 
IEEE Guide for Protective Relay Applications to Distribution Lines 

4 
Copyright © 2008 IEEE. All rights reserved. 

4.1.2 High-impedance faults 

In some cases, the fault impedance will limit the fault current to values that are not detectable or that are 
comparable to load current values. Examples of this condition include a dry tree limb contacting two phase 
conductors, or the case of a conductor breaking and contacting asphalt or concrete pavement. These 
conditions, typically referred to as high-impedance faults, present a challenge to the protection specialist in 
application of protective devices to sense and clear faults. Conventional overcurrent and distance protection 
cannot reliably detect this type of fault. Special protection is necessary for this type of fault, which is 
beyond the scope of this guide. In the last decade, there have been technological advancements in the 
development of protective and monitoring devices specifically designed to sense high-impedance faults. 
Evaluation of the trade-offs between security and dependability of these devices is continuing. 

4.2 Load characteristics 

It is important to have the knowledge of load characteristics at various points in a power system for various 
studies such as load flow, short circuit, stability, and electromagnetic transients as explained in “System 
load dynamics-simulation effects and determination of load constants” [B30], “Representation of loads” 
[B11], “Incorporation of load modeling in load flow studies” [B17], and “A fault locator for radial 
subtransmission and distribution lines” [B14]. Complex models to represent the load exist; however, the 
main problem to include adequate representation of loads is obtaining proper data for use in a model. 

Although frequency-dependant load models have been proposed in various works such as “Representation 
of loads” [B11], “Incorporation of load modeling in load flow studies” [B17], and “The influence of load 
characteristics on power system performance—A C.E.G.B. viewpoint” [B63], it is difficult to obtain data 
from field tests for these models. It is almost impossible to obtain permission from grid control to isolate a 
part of the system and vary frequency over a wide range to measure load frequency characteristics at 
various load points. In a large interconnected system, the frequency usually does not vary over a wide 
range. 

4.3 Harmonics and transients 

4.3.1 Harmonics and their effect on distribution line protection 

A harmonic is defined as a sinusoidal component of a periodic wave or quantity having a frequency that is 
an integral multiple of the fundamental frequency (see IEEE Std 519™-1993 [B38]). In other words, a 
harmonic is a sinusoidal waveform that has a frequency equal to an integer multiple of the fundamental 
frequency. For 60 Hz power systems, harmonics will be integer multiples of 60 Hz, which can be expressed 
another way, as follows in Equation (1): 

Hz 60  ⋅= nh  (1) 

where 

h  is the harmonic frequency 

n  is the harmonic number 

A 60 Hz waveform and its second, third, fourth, and fifth harmonics are shown in Figure 4-1. 

Authorized licensed use limited to: Universidad Nacional de Colombia (UNAL). Downloaded on August 29,2014 at 21:34:46 UTC from IEEE Xplore.  Restrictions apply. 



IEEE Std C37.230-2007 
IEEE Guide for Protective Relay Applications to Distribution Lines 

5 
Copyright © 2008 IEEE. All rights reserved. 

 
Figure 4-1—Second, third, fourth, and fifth harmonics with a 60 Hz sinusoid  

from IEEE Std 141™-1993 (IEEE Red Book™) [B35] 

 
Nonlinear loads and power electronic devices are the largest source of the harmonics that appear in power 
systems. Some typical devices that inject harmonics into the power system are identified in Electric Power 
Quality [B27] as follows: 

⎯ Single-phase static and rotating ac/dc converters 

⎯ Three-phase static ac/dc converters 

⎯ High phase order static converters 

⎯ Battery chargers 

⎯ Electric arc furnaces 

⎯ Fluorescent lighting 

⎯ Pulse modulated devices 

⎯ Adjustable speed motor drives 

⎯ Transformers 

Other power electronic devices such as diodes, silicon controlled rectifiers (SCRs), gate-turn-off (GTO) 
thyristors, and insulated gate bipolar transistors (IGBTs) chop the supply waveforms. This chopping effect 
produces non-sinusoidal waveforms, which contain harmonics. The harmonic producing device will act as 
a current source and inject harmonic current back into the system. This is counter-intuitive since we 
typically think of loads as absorbing power. 

Like fundamental frequency currents, harmonic currents tend to flow towards the path of least impedance. 
This causes them to show up in the most unexpected places such as power system neutrals. Other problems 
such as series and parallel resonance can occur, but those problems will not be addressed in this guide. 
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The effect of harmonic currents on power system protection can be analyzed using symmetrical 
components. Assuming a balanced three-phase power system, harmonic quantities can be considered in 
terms similar to symmetrical components. However, a fundamental difference between the harmonic 
components and the symmetrical components is the frequency of the signal. Symmetrical components, as 
commonly used, are of fundamental frequency, while harmonic components have frequencies that are 
integer multiples of the fundamental frequency. Table 4-1 lists a few lower order harmonics and their 
corresponding similarity with a sequence component (see IEEE Std 141-1993 (IEEE Red Book) [B35] and 
“Representation of loads” [B11]). 

Table 4-1—Similarity between a harmonic quantity and a sequence component 

Order Sequence Order Sequence Order Sequence 

1 Positive 6 Zero 11 Negative 
2 Negative 7 Positive 12 Zero 
3 Zero 8 Negative 13 Positive 
4 Positive 9 Zero 14 Negative 
5 Negative 10 Positive 15 Zero 

The similarity between a sequence component with any harmonic component can be found by further 
developing Table 4-1. For example, the 16th harmonic would be similar to the positive sequence; the 
17th harmonic would be similar to the negative sequence, and so on. 

Thinking of harmonics in terms of sequence components can aid the protection engineer in analyzing how 
harmonics might affect protection devices. For example, all harmonics divisible by three or triplens are 
similar to zero sequence quantities and are thus capable of affecting ground relays if the relays are not 
tuned to the fundamental frequency. Negative sequence harmonics may cause erroneous operation of 
negative sequence responding elements if those elements are not tuned to the fundamental frequency. 
Protective devices such as fuses and traditional electromechanical overcurrent relays monitor an unfiltered 
current, and thus respond to the total RMS value of the current. The effect of harmonics on these devices 
should be considered when high harmonic distortion is present. If harmonic distortion is great, the total 
RMS current can be significantly greater than the fundamental frequency component alone. The true RMS 
current can be found by using Equation (2) as follows: 

∑
∞

=

=
1  

2  RMS
n

ni  (2) 

where 

i  is the RMS value of a particular harmonic current 

n  is the harmonic number 

It should be noted that harmonics associated with the acceptable distortion levels set forth in IEEE Std 519-
1993 [B38] do not present a significant threat to the proper operation of protective relays. Furthermore, 
harmonic currents tend to affect electromechanical relays more severely than modern microprocessor-based 
relays. Most of these microprocessor relays employ 60 Hz filters in their protection algorithms and are 
practically immune to the effects of harmonics. 

4.3.2 Effect of transients on distribution line protection 

Distribution line protective relays can be negatively affected by power transients, and their effect should 
always be evaluated when applying settings. For example, if a large capacitor bank is installed at the 
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substation bus, “close in” faults can cause large capacitor discharge currents to flow resulting in the 
possible misoperation of instantaneous over-current relays. Additional examples of transients are 
transformer energization inrush and system switching. Typically, time over-current relays are not affected 
by transients since the transient will be dampened out much faster than the relay operating time. 

4.4 Interrupting ratings 

When circuit breakers, reclosers, and fuses are called upon to interrupt a fault, it is imperative that their 
interrupt rating is not exceeded. The interrupt rating is the maximum symmetrical current that the device is 
capable of interrupting. 

When applied to reclosers and breakers, the interrupt current rating must be greater than the maximum 
expected symmetrical fault current at the device’s point of application. The X/R ratio at that location must 
be equal to or less than that at which the recloser is tested, at the maximum interrupting current, during the 
operating duty test. No uprating for symmetrical fault currents occurring at X/R ratios less than these 
maximums for which the recloser is tested should be allowed. 

Typically, reclosers are rated up to 20 kA. Circuit breakers are rated up to 63 kA for distribution 
applications. 

5. System configuration and components 

5.1 System 

5.1.1 Neutral treatment 

As mentioned in 4.1.1, there are three main methods of system grounding used around the world. The 
methods are solidly grounded, ungrounded, and impedance grounded. The solidly grounded method can be 
uni-grounded or multi-grounded. Impedance grounded can be resistive grounded, reactive grounded, or 
resonant grounded. The grounding method used is not important during normal operation, if all the loads 
are connected phase-to-phase. However, during single-phase-to-ground faults, operational and safety 
aspects strongly depend on the grounding method chosen (see “Roundup: System grounding” [B52] and 
Electricity Distribution Network Design [B55]). 

5.1.1.1 Multi-grounded system 

Multi-grounded systems have a neutral wire that is grounded at multiple locations along the length of the 
feeder. This is commonly referred to as a four wire system supplied by a wye-grounded source. This is the 
most widely used method in the U.S. and is also used in some developing countries. It provides power for 
single-phase and three-phase loads and is cost-effective for rural areas where single-phase loads are widely 
scattered. Phase-to-ground faults do not excessively affect voltage magnitudes on the other two unfaulted 
phases because the neutral is solidly grounded and shifts slightly since the grounding resistance in real life 
applications cannot be zero. Ground fault currents may be high, but the majority of fault current returns to 
the source through the neutral conductor, not through ground, which limits touch and step voltages within 
acceptable ranges. Ground fault currents depend on the system voltage, parameters of the feeder on which 
the fault occurs, and the grounding resistance. A system is considered effectively grounded if the voltage 
rise on the unfaulted phases does not exceed 35% of nominal voltage (see IEEE Std C62.92.4).4 Ground 
fault protection is provided by ground overcurrent relays set more sensitively than phase overcurrent relays, 
depending on the load unbalance as explained in 5.1.1.2. 

                                                 
4 Information on references can be found in Clause 2. 
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Advantages of multi-grounded systems are that the overvoltages during ground faults are low and 
protection is simple and inexpensive. 

Disadvantages of multi-grounded systems are that the circuit should be quickly interrupted when ground faults 
occur to prevent the high fault currents from causing excessive damage, to prevent damage to unfaulted circuit 
components, and to minimize the duration of voltage dip to customers connected to the faulted phase. 

5.1.1.2 Ungrounded system 

Ungrounded systems (Figure 5-1) are still widely used. Since the neutral is not grounded, it can freely shift. 
Under normal conditions and balanced loads, phase-to-ground voltages are equal in magnitude and 120° apart. 
Therefore, there is no voltage difference between neutral and ground. In the case of a phase-to-ground fault 
(Phase C in Figure 5-2), the fault current will flow from the source to the fault location and returns through the 
stray capacitance-to-ground of the two unfaulted phases of that feeder and the unfaulted phases of all other 
feeders connected to the same power transformer. Therefore, ground fault current magnitudes depend not only 
on the faulted feeder parameters, but also on the size (i.e., stray capacitance) of the rest of the system. 
Magnitudes can be approximately calculated from Equation (3) (as shown in Figure 5-3). 
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Figure 5-1—Ungrounded system 
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Figure 5-2—Ground fault in ungrounded system 
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CCCC CNBNAN ===  (phase-to-ground capacitance of each phase) 

PHCNBNAN VVVV === ||||||  (phase-to-ground voltages) 

CAA CVjI ω=  

BCB CVjI ω−=  

PHBAf CVIII ω3|| =+=
rr

 (fault current)  (3) 

where 

ω  is equal to 2πf rad/s 

Ground faults also cause phase-to-ground voltage rise on the unfaulted phases (A and B in Figure 5-3) 
approaching √3 × nominal. The insulation level of feeders should be designed to accommodate this voltage 
increase, which is a disadvantage due to increased investment. However, when system expansion increases 
the fault current through the stray capacitance, a neutral may be added, converting it to a grounded system. 
This can be accomplished by grounding the neutral of the transformer, either solidly or through an 
impedance, or by installing a grounding transformer. If the solidly grounded method is used, the same 
feeders can then transfer more power by increasing the system voltage. For example, feeders of an existing 
10 kV system can be energized at 20 kV, since they are already designed for this higher voltage, allowing 
transfer of two times more power. This has been implemented in some countries in Europe. 

Effective ground fault protection for ungrounded systems is provided by directional overcurrent relays that 
use residual voltage or neutral current for polarization and residual current from the faulted feeder, as 
described in 8.15. Phase difference between residual voltage and residual current is approximately 90° 
(Figure 5-3). 
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Figure 5-3—Voltage and ground fault currents in ungrounded system 
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The ungrounded system can operate for a prolonged time with a ground fault, and the arc can self-
extinguish. This is an advantage for reliable operation, but also poses a personnel safety hazard. Relays 
should be applied to detect the condition and alert the operators so that the fault can be located and repaired 
in a timely manner. 

A disadvantage of the ungrounded system is that fault current arcs cannot self-extinguish when capacitive 
currents become high. Also, intermittent arcing can occur and develop high-frequency oscillations that can 
cause overvoltage escalation of several times rated voltage. There will be fundamental frequency voltage 
rises on healthy phases; therefore single-phase-to-ground faults can develop into phase-phase faults; 
operating with a single-phase-to-ground fault can yield high fault currents similar to solidly uni-grounded 
systems in the case of a second phase-to-ground fault. 

5.1.1.3 Uni-grounded system 

Uni-grounded systems are solidly grounded only at the substation. This can be a three-wire system, with no 
neutral conductor (Figure 5-4) or a four-wire system with an insulated neutral. Ground-fault currents can be 
as high as phase-fault currents or even higher, similar to multi-grounded systems. However, ground fault 
currents flow back to the source through earth. A very high voltage between the faulted point and the 
reference ground (Vg) can occur. Part of this voltage represents hazardous voltages defined as touch (Vtouch) 
and step (Vstep) voltages that are dangerous for humans and animals (Figure 5-5). 
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Figure 5-4—Solidly uni-grounded system 

 

Advantages are that overvoltages are small (usually below 1.4 p.u.), and intermittent arc voltages are 
avoided. Because the transformer windings near the neutral do not see high voltages even during ground 
faults, this permits a graded insulation of the entire winding, which is less expensive. 

A disadvantage is that extensive analysis is needed to design an effective grounding system. 
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Figure 5-5—Touch and step voltages for a substation transformer 

 

5.1.1.4 Resonant-grounded system 

Resonant-grounded systems are most often applied in Europe. In this method, the transformer neutral is 
grounded through a reactance, also known as a Petersen coil (Figure 5-6). The reactance is resonantly tuned 
to the fundamental frequency with the stray capacitance of all feeders connected to the same transformer. 
The value of reactance is approximately determined by Equation (4). In the case of a ground fault (C phase-
to-ground fault in Figure 5-7), if properly tuned the neutral reactor and the system stray capacitance will 
cause the same amount of fault current to flow in opposite directions through the point of fault, canceling 
each other. Figure 5-7 illustrates fault current contribution by the system stray capacitance (solid-line 
arrows) and by the neutral reactor (dashed-line arrows). Since it is impossible to entirely match values for 
the neutral reactor with the system stray capacitance, a small amount of ground fault current will flow 
through the fault, but the majority of current will return to the source through the reactor. Small mismatches 
between the reactance and system capacitance (below 25%) will not create protection problems.  
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Advantages of a resonant-grounded system include the following: 

⎯ Ground fault currents are small. 

⎯ Arcs are self-extinguished. 

⎯ Touch and step voltages are small. 

⎯ Intermittent ground faults are avoided. 

Disadvantages of a resonant-grounded system include the following:  

⎯ Phase-to-ground voltages can be high due to resonance. 

⎯ Arrester protective levels are higher. 

⎯ Insulation may need to be increased due to neutral shifting during transients. 

⎯ It is not effective in case of arcing cable faults. 

⎯ Cables can produce repetitive and harmful restrikes. 

⎯ Tuning can be difficult to adjust for varying system configurations such as those associated with 
distribution systems. 
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Figure 5-6—Resonant-grounded system 
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Figure 5-7—Ground fault in resonant-grounded system 
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Figure 5-8—Voltages and ground fault currents in resonant-grounded system 

 

5.1.1.5 Resonant-grounded system 

To limit ground fault currents and reduce dynamic and thermal stress on equipment (particularly 
transformers), resistors or reactors are installed from the transformer’s neutral to ground (Figure 5-9). 
However, this grounding method causes the neutral voltage to increase during ground faults. For a 40% 
reduction in ground-fault current using a resistor compared to fault current without a resistor, the neutral 
voltage increases to 80% of the phase voltage. 

For this type of neutral grounding, resistors or reactors are used to reduce ground fault currents to 
acceptable levels, but not to entirely (almost zero current) eliminate it as with resonant-tuned systems. 
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Figure 5-9—Resistively or reactively grounded system 

 

Advantages of resistive or reactive grounded systems include the following: 

⎯ Ground-fault currents, touch, and step voltages are reduced. 

⎯ Overvoltages are smaller compared to ungrounded systems. 

⎯ Intermittent arc voltages are avoided. 

Some disadvantages of these systems include the following: 

⎯ The use of neutral resistance or reactance increases neutral voltages during ground faults and 
requires higher insulation of the transformer neutral. 

⎯ Overvoltages can be high when higher resistance values are used. 

Table 5-1 presents comparative results of the impact of different transformer neutral treatments on a typical 
distribution system during phase-to-ground faults. Figure 5-10 shows a 12.47 kV feeder supplying power to 
a 5 MVA constant impedance, delta connected load. The source voltage was increased 5% to obtain 
0.99 p.u. voltage at the load. A ground fault on phase C, with a fault resistance of 1 Ω, was simulated. For 
different load types and connections, the results will be different. 
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Figure 5-10—A typical distribution system with a radial feeder 
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Table 5-1—System voltages and currents during single-phase-to-ground faults  
for different neutral treatments 

Single-phase-to-ground fault (refer to Figure 5-10) 

Solidly 
grounded Ungrounded Resonant 

grounded 
Resistor 

grounded 
Reactor 

grounded 
Neutral impedance 

(Ω) 
Normal 

operation 

0.1 Ω 10 000 Ω 1 000/3 Ω 10 Ω 10 Ω 

VAG [V]  7 159 7 276 12 430 12 400 10 480 11 610 
VBG [V] 7 163 7 252 12 480 12 400 11 860 10 580 

Voltage at 
fault 

VCG [V] 7 161 2 062 22 0 578 542 
IA [A] 230 114 231 230 212 198 
IB [A] 230 223 231 230 238 219 

Load 
currents 

IC [A] 230 190 230 230 213 226 
VNG [V] 0 207 7 197 7 141 5 795 5 601 Xformer 

neutral IN [A] 0 2 067 0 21.4 579 560 
Fault 
current 

 
If [A] 

 
0 

 
2 062 

 
22 

 
0 

 
578 

 
542 

ICA [A] 7.2 7.3 12.4 12.4 10.5 11.6 
ICB [A] 7.2 7.3 12.5 12.4 11.9 10.6 

Capacitive 
currents 

ICC [A] 7.2 2.1 0 0 0.6 0.5 
 

5.1.2 Fault studies 

In the application of overcurrent protective equipment to distribution systems, it is important to know the 
minimum as well as the maximum fault current levels. A fault study should be performed to obtain these 
levels at each node of the circuit. 

For a radial system, maximum fault current levels are influenced by low source impedances at maximum 
generation conditions and zero fault impedance. Minimum fault-current levels are influenced by high 
source impedances during times of minimum generation and non-zero fault impedance (Figure 5-11). 
These conditions are calculated for three-phase, line-to-line, and line-to-ground faults. Normally, fault 
current decreases as the fault resistance increases. However, there are actual circuits where the current 
magnitude in one phase of a double-line-to-ground fault will increase when going from a zero to a non-zero 
value of fault impedance (see Electrical Distribution-System Protection [B12]). 

V ZS

ZF Fault 
Location

IF

 
Figure 5-11—Fault on radial system 

 
It is common in fault studies to use nominal system voltages with no distinction between circuit loading 
conditions that produce maximum and minimum voltages. Also, it is assumed that loads are not modeled. 
In most distribution applications, the substation transformer impedance is much larger than the generation-
source impedance supplying it. For this reason, the maximum and minimum generation source impedances 
are often assumed to be equal. In locations served by parallel transformers, minimum fault currents occur 
with only one transformer in service.  
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5.1.2.1 Methods for calculating source impedance 

Depending on the information available, several methods for calculating source impedance may be used. 

In radial systems, the positive-sequence source impedance is the sum of the positive sequence impedances 
of all system components from the distribution substation low-voltage (LV) bus up to and including the 
generator. The negative sequence source impedance is defined in a similar fashion. The zero-sequence 
source impedance is usually not the sum of the component zero-sequence impedances because of the effect 
of the transformer connections. 

If a short-circuit study was performed and the per-unit values of fault current for a three-phase fault (If3ph), 
line-to-line fault (Ifph−ph), and line-to-ground fault (Ifph−G) at the high-voltage (HV) bus of the distribution 
substation were determined, symmetrical components ZS1, ZS2, and ZS0 of source impedances at the HV bus 
can be found from Equation (5), Equation (6), and Equation (7), as follows: 

Zf
If
VZ

ph

nl
s −=

−

3
1  (5) 

ZfZ
If

VjZ s
phph

nl
s −−=

−

−
12

3
 (6) 

ZfZZ
If
VZ ss

Gph

nl
s 33

210 −−−=
−

−
 (7) 

Knowing that transmission lines and transformers have Z1 = Z2 and assuming Zf = 0, then for single-  
and three-phase faults, the source impedances ZS1, ZS2, and ZS0 can be calculated using Equation (8), 
Equation (9), and Equation (10) as follows: 

ph

nl
s

If
VZ

3
1

−
=  (8) 

12 ss ZZ =  (9) 
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s Z
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VZ −=

−

−
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The ZS1, ZS2, and ZS0 values obtained from the Equation (8), Equation (9), and Equation (10) are HV bus 
values and have to be appropriately combined with the per-unit symmetrical components of the substation 
transformer to obtain the source symmetrical components at the LV side of the substation. 

If only the three-phase fault kVA available at the HV bus is given, then the value for ZS1 magnitude is 
calculated by converting the fault kVA to a per-unit fault current magnitude, using Equation (11) and 
assuming a nominal system voltage if the actual line-to-line value of V at the HV bus is unknown. The per-
unit magnitude of ZS1 can also be found from Equation (11) as follows: 
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where 

⎜ZS1⎜    is the magnitude of positive-sequence source impedance (per unit) 

V    is the line-to-line voltage at the substation HV bus (per unit) 

kVA3ph (FAULT)  is the available three-phase fault kilovolt-ampere 

kVAB   is the base kilovolt-ampere 

kVA3ph (FAULTpu)  is the three-phase fault kilovolt-ampere (per unit) 

5.1.3 Fault impedance 

Fault impedance (Zf) is the impedance involved in the fault (see Electrical Distribution-System Protection 
[B12]). Zf is different than positive- (Z1) or zero-sequence (Z0) impedances, which are system 
characteristics. Zf is an impedance, resistive or reactive, between the faulted power system phase 
conductor(s) or between phase conductors and ground. Zf is not earth resistivity or the mutual impedance 
between an overhead conductor and a conducting ground plane. Zf depends on the fault type and the 
environment. A line-to-line fault on an overhead circuit caused by a dry tree branch can be a high-
impedance fault, and ground is not involved at all. A fallen conductor can cause a low Zf value if the 
conductor drops into a stream or ground water, or it can cause a high Zf value if it drops onto a dry 
pavement. 

Zf is also a time variable. A fault may begin as a high-impedance fault and progress to a low impedance 
fault. Conversely, a fault may start out with some fault impedance that increases to infinity if the fault is 
self-clearing. 

A number of different practices are used to determine minimum ground fault settings that will allow for 
fault impedance. Some of these practices are noted as follows: 

⎯  Select a percent value of the bolted single phase-to-ground fault at the end of the protected area. 

⎯  Use an established value for Zf added at the end of the protected area. Frequently used values range 
from 0 Ω to 40 Ω.  

⎯  Set Zf to a value that provides a minimum fault current equal to the continuous current carrying 
capability of the conductor. Fault currents below the thermal limit of the conductor may not be 
detected. 

⎯  Use a percent of three-phase fault currents. 

5.1.4 Bus configurations 

The bus configuration designs take into consideration requirements such as load characteristics, the 
necessity for maintaining continuity of service, flexibility of operation, maintenance, and cost. The designs 
vary from the simplest single-circuit layout to the involved duplicate systems installed for metropolitan 
service where the importance of maintaining continuity of service justifies a high capital expenditure. 

Bus configuration for distribution buses may differ radically from the layout of transmission buses. In some 
metropolitan developments supplying underground cable systems, segregated-phase layouts are employed 
to secure the maximum of reliability in operation (see Electrical Transmission and Distribution Reference 
Book [B2]). 

The following are some commonly used distribution substation bus arrangements and a description of the 
protective relay issues that these bus arrangements create.  
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Figure 5-12 shows a substation with a fused transformer, transformer secondary breaker (T), and three 
feeder breakers (F). The transformer secondary breaker provides bus protection and backup for the feeder 
breakers. Overcurrent relays on the transformer secondary breaker should be set below the transformer 
damage curve. Overcurrent relays on the feeder breakers should be set to coordinate with the transformer 
secondary relays and with downstream devices on the feeder. In this substation, there are two sets of relay 
curves to coordinate between the primary fuse and devices on the feeder. In some installations, the 
secondary breaker is omitted; then bus protection and feeder backup protection should be provided by the 
transformer fuse. 

FF F

TRANSMISSION SOURCE

TRANSFORMER

FEEDER     FEEDER        FEEDER 

T

 
Figure 5-12—Single transformer distribution bus 

 
Figure 5-13 shows a similar substation with a second transformer, a bus tie breaker (B), and additional 
feeders. Time overcurrent relays on the bus tie breaker should be coordinated with relays on the 
transformer secondary breakers and the feeder relays. This means there are three sets of relay curves to 
coordinate between the primary fuse and devices on the feeder. 
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Figure 5-13—Two-transformer distribution bus 
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To add a bus tie breaker without introducing an additional set of time overcurrent relays, a fairly common 
scheme is the ‘partial bus differential’ scheme shown in Figure 5-14. This uses one relay (51PB) for each 
bus, connected to current transformers (CTs) on the transformer secondary breaker and on the bus tie 
breaker. The CTs are connected so each 51PB relay responds only to current on the associated bus.  
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Figure 5-14—Partial bus differential scheme 

 

Figure 5-15 shows a main-bypass bus arrangement with high side power fuses for transformer overcurrent 
protection. Since there is no low side breaker on this transformer, the fuses are also the primary protection 
for the low side bus. The transformer, all of the feeder breakers (F), and the spare breaker (S) are normally 
connected to the main bus. Depending on the transformer winding configuration, the transformer fuses may 
have less current flowing through them for a low side bus fault than the turns ratio of the transformer 
indicates. For a delta–wye with the neutral of the wye-grounded, the transformer fuse will experience only 
the positive and negative sequence current for a phase-to-ground fault on the bus. This configuration 
desensitizes and slows the response of the fuses for ground faults on the bus and the feeders. The protection 
on the feeder breaker should be time-coordinated with the transformer fuses for faults on the feeders so the 
fuse should be slow enough to coordinate for phase-to-phase faults on the feeders. The spare breaker is 
used to energize the bypass bus. To take a feeder breaker out of service and keep the feeder energized, the 
normally open bypass switch is closed connecting the feeder to the bypass bus. The feeder breaker is then 
opened and isolated with the breaker disconnect switches. The feeder connected to the bypass bus is 
protected with the relays on the spare breaker. The protection on the spare breaker should be configured to 
protect and coordinate with the devices on the different feeders. 
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Figure 5-15—Main-bypass bus 

 
Figure 5-16 shows a similar substation bus arrangement but with a breaker or circuit switcher equipped 
with protective relays on the high side of the transformer instead of fuses. If overcurrent relays are 
connected to CTs on the low side of the transformer and these relays trip the high side fault interrupter, the 
protection problem of the lack of sensitivity and speed of operation for bus and feeder phase-to-ground 
faults, that the fuses had, is eliminated. 

TRANSMISSION SOURCE

F FF S

MAIN BUS

BY-PASS BUS

NO NONO

FEEDER 1 FEEDER 2 FEEDER 3  
Figure 5-16—Main-bypass bus with high side interrupter 
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Figure 5-17 is of a substation bus arrangement that uses more air break switches but has additional 
flexibility of operation over the main-bypass bus arrangement. This bus arrangement is sometimes referred 
to as a dual-operation bus. The transformer and the feeder breakers can be connected to either bus. The 
B breaker is connected between the buses and is normally called a bus tie breaker. Although the feeder 
breakers can be fed off either of the buses, only Bus 2 can be used as a bypass bus. To bypass a feeder 
breaker, the transformer is connected to Bus 1, and the feeder to have the breaker removed from service is 
connected to Bus 2 through the normally open bypass switch. The feeder load is then carried through the 
bus tie breaker. The relay settings on the bus tie breaker need to be flexible enough to protect and carry the 
load of any of the feeders. 
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Figure 5-17—Dual-operation bus 

 

The flexibility of the dual-operation bus is more obvious when there are two transformers to be operated 
either in spilt bus or parallel operation as shown in Figure 5-18. In this case, each transformer is connected 
to a different bus with some of the feeder breakers connected to each bus. If the transformers are to be 
operated in parallel, the bus tie is closed tying the two buses together. The coordination of the transformer 
high side protection, the bus tie breaker, and the feeder breakers is a little more complex. Depending on 
which bus the faulted feeder is connected to, the coordination is different. The complexity increases if the 
two transformers are not the same size, but it can be accomplished. As an example, using the bus 
configuration in Figure 5-18 for a fault on Feeder 1, the Feeder 1 relays will need to coordinate with the 
Transformer 1 fuse based on the current that Transformer 1 contributes to the fault. The Feeder 1 relays 
also need to coordinate with the bus tie relays for the current that Transformer 2 contributes to the fault. 
Also, the bus tie relays need to coordinate with the Transformer 2 fuse on the basis of the turns ratio of the 
transformer and the configuration of the winding of the transformer. 
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Figure 5-18—Dual-operation bus with two transformers 

 

With this bus arrangement, if a feeder breaker is to be bypassed, it is best to put the transformers in split 
bus mode by opening one of the switches on Bus 1. This creates three buses. One transformer is connected 
to the left Bus 1 and the other to the right Bus 1. The bus tie breaker needs to be connected on the side with 
the feeder breaker to be bypassed. The feeder breakers are all connected to Bus 1. Bus 2 is then a bypass 
bus, and the feeder to have the breaker removed from service is connected to Bus 2 through the normally 
open bypass switch. 

Figure 5-19 is of the main-bypass bus arrangement with two transformers. Low side transformer breakers 
(T) are added, which is the best arrangement to operate two transformers with this type of bus arrangement. 
If both transformers are in service, the transformers are operated in parallel. If only overcurrent relays are 
applied, there is a problem in coordinating the low side breaker relays to operate only the T breaker on the 
side with the faulted transformer. The application of differential or directional relays will correct this 
problem. For feeder faults, the overcurrent relays on the T breakers need to be coordinated with the feeder 
breaker overcurrent relays for the worse case, which is when only one transformer is in service. 

With increased interest in distributed resources (DRs), it may be desirable to connect one or more generators 
to a distribution substation bus or feeder. Figure 5-20 shows one generator directly connected to a common 
bus with four feeders. However, DR can also be connected to the bus or feeder through an interface 
transformer. Higher reliability and flexibility can be provided by a double bus system and corresponding 
switching equipment. The scheme designs depend on the degree of operational flexibility and cost. 
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Figure 5-19—Main-bypass bus with two transformers 
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Figure 5-20—A generator connected to distribution substation bus 

 

When a DR is connected to a bus or feeder, three different scenarios should be considered to estimate fault 
currents: 1) the utility system alone; 2) the combined utility and DR system; and 3) the DR alone. Although 
the DR would not normally be connected to the distribution system without the utility source, this can 
occur due to sequential tripping during a fault. It should be checked that by adding DRs the equipment 
capabilities would not be exceeded. If DR capacity connected to a bus is large, to limit its current 
contribution during faults, it may be necessary to use current-limiting reactors in series with each generator. 

Authorized licensed use limited to: Universidad Nacional de Colombia (UNAL). Downloaded on August 29,2014 at 21:34:46 UTC from IEEE Xplore.  Restrictions apply. 



IEEE Std C37.230-2007 
IEEE Guide for Protective Relay Applications to Distribution Lines 

24 
Copyright © 2008 IEEE. All rights reserved. 

Proper protection operation and coordination on the utility system should not be impacted by the DR. For 
DR interconnection to distribution systems, see IEEE Std 1547™-2003 [B40]. 

5.1.4.1 Bus configurations at generator voltage levels 

Several examples of bus configuration schemes supplying feeders at generator voltage levels are shown in 
Figure 5-21.  

Part (a) of Figure 5-21 shows several feeders connected to a common bus fed by only one generator. When 
the bus, generator breaker, generator, or power source is out of service for any reason, all feeders are 
simultaneously disconnected. Each feeder has a circuit breaker and a disconnect switch.  

Part (b) of Figure 5-21 shows designs with more than one bus. High reliability and flexibility are provided 
by double bus systems and switching equipment. The scheme designs depend on the degree of operational 
flexibility required and budget constraints. 

If generating capacity connected to a bus is large, it may be necessary to use current-limiting reactors in 
series with each generator or in series with each feeder, and sometimes both are required. In addition, bus-
tie reactors may be used to keep the short-circuit currents within the interrupting ability of the breakers. 
Bus-tie reactors may be bypassed when one or more generators are out of service to prevent voltage and 
phase-angle differences between bus sections that would exist with the supply to a bus section through a 
reactor. 

Figure 5-22 shows a design where continuous supply to all feeders is provided through reactor ties to a 
synchronizing bus in case one generator fails. Bus-tie circuit breakers are provided to tie adjacent bus 
sections for operation with one or more generators out of service. If needed, tie feeders from other stations 
can be connected to the synchronizing bus. 

A typical bus configuration design also includes the following: 

⎯  Voltage transformers (VTs) and CTs to provide inputs for metering, control, and protection 
systems 

⎯  A ground bus to provide grounding for each feeder when it is out of service for safety to personnel 

⎯  Firewalls between bus sections or between each group of two bus sections to prevent a fire from 
spreading from one section to the adjacent sections 

 

(b)(a)  
Figure 5-21—Examples of bus configurations at generator voltage levels  

with one or two buses 
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Figure 5-22—Bus configurations at generated voltage levels with reactors  

and synchronizing bus 
 

5.1.5 Neutral versus residual ground CTs 

5.1.5.1 Ground-fault relaying 

In power systems, ground-fault protection can be designed using ground relays. Figure 5-23 shows typical 
CT, overcurrent phase relay, and residual ground relay connections. 
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Figure 5-23—Typical phase and ground relay connections 

 

Overcurrent relays used for ground-fault protection generally are the same as those used for phase-fault 
protection, except that a more sensitive range of minimum operating current values is needed.  

When this method is used on four-wire multi-grounded systems, the ground relay setting should allow for 
the system unbalanced (residual) currents, resulting from the line-to-neutral connected loads. 
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Ground relays can be set more sensitively if the relays are not influenced by the load currents and the 
system unbalance. On four-wire systems with insulated neutral conductor, an additional CT installed in the 
neutral conductor removes the residual load currents from the ground relay (Figure 5-24). This application 
is most common in low-voltage systems. 
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Figure 5-24—Ground relay and residually connected CTs 

 

When used in ungrounded systems, a polarizing signal (voltage or current) is also required to obtain 
directionality of protection operation. 

Residually connected CTs can cause nuisance operation due to errors arising from CT saturation and 
unmatched characteristics. Sometimes the optimum relay speed and sensitivity are compromised because of 
this issue. 

5.1.5.2 Zero-sequence CT (core balance) 

An improved type of ground-fault protection can be obtained by a zero-sequence relay scheme in which  
a single window-type CT is mounted to encircle all three-phase conductors, as illustrated in part (a) of 
Figure 5-25.  

When used on four-wire systems with insulated neutral conductors, the neutral conductor must pass 
through the zero-sequence CT as shown in part (b) of Figure 5-25. 

There are several advantages of using zero-sequence CTs instead of residually connected CTs as follows: 

a) Only one CT is required for residual current measurements instead of three residually connected 
CTs. 

b) Zero-sequence CTs are more accurate since they measure true residual currents as a result of sums 
of flux produced by all three phases, while in residually connected CTs any mismatch in the CT 
characteristics will appear as false residual currents. 

c) Zero-sequence CTs can be more compact, having smaller core dimensions than residually 
connected CTs since they are not influenced by load currents or three-phase fault currents.  

d) During multi-phase faults, one or more residually connected CTs can saturate and cause false 
residual current through the relay. 
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Zero-sequence CTs are available in various designs, e.g., for mounting over a cable close to the cable 
termination or for installation around three phases in medium voltage switchgear. Zero-sequence CTs can 
be closed-core designs when cables can be disconnected for the CT installation or split-core designs for 
easier installation on existing cables. 
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Relay

b)  
Figure 5-25—Zero-sequence CT and ground relay, (a) three-wire system  

and (b) four-wire system 
 

When applied on cables with sheaths, to compensate residual currents that can flow through sheaths, 
grounding of cable sheaths must be done as shown in Figure 5-26. Any flux caused by residual currents in 
the cable sheath will be cancelled by the flux from currents through the sheath-grounding conductor. 
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Figure 5-26—Application of a neutral CT to a cable with sheath 
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5.1.6 Transformer ground source connections 

Additional transformers may be added to provide a ground reference on systems where no ground 
connection exists. A delta connected transformer is one example of this situation.  

Two commonly used transformer arrangements are as follows: 

⎯  Grounded-wye with closed delta [part (a) of Figure 5-27] 

⎯  Zigzag [part (b) of Figure 5-27] 

Both connections have high positive-sequence impedance, but low zero-sequence impedance. The zigzag 
transformer is more commonly used since it provides more effective use of transformer material. To limit 
ground-fault currents to a level satisfying the criteria for resistance grounded systems, a resistor between 
the primary neutral and ground can be installed as shown in part (a) of Figure 5-27. 
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Figure 5-27—Grounding transformers 

 

5.2 Lines 

When coordinating the overcurrent protection of the distribution system, the conductor damage curve 
should be considered. Conductor damage curves are available in reference books from the major 
manufacturers of the wire. Overhead conductors can be damaged by annealing, a reaction due to heating 
that significantly reduces the mechanical strength of the metal, or they can sag beyond safety tolerances or 
they can melt like a fuse element. Annealed conductors will typically remain in service, but over time the 
weakened metal can fail due to additional stress from wind and weather. While annealing is not as 
significant of an issue with steel reinforced conductors, if the core becomes deteriorated, then annealing can 
be an issue. Insulated power cables are also of concern as overheating can result in damage to the dielectric, 
sheath, extruded jacket, splices, and PVC conduit systems. Since cable systems are direct buried or 
enclosed in conduit systems, heat dissipation from fault currents takes much longer than for overhead bare 
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conductors. Coordination with the conductor damage or I2t curve is necessary for those systems that have 
high available fault currents due to low system equivalent impedances and substation transformers with 
large megavolt-ampere ratings. This can particularly be an issue for systems where the distribution circuits 
are aging while the substation and sources are being upgraded, resulting in a much higher fault current than 
that available when the circuits were designed. Parameters to consider in the evaluation are the available 
fault current, relay time-current curve, conductor I2t curve, and effects of reclosing (fast reclose cycles will 
not allow significant cooling of the conductor between shots). Conductor damage curves are dependent on 
the characteristics of the conductor and are available in reference books from the conductor manufacturers. 

5.3 Transformer—Distribution substation 

Distribution line protection should consider the transformer damage curves of the substation supply 
transformer. The transformer damage curves are based on I2t of the windings and on mechanical bracing of 
the windings for through faults. For substations that incorporate a low side transformer breaker, the 
overcurrent protection associated with that breaker needs to be set more sensitive and faster than the time-
CT damage curve. The feeder breaker overcurrent protection time-current curves should then be set more 
sensitive and faster than the low side transformer breaker protection for a fault on the feeder circuit. For 
substations that do not incorporate a low side transformer breaker, the feeder breaker overcurrent protection 
time-current curves should be set below the substation through fault damage curve and should coordinate 
with the transformer high side protection, keeping in mind that the high and low side current ratio is a 
function of the type of fault and the transformer connection as illustrated in Figure 7 of IEEE Std C37.91™-
2000 [B44].  

Primary fuses on distribution transformers, when used, should protect the transformer in the same manner 
as previously mentioned. It is often advantageous to only consider the coordination with the largest 
distribution transformer for each coordination path as all smaller transformers will then coordinate with the 
upstream feeder protection. 

5.3.1 Winding configuration 

In general, the common practice in North America is to operate three phase distribution systems in a four-
wire grounded-wye mode. This practice dictates that the transformer LV or secondary winding is connected 
in wye and solidly grounded at the common wye connection. It is also common practice that the primary 
HV winding be connected in delta. This provides advantages for the application of protective relays on the 
primary supply system. 

Transformer banks with a capacity greater than 3000 kVA are generally three-phase units. Smaller banks 
are often comprised of three single-phase transformers. Figure 5-28 illustrates these differences. 
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Figure 5-28—Three-phase and single-phase transformer connections 
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5.3.2 Impedance 

Preferred standard values of transformer impedance are provided in Table 10 of ANSI C57.12.10-1997 
[B3], which is shown as Table 5-2. IEC 60076-5:2006 [B28] Table 1, specifies minimum values of 
impedance for two winding transformers. Variation from these values may be required in some applications 
to limit distribution bus fault magnitudes. 

 

Table 5-2—BILs and percent impedance voltages at self-cooled (OA) rating 

 Without load tap changing With load tap 
changing 

High-voltage BIL 
(kV) 

Low voltage 
480 V 

Low voltage 
2400 V 

and above 

Low voltage 
2400 V 

and above 

60–110 5.75 a 5.5 a — 
150 6.75 6.5 7.0 
200 7.25 7.0 7.5 
250 7.75 7.5 8.0 
350 — 8.0 8.5 
450 — 8.5 9.0 
550 — 9.0 9.5 
650 — 9.5 10.0 
750 — 10.0 10.5 

a For transformers greater than 5000 kVA self-cooled, these values shall be the same as those 
shown for 150 kV HV BIL. 
Source: ANSI C57.12.10-1997 [B3]. 

 

5.4 Protective devices 

5.4.1 Relay 

Relays are devices that respond to signals from sensors (voltage, current, temperature, etc.), and operate 
contacts based upon predetermined criteria. These contacts are usually wired to the trip coil of a circuit 
breaker or a lockout relay. A relay can also be used as a control device to operate a circuit breaker after a 
preset time interval. 

Next to a fuse, the overcurrent relay is the oldest, least expensive and simplest form of fault detecting 
device. The initial designs were single-phase electromechanical relays that measured phase and ground 
current to provide phase and ground fault protection. Three-phase overcurrent relays were developed that 
derived sequence currents for use in detecting phase and ground faults. Relays with instantaneous or 
numerous time delay characteristic shapes are available. Where the systems are not radial, a directional 
element using a polarizing voltage and/or current for reference is added to supervise the overcurrent 
element. 

While the simple single- and multi-phase overcurrent devices are still applied, the microprocessor-based 
numerical relays with numerous functions are becoming more common. In these relays, the “overcurrent 
relay” is often just one of many functions included, and it may use any combination of sequence currents to 
produce its operating characteristics. 
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5.4.2 Recloser 

A recloser is a protective device that combines the sensing, relaying, fault-interrupting, and reclosing 
functions in one integrated unit. Reclosers can be placed in substations or out on the distribution lines. The 
purpose of the recloser is to sense a fault, clear the fault, and attempt to restore service. If the fault is 
permanent, the recloser should follow a predetermined sequence of open and close operations before 
locking out in the open position. 

Reclosers may be classified in a number of ways: by their interrupting medium, by their means of control, 
and by their number of phases. 

5.4.2.1 Interrupting medium 

At present, reclosers use either oil or vacuum for their interrupting medium. Historically, oil has been used. 
In the late 1960s, vacuum was introduced, and is now the predominate interrupting medium being used. 
The high-voltage dielectric insulating medium for vacuum reclosers can be oil, air, or a solid dielectric. 

5.4.2.2 Control 

Recloser characteristics, such as timing, counting, and reclosing, can be controlled by either a hydraulic or 
an electronic method. 

Hydraulic control is associated with series trip coil reclosers. In all hydraulically controlled reclosers, 
overcurrents are sensed by a series solenoid. Since the viscosity of the hydraulic fluid varies over 
temperature, the timing has been known to increase as the temperature decreases.  

Electronic control is associated with shunt trip coil reclosers. It uses a separately mounted electronic 
control, or set of overcurrent and reclosing relays to provide trip timing, counting, and reclose interval 
timing characteristics. These controls are more accurate, repeatable, and flexible than the hydraulic control. 

5.4.2.3 Number of phases 

Reclosers are designed as three-phase and single-phase devices. The three-phase type may operate in one of 
several modes: single-phase trip, single-phase lockout, single-phase trip three-phase lockout, or three-phase 
trip three-phase lockout. 

5.4.3 Fuses 

Fuses are the most basic type of devices used for overcurrent protection. There are two fundamental types 
of fuses in distribution systems: expulsion and current limiting fuses. Before the system is faulted, fuses act 
as part of the line. However, when the line is faulted, the element, carrying more current than it can handle, 
heats to its melting point, then breaks apart in different ways depending on the fuse type and the fault 
current characteristic. Expulsion fuses use gas generation and exhaust to remove conducting particles from 
the arc column and allow the fuse to interrupt current at current zero. Because expulsion fuses interrupt 
currents at the current zero, they will let-through up to a full half-cycle of the full fault current before the 
current interruption and will not limit the fault current magnitude. Current limiting fuses reduce the 
magnitude and duration of the fault current by introducing a high resistance into the circuit. This action 
significantly reduces the let-through I2t value compared to the I2t value of expulsion fuses. The lower I2t 
reduces stress on the power equipment subjected to this fault current. 

Current limiting fuses come in three types: backup, general purpose, and full range. Backup fuses are 
designed for high fault current interruptions but are limited to how low of a fault current that they can 
successfully interrupt and therefore rely on other devices for low current interruption. General-purpose 
fuses can interrupt currents that cause the fuse to operate in 1 h or less. Full-range fuses are designed to 
interrupt any current that causes element melting under normal fusing operations. 
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5.4.4 Sectionalizers 

Sectionalizers are not protective devices, but may be used in conjunction with overcurrent devices. A 
sectionalizer may be set to open when there is no voltage, after sensing fault current one or more times. 
This provides an additional place to sectionalize the system, with a device that does not have to interrupt 
fault current. Application of sectionalizers is beyond the scope of this guide. 

5.4.5 Other 

In addition to the protective devices described in 5.4.1 through 5.4.4, certain types of pad-mounted 
overcurrent protective devices can be applied to power distribution systems. These devices are typically 
self-contained, with the fault sensing and current interrupting components enclosed within the switchgear 
itself. Time overcurrent, instantaneous overcurrent, phase, and ground sensing are typically included, and 
settings can be applied via a programmable control or by setting of discrete components such as dip 
switches. Interruption is typically accomplished via vacuum interruptors. 

5.5 Switching 

During switching, system configuration can have a significant impact on application of protective devices. 
Feeder tie switches are commonly used to isolate sections of the feeder from the normal source and tie it to 
an adjacent feeder. This facilitates maintenance and outage restoration and allows feeder loads to be 
balanced by switching loads between feeders. 

If the tie switch consists of a set of three single-phase switches, each phase is opened individually with a 
hot stick. It may take several seconds to open all three phases. During this switching time, unbalanced 
currents will flow. The sensitivity of residual time overcurrent relays may be limited to prevent operation 
during this switching period. If the tie switches are gang-operated, this is not a limitation. 

With single-phase tie switches, it is possible to close one phase of a tie switch for an extended time. This 
condition may not be advisable because it would cause unbalanced current that could limit sensitivity of 
residual time overcurrent relays. 

When the tie switches are used to connect a section of the feeder to an adjacent feeder, a long circuit can be 
created. This may result in lower short circuit currents due to the impedance of the longer line and higher 
load currents due to addition of the switched feeder section to the normal feeder load. This makes lower 
current pickup settings desirable to detect short circuits, but makes higher current pickups necessary to 
prevent operation on load current. 

5.6 Instrument transformers (sensing) 

5.6.1 CT/VT 

Instrument transformers provide scaled signals for use in the protective relay schemes, stepping the power 
system currents and voltages down to a manageable level, and providing isolation between the relay system 
and the primary circuits. Instrument transformer performance can be a significant factor in protective relay 
scheme performance, since they provide the signals upon which the relays base their responses. In numeric 
relaying systems, the CT and VT signals will also be used for metering functions. 

CTs take the power system currents (primary) and step them down to a lower level (secondary) for 
relaying. The CT ratio defines this scaling factor, and is specified as the ratio of primary to secondary 
current (e.g., 1200/5). Multi-ratio CTs are designed with multiple secondary taps, providing more 
flexibility in setting relay response characteristics, optimizing the relay system performance, and allowing 
standardized hardware. The CT accuracy class is determined by a letter designation and a secondary 
voltage terminal rating (see IEEE Std C57.13). IEEE Std C37.110™-1996 [B47] provides guidelines to 
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insure that CTs are applied correctly for protective relay applications. CTs are necessary for all forms of 
overcurrent relaying (time or instantaneous, phase, neutral, or negative sequence) 

VTs step the primary power system voltage down to a lower voltage for the relay (secondary) circuits. As 
with CTs, VTs are specified based on their turns ratio. VTs are necessary for voltage-based relaying, 
including overvoltage and undervoltage and overfrequency and underfrequency. VTs can also provide 
polarizing signals for directional overcurrent schemes. 

5.6.2 Location and configuration (wye/delta) 

In distribution applications, CTs are required for each protected feeder as shown in Figure 5-29. The CTs 
are usually located on the bus side of the feeder circuit breaker, or associated sectionalizing device. This 
ensures that any fault on the line side of the breaker or the breaker interrupting components will be seen by 
the connected overcurrent relays (no unprotected area between breaker and CT). CTs are usually connected 
in wye, with a CT for each phase. This allows direct measurement of the phase and neutral currents. If 
desirable, the residual (zero sequence) and negative sequence currents can be derived (see Figure 5-30). 

VTs are usually connected to the power system bus, since a voltage disruption will be equally distributed 
within the substation. Line side VTs may be required for permissive closing schemes, if the distribution 
lines are not radial, or if DRs are present on the lines. VT primaries can be connected wye or delta, 
depending on needs. Three wye-connected VTs provide three phase-to-phase and phase-to-neutral voltages 
[see part (a) of Figure 5-31]. The open delta VT connection provides three phase-to-phase voltage 
measurements using only two VTs [see part (b) of Figure 5-31]. The VT connection must be appropriate 
for the application and relays selected. A more detailed discussion of voltages available from VTs is 
included in 6.3. VTs are usually connected with primary fuses to isolate failed VTs from the power system. 
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Figure 5-29—CT and VT location in a distribution station 
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Figure 5-30—CT connection, 3-wire 
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Figure 5-31—VT connections 
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5.6.3 Accuracy and ratings 

Relaying CTs should operate reliably over a wide dynamic range, from current levels well below rated 
current, to many multiples of rated current. Relay class CTs are rated for either 5 A or 1 A nominal 
secondary current, and are specified to have less than 10% error with up to 20 times rated current while 
feeding up to a standard burden. For instance, a 5 A secondary rated C100 accuracy class CT is defined to 
have less than 10% error over a range of up to 100 A (20 times rated) through a burden of up to 1 Ω, 
without saturating (see IEEE Std C37.110-1996 [B47]). 

VTs are not required to operate over as wide a dynamic range as CTs, since the voltage collapses during 
faults. Maximum voltages expected should not exceed 3.0 pu (for ferroresonance), with normal voltages 
within a close band of nominal. VTs are usually rated 69 V or 120 V phase-to-neutral across the secondary 
windings. The 69 V tap provides 120 V phase-to-phase voltage. 

5.6.4 CT saturation 

CT saturation causes distortion in the secondary current waveform and a decrease in CT accuracy. This can 
be due to abnormally high primary currents, excessive connected burden, or remnant flux. These conditions 
can create high flux density in the CT’s iron core, leading to excessive excitation current, Ie. This results in 
a secondary current less than would be indicated by an ideal CT. With reference to the CT equivalent 
circuit shown in Figure 5-32, as Ie gets large, Is does not replicate Ip well. 

The CT excitation current is indicated by the V-I characteristic curves, as shown in Figure 5-33. Excitation 
current is generally low, compared to secondary current, unless the secondary excitation voltage Ve exceeds 
the knee-point of the curve. At this point, a small increase in excitation voltage results in a very large 
increase in excitation current. 
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Figure 5-32—CT equivalent circuit 

 

Authorized licensed use limited to: Universidad Nacional de Colombia (UNAL). Downloaded on August 29,2014 at 21:34:46 UTC from IEEE Xplore.  Restrictions apply. 



IEEE Std C37.230-2007 
IEEE Guide for Protective Relay Applications to Distribution Lines 

36 
Copyright © 2008 IEEE. All rights reserved. 

 
Figure 5-33—Typical excitation curves for a multi-ratio C class CT 

 

CT saturation (see Figure 5-34) can decrease the current through the relays and cause under-reaching of the 
protection scheme. To limit the possibility of saturation, the burden connected to the CTs should be kept as 
low as possible. This will decrease the required secondary excitation voltage (Ve in Figure 5-32) and 
associated excitation current Ie. Figure 5-34 shows a 1200/5 A, C400 CT performances for two different 
fault currents and burden. The CT slightly saturates at 20 times CT rated current (20IN) but is within the 
10% accuracy error as defined by the IEEE Std C57.13. At 40IN, the CT heavily saturates with rated burden 
of 4 Ω. The CT saturation is significantly smaller with reduced burden to 2 Ω, demonstrating the burden 
impact on the CT saturation. 

CT saturation can also be caused by the dc component of an asymmetrical fault current. The effect of dc 
component on the CT saturation is shown in Figure 5-35. After saturation occurs, the decay of the dc 
component will allow the CT to recover. In three-phase systems, the offset will be different on each of the 
phase CTs, causing different CT saturation in each phase as shown in Figure 5-36. This will result in 
residual current IR and can cause false signals in residually connected protective devices. 
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Figure 5-34—CT saturation at rated burden and reduced burden 
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Figure 5-36—Residual current caused by CT saturation due to dc components 

 

 
CT saturation will not always impact relay coordination. This depends on the time-current characteristic 
(TCC) curve used, protection setting, and the fault current relative to CT saturation points. In practice, the 
load current IL has been used to determine the minimum pickup for phase and ground (residual) time 
overcurrent elements for relays and reclosers. Normally, when calculating the phase minimum pickup/trip, 
a factor of 1.5 to 3.0 times normal load current IL is included to account for load growth, contingency 
operating conditions, and cold-load inrush currents. With this setting philosophy, CT saturation should not 
be a factor that causes overcurrent protection misoperation when using fast TCC curves. Figure 5-37 shows 
that at minimum pickup setting of 2IL, the CT saturation will not impact protection coordination. However, 
minimum pickup setting of 4IL could impact protection coordination. 
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Figure 5-37—A fast time-current characteristic curve 

 

6. Protective schemes 

6.1 Overcurrent scheme 

Overcurrent protection is the simplest scheme used to protect transmission and distribution lines. There are 
three types of overcurrent relays applied on distribution systems: 

a) Phase overcurrent 

b) Ground overcurrent 

c) Negative sequence overcurrent 

These relays can be directional or non-directional depending on relay type, system configuration, and 
protection requirements. For radial distribution, non-directional overcurrent relays are applied; while for 
network or looped systems directional overcurrent relays are more appropriate. This guide does not cover 
the application of directional overcurrent relays.  

In almost all cases, the distribution feeder protection begins at the substation with a feeder breaker or 
recloser (see 5.4.2). This device should be coordinated upstream with the main bus breaker or transformer 
high voltage protection depending upon the substation design and with downstream devices. Downstream 
devices are generally reclosers or fuses. These may be located on the main feeder or tap sections. All of the 
protective devices placed in series should coordinate on a time-current basis with each other to minimize 
the impact of an outage due to a fault.  

6.1.1 Phase overcurrent relays 

Phase overcurrent relays, which respond to line currents, must have minimum response or pickup settings 
greater than the expected maximum feeder load current. This current may be as high as the maximum load 
capability of the line.  
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Other factors to consider when calculating the pickup setting are the cold load characteristics of the feeder 
and any significant transformer magnetizing inrush current. The magnitude and duration of cold load 
current varies depending on the type of load and length of outage. Cold load pickup settings are generally 
required to be greater than pickup settings used for normal feeder loads. Most utilities establish cold load 
pickup guidelines specific to their own systems. Typically magnetizing inrush is not severe enough or will 
decay quickly before the feeder overcurrent relay can respond.  

To avoid misoperation, the phase overcurrent relay pickup settings are generally 1.5 to 3.0 times the 
maximum expected feeder load current. The maximum expected feeder load is determined by factors such 
as cold load pickup, abnormal system configuration, and equipment current ratings. 

6.1.2 Ground overcurrent relays 

Ground overcurrent relay pickup must be greater than the zero-sequence current unbalance expected on the 
feeder. Since much distribution load is single phase, it is possible to have substantial residual or zero-
sequence current flow in the feeder. Even when phases are well balanced under normal conditions, 
sectionalizing of a single phase lateral or load transfer to another feeder can significantly affect feeder 
balance. As a result, most ground relays are set with a pickup range from 25% to 50% of the phase relay 
pickup, providing some increase in sensitivity for phase-to-ground faults. 

Coordination with downstream fuses should be looked at carefully. The fuse must carry maximum phase 
current and may operate slower than the feeder breaker ground relay for a low-current ground fault. To 
avoid coordination problems, it is often the practice to set ground relay pickup time-current settings 
identical to phase relays and give up added sensitivity for ground faults. Another option is to retain the 
lower pickup and use a relatively long time overcurrent relay setting that allows operation of the 
downstream fuse before the relay responds. 

The majority of faults on distribution lines only involve one phase. The findings of EPRI Project 1209-1 
[B19], “Distribution Fault Current Analysis,” indicated that 79% of faults on distribution lines only 
involved one phase. On systems where the majority of the loads are single phase and connected phase-to-
neutral, some utilities are implementing single pole tripping at the substation and on pole-mounted fault 
interrupters. With single pole tripping, only the phase involved in the fault is deenergized. This maintains 
service to the single-phase customers connected to the other two phases. 

6.1.3 Negative sequence overcurrent relays 

Similar to ground overcurrent relays negative sequence relays can be set below load current levels and be 
set more sensitively than phase overcurrent relays for phase-to-phase fault detection. In many applications, 
phase overcurrent relay pickup settings can be higher allowing more feeder load capability. 

Negative sequence relays can also be applied to detect open phase conditions and low side phase-to-ground 
faults on delta-grounded wye transformers. “Negative-sequence overcurrent element application and 
coordination in distribution protection” [B18] provides an analysis of the effect of an open phase conductor 
for both three-wire and four-wire distribution systems. The ability to detect ground faults on the low side of 
delta-grounded wye transformers allows the feeder relays to source protect numerous tapped delta-wye 
transformers, saving the cost of local protection if one chooses to do so. Where local protection is installed, 
the negative sequence relay provides backup at the distribution substation for failure of the local protection. 

Negative sequence current caused by feeder load unbalance must be considered when setting negative 
sequence relays. Transformer magnetizing inrush, cold load pickup, and expected maximum feeder loads 
are to be considered as well when calculating relay settings. 
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6.2 Fuse saving/blowing schemes 

Overcurrent protection schemes for distribution feeders generally fall in two types as follows: 

a) Fuse saving schemes 

b) Fuse blowing schemes 

An example system for fuse blowing/fuse saving schemes is given in Figure 6-1. 

  Source

 
Figure 6-1—Example system for fuse blowing/fuse saving schemes 

 

6.2.1 Fuse saving scheme 

Distribution fuses require physical replacement after a fault clearing operation. This results in extended 
outage time to the customer and added expense to replace the fuse. In a fuse-saving scheme, breakers or 
reclosers are set such that they trip before the fuse operates and then automatically reclose. In many cases, 
faults are only temporary and the line will successfully reclose, causing only a momentary disruption. This 
type of scheme is effective on long multi-tapped rural distribution feeders with primarily residential load 
that is not as sensitive to momentary outages. Fuse saving for this scheme requires that a recloser fast curve 
as shown in Figure 6-2 (or a “low set instantaneous element” in the case of a station breaker) be set below 
the minimum melt curves of those fuses that are not to operate on temporary faults. After one or two 
operations on the “fast” curves, the next trip is set such that the fuse will operate first to clear the persistent 
fault before the breaker or recloser trips again, as shown by the recloser slow curve in Figure 6-2. This 
provides one or two opportunities for a temporary fault to be cleared before the fuse is allowed to operate. 
Permanent faults typically need to be located and physically removed before the line can be put back in 
service so replacement of the fuse does not seriously extend the outage duration. Application of fuse saving 
schemes is only applicable to in-line or tap fuses. Care should be taken to consider that transformer fuses 
are not included in the fuse saving scheme as transformer faults are usually permanent and should be cleared 
immediately with the transformer fuse to limit further transformer damage or damage to other equipment. 

Figure 6-2 is a time-current coordination graph for a fuse saving scheme. The recloser fast curve would 
cause the recloser or circuit breaker to operate before a fuse. The recloser slow curve is set slower than the 
fuse curves to allow fuse operation first. 

6.2.2 Fuse blowing schemes 

For distribution feeders where loads are sensitive to momentary outages and significant disruption occurs if 
the line is momentarily deenergized, a fuse blowing scheme is used to limit the number of main feeder trip-
reclose cycles. This scheme is often used on feeders serving industrial plants and urban load centers where 
a number of trip-reclose cycles could result in equipment damage or added risk of personnel injury. In this 
type of scheme, the overcurrent relay or recloser control curves are set above fuse curves such that fuses 
operate first to clear the faulted line section and the substation device serves as a backup in case the fuse 
fails, in addition to its function of operating for faults on the main feeder trunk. 
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Figure 6-2—Time-current curve showing fuse saving scheme 

 

Most underground cable faults are permanent and do not self-clear. Typically, cable insulation has been 
breached or termination/switching equipment has failed, resulting in a permanent fault. Underground cable 
should always be protected using a fuse blowing scheme for the riser pole fuses. Compromises may be 
made on an individual basis for circuits that are primarily overhead with short underground sections 
connecting significant overhead sections, such as at a road crossing. 

Figure 6-3 is a time-current curve for a fuse blowing scheme. Here only a slow recloser curve is used that 
allows sufficient time for fuse operation to occur prior to response by the main feeder recloser or breaker. 
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Figure 6-3—Time-current curve showing fuse blowing scheme 

 

6.3 Voltage scheme 

Voltage sensing relays are used in a wide variety of applications. Some of these applications are: to protect 
equipment (e.g., power transformers) from damage; to determine if a supply source is healthy or not (i.e., 
source transfer schemes); to detect ground faults on normally ungrounded systems; to supervise automatic 
or manual closing of circuit breakers; to determine whether a single breaker pole is open or closed 
undesirably; to detect unbalanced voltage due to a blown fuse; and to supervise or restrain overcurrent 
elements for fault detection near generation sources. 

The voltage elements can be overvoltage or undervoltage depending on the specific application. Elements 
are designed to either measure phase-to-phase or phase-to-ground voltage. It is also possible to measure 
sequence quantities using special transformer connections or with microprocessor relays designed with this 
feature. As with many overcurrent relays, a time delay is often included as part of the application. 
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VTs are generally used to step system voltage down to a safer level that is easily measured. Typical low 
voltage values range between 65 V and 125 V. 

6.3.1 Overvoltage and undervoltage 

Overvoltage elements assert when the measured voltage goes above a predetermined threshold. Conversely, 
undervoltage elements assert when the measured voltage drops below a predetermined threshold. 

6.3.2 Phase-to-phase and phase-to-ground 

Voltage elements can be connected or programmed to measure either phase-to-phase or phase-to-ground 
voltage. Phase-to-ground connections (see Figure 6-4) are usually preferred since phase-to-phase quantities 
can then be calculated. If only one or two VTs are to be used then phase-to-phase connections are generally 
preferred. It is important to verify that the VTs are rated for phase-to-phase operation (see Figure 6-5). Note 
that with the phase-to-phase connections shown in Figure 6-5 that zero sequence voltage (V0) cannot be 
measured. The VT connection should be considered during initial protection system design. 
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Figure 6-4—Three-phase, four-wire connected VTs 

 

V0 = 1/3 (VAN + VBN + VCN) 

V1 = 1/3 (VAN + aVBN + a2VCN) 

V2 = 1/3 (VAN + a2VBN + aVCN) 

where 

a = 1 ∠ 120° 
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Figure 6-5—Three-phase, three-wire (open delta) connected VTs 

 

 

V1 = 1/3 (VAB + a2VCB) 

V2 = 1/3 (VAB + aVCB) 

where 

V0  is not available 

6.3.3 Positive-, negative-, and zero-sequence voltage quantities 

Positive-, negative-, and zero-sequence voltage quantities are frequently used for protection and control 
purposes. Positive-sequence voltage provides three-phase voltage measurement information under balanced 
system conditions. Negative-sequence voltage has been widely used for detection of a loss of phase, or to 
detect a blown fuse. Zero-sequence voltage is used for ground fault detection. Zero-sequence voltage can 
be calculated from three-phase, four-wire connected VTs or measured directly from the wye-broken delta 
connection shown in Figure 6-6. 
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Figure 6-6—Wye-broken delta connected VTs for zero-sequence voltage sensing 

 

VA + VB + VC − VR = 0 

VR = (V1 + V2 + V0) + (a2V1 + aV2 + V0) + ( aV1 + a2V2 + V0) 

 = V1 (1 + a + a2) + V2 (1 + a + a2) + V0 (1 + 1 + 1) 

 = 3V0 

where 

V0  is available 

V1, V2  are not available 

6.4 Impedance and communications assisted schemes 

Impedance protection and communications assisted protection schemes can be applied to distribution 
systems but are rarely used due to the differences in system configurations, system cost, complexity, and 
other reasons. Situations that may arise to require these forms of protection are discussed in Clause 8 of this 
guide. An extensive treatment of these relay systems is included in IEEE Std C37.113™-1999 [B48].  

7. Criteria and examples 

The goal of the utility is to deliver electric energy to the customers in a safe, reliable, and economical 
manner. Protective relaying is applied to distribution lines to strive and achieve this goal. The goals in 
applying protective relays to a distribution system are to detect all possible types of fault conditions that 
could occur, respond to the fault conditions by disconnecting the fault from the source as fast as possible, 
while affecting the minimum number of customers, and not limiting the capability of the system to carry 
load current. Since attempting to accomplish some of these goals makes it impossible to accomplish others, 
compromises are made. The limits of these compromises are the criteria that are used to determine 
locations for the fault-interrupting devices, and the sensitivity and operating speed of the fault detecting 
devices. 
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7.1 Reach/sensitivity 

7.1.1 Phase faults 

At least one fault detecting device should be set to operate for phase-to-phase or three-phase faults on the 
distribution line. Since the source impedance to the origin of the distribution line can vary in most 
situations, the maximum reasonable source impedance is normally used. Using this maximum source 
impedance and the impedance of the distribution line, the expected currents for a phase-to-phase fault at the 
most remote location can be calculated. The phase-to-phase fault current will be 0.87 times the three-phase 
fault at the same location. A margin can be applied to account for unforeseen operating conditions like arc 
resistance and fault impedance. 

If the relay being used to detect phase-to-phase and three-phase fault conditions is a phase overcurrent 
relay, its pickup value is set higher than the maximum load current for the feeder. The maximum load 
current is not just the maximum steady-state load current, it is the maximum cold load pickup current. 
Following an outage on a feeder, the normal load diversity is lost. The amount of cold load pickup current 
that is above maximum steady-state load current varies with the load makeup of the feeder. The duration of 
the cold load pickup will be several minutes, which is well beyond the timing of the phase overcurrent relay 
so the pickup should be set above this value. A pickup value of 1.5 to 3.0 times the maximum steady-state 
load current is commonly used. 

The conflict between setting the phase overcurrent relays above load current and below the minimum fault 
current is always present. Since the ability of a system to carry load current is dependent on the same 
system characteristics as the ability to deliver fault current to a three-phase or phase-to-phase fault, this 
conflict is normally not a significant problem. However, depending on the configuration of the feeder, 
some difficulties can exist. A feeder with the majority of the load located close to the substation but with 
small loads at significant distances away from the substation and small conductor being used to carry the 
remote loads can create such a scenario. Fault-interrupting devices like fuses or reclosers may need to be 
installed remote from the substation on the feeds to the remote loads. With these remote devices, the 
substation relays need only to be able to detect faults as far away as the remote fault-interrupting devices. 
The installation of those devices also can contribute to improving the quality of service to the majority of 
the customers on the feeder. 

If setting the phase overcurrent relay 1.5 to 3.0 times greater than the maximum steady-state load current 
cannot be achieved without compromising the desired sensitivity, then distance relays should be considered 
to replace or supplement the overcurrent relays. The distance relay’s sensitivity is based on the ratio of the 
voltage and the current and the phase angle between the two. This makes it possible for distance relays to 
distinguish the difference between a fault and a load condition, which both draw the same magnitude of 
current. The coordination of the distance relay with overcurrent fault-interrupting devices out on the feeder 
can be accomplished by using the distance relay to enable a time overcurrent relay. The overcurrent relay 
provides a time/current characteristic similar to a fuse or recloser, and the distance relay makes it possible 
to set the overcurrent at or below the maximum load current. 

Still another alternative in dealing with the conflict of high load currents and low fault currents is to apply 
negative sequence relays in addition to the phase overcurrent relays. The negative sequence time 
overcurrent relay can be used to detect the low magnitude phase-to-phase faults. These relays must be set 
above the maximum unbalanced current (i.e., cold load pickup unbalance or loss of single-phase lateral). 
The negative sequence relay setting is lower than the phase overcurrent relay setting. 

7.1.2 Ground faults 

Although it is desirable to have at least one fault detecting device operate for any phase-to-ground fault on 
the distribution line, it is not always possible to accomplish this, because the amount of resistance in the 
fault can range from zero to infinity. A fault caused by the breakdown of the insulation on a feeder pole that 
conducts through the line hardware and the pole’s ground wire will have very low fault resistance, but a 
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phase-wire lying on asphalt, pavement, or some other non-conductive material will have very high fault 
resistance. It is not unusual for the amount of fault resistance to change if a fault is not detected for a period 
of time. 

It is reasonable to detect all zero fault resistance phase-to-ground faults. Depending on the type of 
distribution system, this is accomplished by different methods. Voltage relays connected to the secondary 
of phase-to-ground connected potential transformers are used to detect the existence of a ground fault on a 
delta system; however, they cannot determine which feeder the ground is on. On wye systems the current in 
the neutral and phase conductors can be monitored. On single point grounded wye systems the earth return 
for the ground fault current will significantly attenuate the fault current if the fault is any significant 
distance away from the ground reference. On single point grounded systems with loads connected phase–
to-phase or phase-to-insulated neutral, overcurrent relays monitoring the ground fault current can be set 
rather sensitive. On multi-grounded wye systems, which are most common in North America, a neutral 
wire is run along with the phase wires and the neutral is connected to ground at multiple locations along the 
line as well as at the wye neutral reference at the source. With this type of system, the magnitude of the 
ground fault currents can be greater but load will be connected between phase and neutral. On these 
systems any unbalance in the loading of the three phases will appear in the neutral. The neutral overcurrent 
relay must be set to not pickup for the maximum unbalance load current including the unbalanced cold load 
pickup current. Although care should be taken to balance the loading on the three phases, due to hourly and 
seasonal variations in the load, there will be unbalance load current.  

It is impossible to detect all ground faults and not be subjected to tripping on unbalanced load currents. 
Therefore, some common methods for designing the ground fault detection system for a feeder are as 
follows: 

⎯  Establish a fault resistance target value. Protection is then applied to detect faults with this value or 
less of fault resistance. The reported results of EPRI Project 1209-1 [B19] generate questions about 
using significant fault resistance in the design for ground fault detection. The EPRI Report 
compared the measured values of system impedance to faults detected by overcurrent protection 
devices to the calculated values, assuming bolted faults. The comparison resulted in an average 
fault resistance of roughly 2 Ω. A target fault resistance above this value should be considered to 
ensure that the protective device operates for the fault. 

⎯  Establish a maximum clearing time for ground faults with zero fault resistance (bolted faults). 
Since the protective devices used on most distribution lines have an inverse time-type characteristic 
the operating time for a fault with current near the pickup of the device will be very long. By 
establishing a maximum time for clearing the most remote bolted fault, coverage is provided for 
some higher resistance faults.  

⎯  Set overcurrent relay pickup to some fraction of the bolted fault current at the end of the protection 
zone. A typical pickup value is one-third of the bolted fault current for ground faults. 

7.1.3 Transformer magnetizing inrush 

Transformer magnetizing inrush does not present a problem on feeders with smaller sized transformers as 
the diversity of inrush between the individual transformers typically cancels out rather than adding in 
magnitude that would result in a trip. It does present a problem when large transformers for commercial or 
industrial loads are connected and should be considered for the largest transformer. Feeder protective 
devices are typically three-phase tripping and closing mechanisms. When large transformers attached to a 
feeder are energized by the closing of a three-pole breaker it, is almost assured that one phase will be 
closed near a low voltage point that results in a large inrush to that phase of the transformer. Transformer 
magnetizing inrush can be 8 to 30 times the magnitude of the rated transformer current (see “Protective 
Relaying Theory and Applications” [B1]). The magnitude of this current is dependent on several factors 
such as size and location of the transformer bank, residual flux, type of iron used in the transformer core, 
and the voltage of the closing pole (0 voltage induces maximum inrush). Magnetizing inrush is not a 
symmetrical phenomenon, and the currents are very different between phases. Transformer inrush contains 
several harmonics with the second harmonic being the highest in magnitude. The duration of the inrush is 
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dependent on the system and the transformer size. Inrush current magnitude typically decays rapidly over a 
period of time and for relay coordination purposes it is general practice to assume that the inrush is 
10 times the transformer base rated current for 100 ms. High-efficiency transformers have higher inrush 
values, and the manufacturer should be consulted for approximate values for use in protective device 
coordination. 

Inrush does not generally present a problem for typical time overcurrent relay and fuse coordination. 
However, the response of the fast curves of reclosers and instantaneous overcurrent relays are quick enough 
to be triggered by transformer inrush for both phase and ground. When analyzing feeder coordination, 
transformer inrush should be considered and plotted as a point on the coordination curves per IEEE Std 
242™-2001 (IEEE Buff Book™) [B37]. 

The recloser fast curve response time should be set to a time delay above the transformer inrush point. The 
instantaneous overcurrent pickup should also be set to a current level greater than this point. Another 
method to avoid tripping on transformer inrush while maintaining sensitive coordination is to momentarily 
block the use of the fast curve on closing of the device and only trip on the slow curve after the first trip-
reclose cycle. Most modern coordination software allows the inrush point to be added to the coordination 
curve plots for analysis. 

A sample feeder is shown in Figure 7-1 with a 5 MVA transformer connected to a 12.47 kV line with an 
aggregate distributed load of 2 MVA. The substation recloser control is set to pickup for phase faults above 
650 A, which is twice the full load of the feeder. Fast response and clear curves are available in many 
reclosers, which correspond to the fast curve type 1 shown in Figure 7-2. If we assume that the 5 MVA 
transformer will have a peak inrush magnitude of 6 times full load or 1389 A, the coordination curve plot 
indicates that the recloser could trip on transformer inrush if one phase closed under the right conditions. If 
we assume an inrush factor of 10 to allow for some margin, Figure 7-3 shows the selection of a fast curve 
type 2 to pickup above the inrush point of 2315 A at 0.1 s. In most cases, a factor of 10 has been sufficient 
to prevent unwanted tripping on transformer inrush; however, this may not provide adequate margin for 
high-efficiency transformers. 

With the increasing use of numerical relays and recloser controls, the response to magnetizing inrush 
harmonic current is likely to vary between devices due to filtering and internal processing of the 
fundamental and harmonic current components. The procedures recommended in this guide will prevent 
unintended relay operation on transformer inrush regardless of the relay or recloser control design. 

A 325
kV 12.47*3

kVA 7000
  Load ==  

Set R pickup to 2*full load = 2*325 A = 650 A. 

A13896
kV47.12*3

kVA 5000
1Inrush  XFMR =∗=  

A231510
kV47.12*3

kVA 5000
2Inrush  XFMR =∗=  
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Figure 7-1—Sample distribution feeder with large transformer 

 

  

TX Inrush

231 A

Slow Curve 

5 MVA Transformer 
3-Phase 
Damage Curve 

FastCurve 1 

0.5 1 10 100 1K 10K 
0.01 

0.10 

1 

10 

100 

1000 

CURRENT IN AMPERES

TIM
E IN

 SEC
O

N
D

S

 
Figure 7-2—Coordination with large transformer with possible trip  

on inrush point at 1389 A 
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Figure 7-3—Coordination with large transformer with minimal possibility  

of trip on inrush point at 2315 A 
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7.2 Coordination 

Being able to detect faults and still being able to carry the load current in many cases cannot be achieved 
with only protection devices at the substation. Locating fault sensing and interrupting devices out on the 
distribution line at some distance from the substation will reduce the amount of fault detection coverage 
that needs to be provided from the substation. Most distribution lines do not have single point loads but 
have the loads distributed along the length of the line so these remote fault sensing devices will not be 
required to permit as much load current to flow as the protection back at the substation. The distribution 
line system most often will not be a single line but a series of line branches that has a structure resembling a 
tree. Because of this structure, it is typical that the same size conductors will not be used throughout the 
distribution line system. To protect the smaller conductors on the branches and to minimize the amount of 
customers disconnected for a fault, fault-interrupting devices can be installed at the branching locations. 

To achieve the desired results of sectionalizing the faulted branches of the distribution system while 
keeping the unfaulted parts energized requires the time coordination of the protective devices, which are 
operating in series. 

While the criteria for sensitivity of the protective devices are based on having one device detecting any 
fault condition, it is preferable to have two independent devices detecting each fault. By delaying the 
device closest to the source, the more remote device can time out and clear the fault. In this type of 
arrangement, the device closer to the source will back up the failure of the remote device. 

Most of the devices applied to protect distribution lines have inverse time characteristics. The larger the 
magnitude of current above the pickup value of the device, the sooner the device will time out and trigger the 
interruption of the current. This is true for fuses, time overcurrent relays, and reclosers. To time coordinate 
overcurrent devices, the critical condition to check is normally the response of the two devices for a fault 
condition that produces the maximum current through the remote device. By comparing the response of both 
devices for the same fault condition, one can determine if the desired coordination will occur. The remote 
device should detect and clear the fault before the device nearer the source times out. The two devices may 
not be monitoring the same magnitude of current if there are multiple sources to the fault or if there are 
transformers between the devices. In Figure 7-4, both overcurrent relays are sensing the same current. 

Figure 7-4 shows the characteristics of both the source and remote overcurrent devices. Both the time 
coordinate and the current coordinate on the graph are shown using logarithmic scales. The one-line diagram 
of the distribution line at the bottom of the graph is shown in a scale proportional to the magnitudes of faults 
along the line. For the fault just beyond device B, device B’s response time to the fault current plus the time 
for device B to interrupt the fault current plus an amount of margin should be less time than the response time 
for device A. The margin is to cover some unknown conditions and inaccuracies in the: responses of the two 
devices, CTs, interrupting time of the devices, and modeling. 

For a fuse, the response time to trigger the interruption of the current is called the minimum melt 
characteristic, and the interruption time is called the total clear characteristic. 

Three types of devices are typically applied to protect distribution systems: fuses, reclosers, and relays with 
circuit breakers. All of these devices will interrupt fault current in 0.1 s or less after the response time for 
the detection of the fault current in the 2 s or less part of their characteristic. For example, maintaining 
0.35 s between the response characteristics of each series device will provide for the interrupting time and 
reasonable margin between the devices.  
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Figure 7-4—Response characteristic of source and remote overcurrent devices 

 

Figure 7-5 shows the coordination between three devices. Device C is a line fuse, device B is a line 
recloser, and device A is a relay with a circuit breaker in the substation. Maintaining 0.35 s between the 
minimum melt time of the line fuse and the response time of the controls on the recloser for fault location 1 
and maintaining 0.35 s between the response time of the recloser and the response time of the relay for fault 
location 2 establishes the needed coordination for this system. 

For long feeders with several protective devices in series with each other, particularly on rural electric 
systems, the 0.35 s margin between response curves discussed here may not be practical. Such systems may 
require tighter coordination between devices as discussed in detail in Electrical Distribution-System 
Protection [B12]. However, extra care should be taken to ensure proper coordination between devices 

Authorized licensed use limited to: Universidad Nacional de Colombia (UNAL). Downloaded on August 29,2014 at 21:34:46 UTC from IEEE Xplore.  Restrictions apply. 



IEEE Std C37.230-2007 
IEEE Guide for Protective Relay Applications to Distribution Lines 

54 
Copyright © 2008 IEEE. All rights reserved. 

when reducing the time margin between response curves as the timing tolerance for many devices can play 
a larger role in coordination when using this method. 

The shape of device characteristics being coordinated may not be the same as the devices shown in 
Figure 7-5. If a device with an extremely inverse characteristic is being coordinated with a device with an 
inverse characteristic, it is likely that the time-current response curves will cross at some current value. 
This type of coordination is shown on Figure 7-6. The area circled appears to be a miscoordination between 
the fuse and the recloser. If this area of apparent miscoordination occurs in a period of time that is longer 
than the target fault clearing time for the feeder protection, then the apparent miscoordination is tolerated. 
Figure 7-6 shows such a case. 
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Figure 7-5—Three-device coordination 
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Figure 7-6—Coordination between an inverse and extremely inverse device 

 

When coordinating overcurrent devices for phase-to-ground faults, both the phase and the ground elements 
of the protection device should be included in the coordination. The phase element on the faulted phase will 
be monitoring the same current magnitude as the ground element if there are no other sources for either 
positive- or zero-sequence current other than the substation source. The response characteristic for one fault 
interrupter is the composite of both the phase and the ground element’s response to the fault. The critical 
characteristic is the faster of the two responses at each current level. Figure 7-7 demonstrates how both 
phase and ground elements are involved in the total response for both the relay-breaker and the recloser. 
The composite responses for both the relay and the recloser are marked on the diagram. All three phase 
elements and the ground element must be available when considering a composite response characteristic 
curve. 
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Figure 7-7—Coordination for phase-to-ground faults 

 

One common coordination situation that occurs on distribution systems is the coordination between the 
feeder relays and the substation transformer overcurrent protection. The overcurrent protection on the high 
side of the substation transformer will not see the same magnitude of current for a feeder fault as the feeder 
relays do because of the turns ratio and winding configuration of the transformer. A common distribution 
substation transformer in North America has a high side delta winding and a low side wye winding with the 
neutral grounded. For this type of transformer, the high side overcurrent protection will see only the 
positive- and negative-sequence current for a line-to-ground fault on the feeder. For the same line-to-
ground fault, the feeder relay will see the total of the positive-, negative-, and zero-sequence current on the 
bases of the low side voltage. To coordinate these two overcurrent protection devices for the ground faults 
requires comparing the response times of the two devices for the magnitude of current each will see for the 
same fault case. It is a common practice to draw the response characteristic of both devices on the same 
voltage basis, normally the feeder relay’s base. This makes it easier to visualize the coordination. The 
transformer overcurrent device’s response is shifted by the ratio of the amounts of current the two devices 
see for the same fault. For example, for a 138 kV delta − 12.5 kV neutral grounded-wye transformer, for a 
single line-to-ground fault on the 12.5 kV feeder, Ia = 9000 A. 
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The sequence currents on the 12.5 kV side are I1 = I2 = I0 = 3000 A. 

The sequence currents on the 138 kV side are: 

I1 = 12.5 (3000) / 138 ∠ 30° 

I1 = 271.7 ∠ 30° 

I2 = 12.5 (3000) / 138 ∠ −30° 

I2 = 271.7 ∠ −30° 

I0 = 0 

On the 138 kV side: 

Ia = 2 (cos 30°) 271.7 

Ia = 470.6 A 

The ratio between the 12.5 kV phase current to the 138 kV phase current is 9000/470.6 or 19.12. A relay 
with a pickup of 100 A on the 138 kV side would have the equivalent pickup as phase overcurrent relay on 
the 12.5 kV side with a 1912 A pickup. 

The tightest coordination for this configuration occurs for a phase-to-phase fault close in on the feeder. The 
ratio between the current that the feeder phase relay will see compared to the current the transformer high 
side phase overcurrent device will see is smallest for this fault condition. For the phase-to-phase fault, two 
phases on the 12.5 kV side will see 87% of the current for a three-phase fault in that location. But for the 
same fault, one phase on the high side of the transformer would see the same magnitude current as for the 
three-phase fault. If the phase overcurrent relays coordinate for the phase-to-phase fault on the feeder, the 
relays will coordinate for all fault conditions. 

7.2.1 Different reset characteristics 

Once the current through a time delay overcurrent device exceeds the pickup value for the device, it will start 
timing to the point at which the device will trigger the interruption of the current. If the current drops below 
the pickup value before the time delay is exceeded, the device will start resetting. Not all overcurrent devices 
reset at the same rate. Electromechanical relays reset at a rate based on the tension of the reset spring and the 
level of the current after the current drops below the pickup level. The longer the setting for the time delay to 
trip, the longer it will take for the relay to reset. Fuses store heat produced by the current passing through the 
fusible element. Once the current drops below the minimum operate value of the fuse it will start cooling. If 
the current is increased above the pickup value before the relay has reset or the fuse has cooled to the initial 
state, the overcurrent devices have a precondition toward operating. The relay will trip the circuit breaker and 
the fuse will blow in less time than if the devices had reset to the normal starting state. 

Other overcurrent devices such as electronic and microprocessor relays have the option of an instantaneous 
reset. Once the current has dropped below the pickup level, they will reset, regardless of how long the 
overcurrent device has been timing. This difference in reset characteristics can help some coordination 
situations and cause problems for others. For two overcurrent devices operating in series on a system and if 
the device closest to the fault location has a time delay reset and the device closest to the source has an 
instantaneous reset, the difference in the reset methods will not affect the coordination between the two 
devices. If the devices are coordinated for the initial fault then after the reclose if the fault is still present the 
time between the characteristics will only increase. But if the device closest to the fault has an 
instantaneous reset and the backup device does not and if the reclose dead time was shorter than the reset 
time for the backup device there could be a coordination problem after the reclose if the fault is still 
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present. For this condition, one of three things needs to be done: 1) change the reset characteristic of the 
device closest to the fault to match the reset characteristic of the backup device; 2) increase the 
coordination time between the devices to compensate for the ratcheting action of the backup device; 
3) increase the dead time between reclose attempts. Make the dead time long enough to allow the 
overcurrent devices to fully reset. 

7.3 Clearing time 

Fault-interrupting devices located in the substation and out along the distribution line generally are 
coordinated to minimize the number of customers that will be disconnected due to faults occurring on the 
line. The coordination process frequently entails adjusting the fault clearing times of the devices. 

Long fault clearing times will adversely impact the power quality of the customers whose services are 
electrically close to the fault location, but are not actually interrupted. Customer equipment may be 
designed to conform to published standards concerning the ability of the equipment to properly operate 
during the voltage sag or swell that may be experienced during a distribution system fault clearing 
operation. These standards may provide the relaying engineer some insight into the impact that long  
fault clearing times may have on a customer. A graphical depiction of electronic equipment’s voltage 
capabilities can be found in the Information Technology Industry Council (ITIC) curves as shown in  
IEEE Std 1100™-1999 (IEEE Emerald Book™) [B39]. 

The system shown in Figure 7-8 illustrates the effect of fault clearing on customer service. The source 
impedance, including the impedance of the substation transformer, is 0.7 Ω. Feeder 1 has 200 customers 
connected to it. Feeder 2 also has 200 customers, but the customers are divided into two equal groups by a 
recloser that is mounted 2 km away from the substation. The impedance of the line to the recloser is 1.0 Ω. 
The second section of Feeder 2 is also 2 km long but has smaller conductor than the first line section. The 
total impedance of the second section is 1.5 Ω. The customers’ loads are connected at 20 m intervals along 
all line sections. 
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Figure 7-8—Effect of fault clearing on customer service 

 

For a three-phase fault at the end of Feeder 2, the line recloser is intended to isolate the faulted section, and 
as a result, causing an interruption of service to 100 of the 200 customers on the line. Based on the ITIC 
curves, if the line recloser cleared the fault in 0.1 s, 64 of the customers on the main section of Feeder 2 and 
all the customers on Feeder 1 would probably not encounter equipment problems due to the voltage sag 
experienced during the fault. If the line recloser cleared the fault in 0.3 s, all of the customers on both 
feeders would experience a voltage sag whose duration may exceed the capabilities of the equipment to 
operate properly through the voltage sag. 
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7.4 Reclosing (79 function) 

Reclosing relays automatically reclose circuit breakers after tripping by fault detecting relays. Automatic 
reclosing is applied because the majority of faults on overhead distribution systems are temporary in nature. 
These faults may be caused by factors such as lightning induced insulator flashovers, animal or tree contact to 
the energized line, or by wind causing conductors to move together and flashover. These feeders can be 
effectively restored after deenergizing the faults long enough to allow the fault arc to deionize. Reclosing 
elements automatically reclose the feeder breakers to attempt to restore the feeder after these temporary faults. 

Reclosing is almost universally applied on overhead distribution feeder breakers, and often applied on 
circuits with some underground sections. Reclosing is generally not applied on feeders with no overhead 
exposure, because faults on underground feeders are generally permanent. The reclosing function may be 
implemented as part of a numeric relay system, or as a separate relay with inputs from the fault 
detecting/tripping relays. 

Reclosing relays (or relay elements) will initiate a sequence of between zero and three close attempts with 
settable time delays between operations. If the fault remains throughout the reclosing sequence, the 
reclosing relay will go to lockout, and block further closing attempts. If, however, any reclose attempt is 
successful (temporary fault is cleared), the reclosing relay will return to its initial state, after a reset time. 

Issues relating to autoreclosing are discussed in the remaining subclauses. A more detailed discussion of 
autoreclosing issues can be found in IEEE Std C37.104™-2002 [B46]. 

7.4.1 Reclosing initiation 

A reclosing attempt should only be initiated when the breaker has opened due to a fault on the protected 
feeder. This is generally accomplished either by using an open breaker status or a Reclose Initiate signal 
from the fault tripping relay or element. When using the breaker status, the breaker will reclose if the 
control switch is in auto. If using a Reclose Initiate signal, the reclosing relay or element will look for an 
open breaker status (often detected with a breaker status contact, such as 52b) in concert with the Reclose 
Initiate signal. Manual or supervisory trips should not initiate reclosing attempts. More complex protective 
schemes may prevent reclosing for certain tripping conditions, such as a high-set instantaneous overcurrent 
trip, a multi-phase fault trip or a trip on an underground cable circuit. 

7.4.2 Fault clearing time 

A reclosing scheme should allow enough time for the arc to deionize before initiating a breaker close.  
For distribution applications, experience shows the deionizing time will be less than 11.5 cycles (t =  
kV / 34.5 + 10.5). Deionizing time will be longer if single pole tripping is applied. 

7.4.3 Open interval and number of attempts 

Reclosing schemes will usually incorporate several reclosing attempts, with time delays between attempts. 
The speed and number of reclosures is determined by individual utilities. Some utilities may use one fast 
and one or two time delayed attempts. The first reclose attempt may have no intentional time delay) or have 
a small (<5 s) time delay. Subsequent reclosing attempts will have longer delays, perhaps 15 s to 30 s. 

7.4.4 Reclosing with low magnitude faults 

Low magnitude faults may have fault clearing times longer than the reset time of the reclosing relay. This 
can lead to unlimited reclose attempts for a permanent fault, as the reclosing relay never reaches lockout. 
This situation can be addressed by applying a reset wait function. The reset wait function will stop the reset 
timer when a protective element is picked-up and timing towards trip. This will prevent the undesired reset 
during a fault sequence, without forcing unreasonably long reset times. Another method is to enable the fast 
tripping overcurrent functions, in a fuse saving scheme, just before resetting of the reclosing function. 

Authorized licensed use limited to: Universidad Nacional de Colombia (UNAL). Downloaded on August 29,2014 at 21:34:46 UTC from IEEE Xplore.  Restrictions apply. 



IEEE Std C37.230-2007 
IEEE Guide for Protective Relay Applications to Distribution Lines 

60 
Copyright © 2008 IEEE. All rights reserved. 

7.5 Cold load pickup 

A significant portion of a distribution feeder’s load will be intermittent loads, such as air conditioners, 
electric heaters, and refrigerators. These loads will cycle on and off at differing intervals, so that, under 
normal conditions, only a portion are on at any given time. After extended feeder outages, however, this 
load diversity is lost. Consequently, when the feeder is reenergized, all (or most) of these loads will be 
switched on. This can cause a significant surge in load current, which may be in excess of time overcurrent 
pickup levels. This condition is known as cold load pickup. The additional load will decay over a 
comparatively long time (by relaying standards), perhaps 30 min or more. Figure 7-9 shows a generic 
representation on a cold load pickup event. The pre-outage load current on the feeder is around 30% of the 
pickup level of the associated overcurrent relay. At 15 min into the chart, a load interruption occurs, and the 
load current drops to zero. In this example, the outage lasts 25 min, during which some degree of load 
diversity is lost. When the circuit is restored (at 40 min into the chart), there will be a current surge. The 
initial inrush current will include the starting current for all of the connected motors. This initial inrush may 
only last a few seconds, and is not visible in Figure 7-9. After the initial inrush period, the feeder will be 
more heavily loaded, as a larger than normal percentage of the cyclical loads will be on. Over some time 
period, the load diversity is regained, and the load will decline back towards the normal load level. The rate 
at which load diversity is lost, and regained, depends on a variety of factors, including ambient temperature 
and insulation ratings of buildings with heating or cooling loads. 

Distribution relay schemes should take cold load surges into consideration. The simplest method would be 
to set overcurrent pickups above the worst case cold load current, to ensure security. This decreases 
sensitivity, however, and may limit the ability to see end-of-zone faults. Alternately, the feeder can be 
segmented, to pick up load in portions. This allows the overcurrent relays to be set sensitively, but extends 
outages. Numeric-based relay schemes can use adaptive capabilities to switch into alternate setting groups 
when cold load conditions are detected. This allows more sensitive overcurrent settings during low load 
conditions, while allowing security for cold load situations. 

  

 
Figure 7-9—Cold load pickup 

 

7.6 Adaptive relaying cold load 

Adaptive relaying can be used to avoid trips that could occur due to temporarily high cold load pickup 
currents. The dropout, or deassertion, of a load detecting overcurrent element in the relaying scheme can be 
used to signal the absence of load current in a distribution feeder’s circuit breaker. The position of a device 
in the substation could be used to signal a loss of load condition. The load detecting overcurrent element is 
often utilized to account for the situations where the loss of load condition may be due to the loss of the 
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station’s transmission system source due to the operation of a device in another location. The loss of load 
may also occur due to the opening of a downstream device such as a line recloser. When the source is 
reestablished or the downstream device is closed, the resulting inrush of temporarily high load current 
could exceed the pickup setting of any sensitive overcurrent elements intended to detect fault conditions. 

The loss of load condition, after a time delay, can be used to temporarily remove the sensitive element that 
may be prone to trip from service. The loss of load condition could be used to insert, or lengthen, a time 
delay to operation of the sensitive overcurrent element. It may be preferable to have the adaptive scheme 
execute a settings change that will decrease the sensitivity of the element of concern. 

7.7 Fuse saving 

Fuse saving is a scheme that takes advantage of the fact that most faults on distribution circuits are 
temporary. For this scheme, a low-set instantaneous relay (50LS) is applied and set very sensitively, to trip 
for any faults on the entire feeder. Figure 7-10 shows the 50LS element will over-reach downstream fuses, 
and trip the entire feeder for faults on fused branches. After one or more reclosing attempts (indicating a 
permanent fault), the low-set instantaneous element is blocked, and the branch fuse is allowed to blow. 
Fuse saving schemes avoid unnecessary extended outages on fused branches for temporary faults, but 
increase the momentary outages over the entire feeder. Recent data in “Distribution Line Protection 
Practices Industry Survey Results” [B31] shows that fuse saving is used by a majority of utilities, but may 
be declining in popularity. 
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Figure 7-10—Time coordination between low set instantaneous (50LS)  

and downstream fuse 
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8. Special applications 

8.1 Parallel lines 

In this case, system configurations are such that multiple feeder breakers are served from a single point 
source. In some instances, the distribution circuits are on the same structure and/or in close proximity with 
each other due to normally opened connecting air switches. When the actual facilities are configured in this 
manner, the probability of multiple circuits being involved in a single event can be relatively high. This is 
especially true if instantaneous relaying is not applied. 

In these situations, the fault may begin on one circuit and slowly evolve to the other circuit, it may begin on 
one circuit and quickly evolve to the other circuit, or it may essentially simultaneously involve both 
circuits. The single point source detects the entire fault current for the entire duration. Each feeder breaker 
only sees a portion of the fault current only for the time that the particular feeder breaker is closed. 
Figure 8-1 illustrates this type of situation. The entire fault current (If) is detected by Circuit Breaker 1 
(CB1) while only a portion of the current is seen by each feeder. To ensure proper coordination, either 
sufficient coordination margin should be obtained or higher order relay integration employed. 
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Figure 8-1—Faults involving two circuits 
 
To ensure proper coordination margins for each of these three fault scenarios, separate studies can be run. 
A general rule of thumb would be to apply the normal coordination margins with the feeder breaker sensing 
50% of the bus fault current level current and the single point source sensing 100% of the bus fault current 
level. 

Another method to accomplish proper coordination is to design the relay system such that the single point 
source relaying is integrated with the feeder breaker relaying. For instance, any time more that one feeder 
breaker is above a pickup current level, enabling or disabling of certain selected source relay elements can 
be employed or the source relaying could be prevented from operating. 

8.2 Automation 

In an attempt to facilitate the rapid response to outages as well as the efficient day-to-day operation of the 
distribution system, some utilities have begun the implementation of DA (Distribution Automation) into the 
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design of their distribution circuits. DA allows the operator to remotely or locally operate various 
sectionalizing switches, breakers, and reclosers. DA also supplies the system operator with real-time data 
(voltage, amperage, power flow, etc.) of each circuit by remotely monitoring the analog values made 
accessible by the RTUs (remote terminal units) at each DA equipped device. The system operator also has 
the ability to monitor the status points of these devices. The ability of DA to provide all this data allows 
quick determination of which portions of a circuit are experiencing problems. With this knowledge, the 
operator can perform remote control or dispatch operating personnel who can isolate and restore portions of 
the circuit. This reduces the number of customers who will be out of service until full repairs can be made. 
Some DAs feature advanced capabilities such as disturbance direction detection that can immediately 
troubleshoot by characterizing a disturbance as upstream or downstream with an indication that can be 
shown in an active alarm window, on-board event log, and e-mail or error-checking/correction HTML 
page. Other advanced capabilities include alarm set-point learning, which allows DAs to learn normal 
operating ranges for specified alarm quantities then recommend or automatically configures alarm set 
points with minimal end user involvement, and sequence of events Recording (SER), which provides high 
speed time stamping of system inputs to within 1 ms resolution. 

Circuits are generally designed with a peak expected load in mind. As areas grow within the load 
boundaries of a particular circuit, the peak loads may exceed the built in load limitations of the circuit. This 
affects the system flexibility to tie, separate, or transfer load remotely or by local control. DA then becomes 
a tool for the operator to control the system configuration with greater speed and ease. 

In the event of a storm, DA can provide automatic sectionalizing as well as remote operation of equipment 
to further sectionalize circuits to reduce the number of customers affected by the storm. There is also the 
ability to pick up unfaulted portions of circuits by remotely tying those portions to other circuits. 

A loop scheme is another method that is used by utilities to improve reliability. A loop scheme is typically 
applied to two circuits by installing a normally opened tie recloser at a tie point between two circuits. Also, 
a normally closed sectionalizing recloser is installed on each circuit. See Figure 8-2. 
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Figure 8-2—Loop scheme 

 

The three phase reclosers monitor the three-phase voltage. A simple description of how the loop scheme 
shown in Figure 8-2 works is as follows. Assume that CB1 (circuit breaker 1) opens for a fault between 
devices CB1 and LS1. The loop scheme sectionalizing recloser, shown as LS1, will sense a loss of voltage 
and will open and lock out after a preprogrammed time interval. The tie recloser will also sense loss of 
voltage, and it will close after the LS1 recloser opens, therefore automatically restoring a portion of 
Distribution Circuit 1. Note that the protection settings at the SUB Main Breaker and at the CB and LS 
should be set to account for the maximum load added when the tie recloser closes to maintain selectivity. 
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Otherwise, a second setting group for the combined load could be automatically selected by the tie closure. 
Loop schemes can restore even more customers if they are operated in conjunction with sectionalizing 
switches. Figure 8-3 shows how the system with sectionalizing switches will work.  
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Figure 8-3—Loop scheme with sectionalizing switches 

 
Assume that there is a permanent fault on Distribution Circuit 1 between LS1 and CB1. The relaying 
associated with circuit breaker CB1 will cause it to open. The loop scheme sectionalizing recloser LS1 will 
sense loss of voltage and open. The tie recloser TIE will sense loss of voltage and close. Part of 
Distribution Circuit 1 is now restored. However, if it can be determined that the fault was between SW1 
and circuit breaker CB1 then SW 1 can be opened either remotely or manually. The loop scheme 
sectionalizing recloser LS1 could be set to coordinate with the tie recloser for faults on Circuit 1 between 
LS1 and SW1 and then LS1 can be closed in order to restore customers between LS1 and SW1. This way 
more customers can have their service restored quicker. Additional studies will need to be performed to 
ensure coordination of the fault detection devices for both the normal and the abnormal operation of the 
circuit, and that overloading will not occur. If the load permits, then LS1 can be set selective with the TIE 
and LS1 will provide protection up to SW1. The four LS1 load circuit scenarios for protection selectivity 
study are as follows: 

⎯ Distribution Circuit 1 (TIE open) 

⎯ Distribution Circuits 1 and 2 (TIE closed, LS2 open) 

⎯ SW1 to LS1 customers (SW1 open) 

⎯ Distribution Circuits 1 and 2 plus SW2 to LS2 customers (TIE closed, LS2 closed, SW2 open) 

Some loop scheme reclosers that allow for remote setting changes and multiple setting groups may be 
employed effectively. 

For faults between LS1 and TIE, additional logic is required at the TIE point to mitigate the case where the 
TIE could close into a fault.  

The added flexibility of DA enables utilities to respond to outages in a more effective and expedient 
manner. With the help of highly developed technologies, intelligent devices installed on the distribution 
system can communicate among each other and automatically sectionalize to isolate the faulted section. 

8.3 Load shedding 

The objective of underfrequency load shedding is to arrest system wide frequency decay after a disturbance 
to the system such as a loss of a transmission line or generation source. The objective of undervoltage load 
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shedding is to unload a system that is on the verge of collapse due to a shortage of reactive power support. 
It is up to the interconnected utility to perform sufficient dynamic stability studies to determine where and 
how within their system the load will be shed. If the frequency is decaying slowly, the system operators 
may make the decisions on which loads to shed. However, if frequency is decaying rapidly, the load-shed 
scheme should be automatic to drop sufficient load in a short period to balance load with generation. In 
extreme cases, the load-shed relaying may need to match load with generation in an islanded system. In 
other cases islanding the utility, if it has sufficient internal generation capacity, may be the only way to 
protect it from collapse with the interconnected system. 

Most automatic frequency based load-shed schemes are activated by individual frequency relays, which trip 
large industrial load centers or individual feeder breakers. Most automatic voltage based load shedding 
schemes are activated by individual undervoltage relays, which trigger the disconnecting of the load. Most 
modern relays allow several set points to be input allowing one relay to trip several feeder breakers in 
specified steps. Set points for tripping vary from utility to utility or for the requirements of the control area’s 
council. Automatic frequency tripping steps range from 0.5 Hz to 0.2 Hz. Some modern under frequency 
schemes utilize rate of frequency change rather than frequency magnitude for the set points. For more details 
on under frequency relay applications and settings, please see IEEE Std C37.117™-2007 [B49]. 

8.4 Adaptive relaying schemes 

Adaptive relaying is making automatic real-time adjustments to power system protection schemes to 
achieve the most dependable and secure distribution system protection for the system conditions at that 
time. In addition to adaptive relaying schemes, often SCADA signals are used to remotely change the 
protective scheme or reclosing settings based on the desires of the system operator. 

8.4.1 Traditional adaptive schemes 

Traditional distribution protective schemes have used fairly basic adaptive relaying. For example, one of 
the oldest methods of adaptive relaying was to alter the tripping time on a protective relay or service 
restorer based on when the trip operation occurs in relation to the reclose sequence. For instance, the first 
two circuit trips might operate relatively fast, and if the breaker reclosed into a fault, the tripping curve 
could be altered to allow the device to operate more slowly. This would allow downstream fuses to ride 
through the first operations but to blow if the fault was still on the system. This type of scheme is often 
defined as a fuse saving scheme because for most transient faults, fuses are not required to operate. 

8.4.2 Adaptive relaying using microprocessor relays 

Numerical distribution protection relays with multiple settings groups provide the capability to adapt 
protection settings, control schemes, reclosing schemes, and protection elements by changing settings 
groups and tripping matrixes. The relays adapt based on decisions made by internal logic, by analog 
quantities that it measures, by communication with other relays or intelligent electronic devices, and/or by 
monitoring the status of switches and/or circuit breakers.  

While most distribution circuits do not require this form of adaptation, present protective relaying 
capability allows tremendous flexibility to adapt the operation of the relay for changing load, load 
unbalance, cold load pickup, fault type, and/or system configuration changes. 

8.5 Multiple faults 

Distribution protection application should consider multiple faults occurring nearly simultaneously as often 
occurs during major wind, lightning, or ice storms. If this were to occur on the system depicted in  
Figure 8-2, it is possible that the coordination could be lost between the relays associated with CB1and the 
relays associated with the other circuit breakers shown in the one-line. For instance, if a fault started on FDR1 
and before FDR1 tripped, a fault began on FDR2, and before FDR2 tripped, a fault began on FDR3, it is 
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possible that CB1 would trip prior to FDR3 tripping. To reduce the likelihood of this type of misoperation 
occurring, wide coordination margins or integrating the substation relaying as described in 8.1 should be used. 

Additionally, it is important that the reset characteristics of the relays associated with CB1 be quicker than 
that of the relays associated with the other breakers shown on the one-line. This is true of both 
electromechanical and solid state relays. If the reset characteristic of the relays associated with CB1 is 
slower than that of the relays associated with the other breakers on the one-line, there is a higher probability 
of miscoordination due to multiple faults. 

Another method to reduce the likelihood of the CB1 relay misoperation due to multiple faults is to delay 
the automatic reclosing on breakers FDR1, FDR2, FDR3, and FDR4. This delayed reclose often will allow 
the relays associated with CB1 an opportunity to reset prior to the feeder breaker closing into a fault. 

8.6 Sympathetic tripping 

Sympathetic tripping problems are primarily dependant on the characteristics of the loads connected to a 
distribution system. As faults occur on a distribution line the magnitudes of the faulted phases’ voltages are 
depressed at the source substation bus. In addition to this magnitude change, the faulted phases’ voltage 
phasors swing to a different phase angle relationship compared to the pre-fault voltage phasors. 

As the bus voltages are restored to nominal magnitudes and expected phase angles after the fault is cleared, 
load currents tend to increase on the phases that experienced the voltage depression. This increase in 
current relative to the pre-fault load current magnitudes can persist for several cycles. 

A feeder that shares its source bus with the faulted feeder may experience high enough post-fault load 
currents to trip sensitive protective device overcurrent elements. On heavily loaded systems, this 
sympathetic tripping may also include the relaying associated with the source transformer bank. 

Maintaining a margin between the maximum loads a feeder is anticipated to carry and the sensitivity of 
protective elements is the best solution to avoid sympathetic tripping of unfaulted feeders and transformer 
relaying. 

8.7 Distributed resources 

Technological advances have been coupled with a favorable economic environment resulting in a number 
of small generators being installed on distribution systems. These generators on a distribution system are 
referred to as distributed resources or DRs. A DR is installed to realize many benefits such as reliability, 
efficiency, and power quality. For example, some utility distribution companies and utility customers use 
DRs to improve utility operations and customer service. However; when DRs are integrated on radial or 
networked power systems originally designed to only serve load, they may require modification of the 
feeder protection. The requirements for interconnecting these DR must be determined during their project 
planning stages, see IEEE Std 1547-2003 [B40]. For DR applications, it is beyond the scope of this guide to 
address consensus methods used for performing impact studies, mitigating limitations of the utility 
distribution system, or for addressing business or tariff issues associated with DR interconnections. 
However, the main issues for DR and utility distribution system protective relaying are as follows: 

⎯ Protective device coordination  

⎯  Auto-reclosing 

⎯  Issues of islanding DR with local loads 

⎯  Grounding 

These major issues have many related concerns such as safety, equipment ratings, training, and impact on 
other customers that should also be considered. 
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8.7.1 Protective device coordination 

The presence of DR will affect protective device coordination in different ways depending on the locations 
of the devices and the DR. The most obvious concern is for the coordination of upstream devices on the 
radial circuits containing the DR. The coordination of downstream devices, coordination on adjacent 
circuits, and substation transformer backup protection should also be considered. The type of connection 
used to attach the DR to the system will determine whether the distribution coordination is affected. For 
example, if the DR transformer has an ungrounded wye or a delta connection to the feeder, then there will 
not be any contribution to common ground faults and coordination will not be affected. However, this 
arrangement will make it difficult to detect single phase-to-ground faults on the system at the DR and can 
cause other problems not related to protective relay coordination (see IEEE Std 1547-2003 [B40] and 
“Impact of distributed resources on distribution relay protection” [B33]). For the purposes of discussion on 
coordination effects, it can be assumed that the connection and fault type are such that the DR will 
contribute. 

Consider the system of Figure 8-4. It can be expected for protective devices on the circuit beyond the DR 
that the available current for faults at F1 will be greater. This will result in more circuit coverage from the 
protective device, which may or may not be desirable. The device coverage may extend through additional 
lateral circuits and possibly require greater operating times to coordinate. Coordinating devices on the 
upstream side of the DR connection will be subject to infeed effect, which will result in a larger 
coordination interval. 
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Figure 8-4—Distribution with DR 

 

Faults such as F2 that are upstream of the DR will cause reverse current to flow in Recloser 1 in Figure 8-4. 
This could cause confusion for sectionalizing schemes if a device downstream of the fault is tripped and 
delays restoration of customers’ loads for temporary faults. Since it is normally not desirable to island the 
DR with other customers’ load, the protection on the DR needs to be coordinated with Recloser 1, so the 
DR is disconnected before Recloser 1 has a chance to operate.  

The fault F3 located on the adjacent feeder will show effects similar to both of the previous faults. The 
magnitude of fault current on the circuit will be greater for the entire circuit. The current at breaker CB 2 
will be reversed. If the relay protection at breaker CB 2 is not coordinated with breaker CB 1, the result will 
be the unnecessary trip of circuit 2. This coordination can be further complicated if more than one circuit 
contains DR. Backup protection from the substation breaker may have trouble with coverage of circuit 1 
due to infeed from circuit 2.  
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It is clear that if the existing line protection is left in place, the coordination should be evaluated for each 
substation feeder circuit. Changes to the existing protection to accommodate the DR will usually result in 
longer delays in tripping and reclosing operations. In some cases, sequential operation or miscoordination 
may have to be considered. Delayed operations, sequential operations and miscoordination represent a 
degrading of the power quality to other customers on the circuit that could be unacceptable. Consequently, 
the need to make changes to the line protection systems to accommodate the DR can create additional 
concerns. 

8.7.1.1 Protective device communications 

The simplest solution to protection problems arising from the addition of DR to the circuit is to trip the DR 
any time a fault is detected on the circuit. Sensing for the fault may occur at the DR point of connection; 
but the primary sensing, for feeder protection, is at the circuit source (breaker CB 2 in Figure 8-4). 
Concerns include the reliability of the transfer trip circuit, the future coordination of the maintenance or 
replacement of that equipment, and the loss of flexibility in the operation of the distribution system. This 
loss of flexibility is a concern both for future load growth and for abnormal operating situations. If the DR 
is transferred to another circuit, either temporarily for maintenance or permanently for load growth, the 
transfer trip equipment would need to be moved or duplicated on that circuit. The transfer trip may be 
required due to islanding considerations as discussed in 8.7.2. Refinements can be made to this scheme 
using the communications to prevent tripping for faults downstream of the DR connection that can be 
cleared by an appropriate device, such as Recloser 2 in Figure 8-4.  

8.7.1.2 Directional relays applied to DR 

Another solution to the coordination problems created by the introduction of DR to the circuit is to install 
relays capable of sensing direction. This may take the form of impedance-type relays or directionally 
polarized overcurrent relays or a combination. Although this will solve some of the coordination problems, 
there are some drawbacks to consider. The directional relays may be more expensive than the existing 
relays, and they may require the addition of VTs. This type of relaying is different than what is normally 
used on distribution and may require additional training. 

8.7.1.3 Reclosing with DR 

The presence of DR will require a study of reclosing. Installing a DR on the circuit may require added 
delays to reclosing that affect other customer loads on the circuit. It is desirable to minimize this impact. 
Fault F2 lies between the substation and the DR. The main issue in reclosing following the trip for such a 
fault is to determine how much to delay the reclose time; instantaneous recloses are not used. If the DR 
output is significantly mismatched with the load, islanding cannot occur and the DR will trip whenever the 
source is lost. The reclose time must allow for the DR tripping time.  

8.7.2 Islanding 

When a DR is present on a radial distribution system, there may be conditions under which the generator 
can support the distribution circuit load if the distribution source breaker is opened. Once the breaker 
opens, the circuit with the DR is considered an island. Unintentional islanding is always a concern for DR 
applications. IEEE Std 1547-2003 [B40] provides the unintentional islanding requirements as well as some 
guidance to meet the requirements. If the mismatch between load and generator output is great enough, the 
interface protection at the DR connection will cause the DR to trip. Where direct transfer trip is to be used 
for protection against unintentional islanding, some utilities may require the addition of voltage-check and 
synch-check to the substation reclosing as redundancy to the transfer trip. Transfer tripping the DR needs to 
be coordinated between the DR and the utility and that may help shorten the duration of the circuit 
reclosing delay. 

Because of operational and safety issues, intentional islanding is rarely permitted by the utility without 
extensive analysis. If the DR is planned to remain in service during an islanding condition, the oscillations 
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of the DR in response to a disturbance may result in undesirable voltage flicker. There is no consensus 
standard for planning DR islanding applications, but guidance is provided in IEEE P1547.4™ [B41]. 

8.7.3 Grounding 

For most of the protection issues concerning DR already discussed, it was appropriate to consider the 
grounded wye connection to the system. If the DR connection is ungrounded wye or delta and the utility 
(grounded) source is opened; then the circuit will become ungrounded. If this occurs during a line-to-
ground fault, then the DR interface may not detect the fault and respond correctly. If islanding occurs, then 
serious overvoltages may result, which will damage utility and customer equipment and create a safety 
concern. In this case, direct transfer trip or voltage unbalance detection will be required to assure the DR is 
removed from the circuit. 

8.8 Communications 

8.8.1 Introduction 

Historically, the use of communications channels in protective relay schemes on distribution circuits has 
been limited to applications such as direct transfer trip or remote control. As the design of distribution 
circuits has changed in response to increased reliability and power quality requirements, the use of 
communications channels to enhance the speed and dependability of the relay protection schemes has also 
increased. Relay communications channels for distribution circuit protection have been successfully 
implemented via direct connection to copper or fiber optic cables, leased telephone circuits, and point-to-
point radio. Selection of the communications channel and medium often depends on the speed, security, 
and dependability requirements of the proposed protection scheme versus the type and cost of the 
communications infrastructure available where the protection scheme is physically located. 

8.8.2 Direct transfer trip 

When a DR is present on a radial distribution system, there may be conditions under which the generator 
can support the distribution circuit load at full or reduced voltage and frequency if the distribution source 
breaker is opened. In the case of parallel generation, a direct transfer trip (DTT) scheme can be used to 
ensure safe isolation of the generator before any attempt is made to reclose the source breaker (see “Myths 
of Protecting the Distributed Resource To Electric Power System Interconnection” [B13]). In Figure 8-5, a 
generator is shown connected to a radial distribution circuit. The protective relays at the 12.5 kV 
distribution breaker at Substation A are typically non-directional phase and ground overcurrent relays set to 
coordinate with the largest or highest-set protective device on the distribution circuit. If the breaker is 
equipped with automatic reclosing, the reclose interval would be similar to that applied to any other radial 
overhead distribution circuit except that the first reclose is typically delayed instead of instantaneous. This 
is done to allow ample time for both the DTT scheme and the high-side recloser at the generator to operate 
and disconnect the generator from the line before any attempt is made to reclose the breaker. 

The communications channel in Figure 8-5 is required solely by the DTT scheme. If the 12.5 kV breaker at 
Substation A trips for a fault or is opened manually, a “52b” contact from the breaker keys direct transfer 
trip transmitter DTT Tx so that a direct transfer trip signal will be sent to direct transfer trip receiver DTT 
Rx to open the recloser or breaker at the generator step-up transformer. Because the generator on the 
12.5 kV distribution circuit cannot supply fault current through the wye-delta Substation A transformer for 
a single phase to ground fault on the 138 kV system, it may still be on line (possibly at a reduced voltage) if 
the 138 kV line breakers trip. Therefore, a 27/59 relay is installed on the 138 kV side of the transformer to 
detect the phase to neutral voltage drop or rise on the 138 kV system during a single phase-to-ground fault 
on the 138 kV line. The 27/59 relay keys the DTT Tx to ensure that the generator is disconnected before 
either of the 138 kV line breakers reclose. 
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Figure 8-5—Direct transfer trip scheme on a radial distribution circuit 

 

8.8.3 Communications-enhanced trip and restore 

A microprocessor-based relay with the ability to communicate with other relays or intelligent electronic 
devices can be applied to improve the speed and selectivity of tripping and the continuity of service to 
customers served from radial or looped-radial distribution circuits (see “Trip and Restore Distribution Circuits 
at Transmission Speeds” [B62]). A simple looped-radial distribution system is shown in Figure 8-6 consisting 
of two circuit breakers and three line switches (LS) connecting several sections of distribution line. The line 
switches typically do not have fault current interrupting capability, and one of the line switches is usually 
operated normally open. The breakers and line switches are all equipped with relays. The relays are connected 
together through a communications link to enable them to share system data and breaker or line switch status 
between them. Logic is then developed in the relays to enable them to determine the location of a line fault 
and to trip the appropriate breakers and line switches to isolate the fault. Once the fault is isolated, the relays 
can selectively close the appropriate breaker or line switch based on the equipment status and system 
condition data received over the communications link to automatically restore all but the faulted line section to 
service. The ability to communicate enables the relays to provide faster restoration of service after the line is 
sectionalized. Automatic restoration times are typically on the order of seconds. The communications link can 
also enable the relays to be accessed by the SCADA system for metering and system status data as well as for 
remote control of the protection and sectionalizing devices.  

Because the entire line could be supplied through one breaker with the other breaker open, the phase and 
ground overcurrent relays at the breakers are set to coordinate with the largest or highest-set protective device 
on any of the line sections. The line switch relays are set as overcurrent and undervoltage detectors to provide 
fault location intelligence. Automatic reclosing for the breakers typically consists of an instantaneous open 
interval, followed by one or more time-delayed open intervals. If a fault occurs on Line 1 in Figure 8-6, Relay 
1 at Breaker 1 will detect the fault and trip Breaker 1. Breaker 1 will reclose instantaneously. If the fault is still 
present, Relay 1 will again trip Breaker 1. Relay 2 will detect an undervoltage condition but no overcurrent 
and will open LS 2 during the second open interval of Breaker 1. Breaker 1 will then reclose. If the fault is 
still present, Breaker 1 will trip again and lock out (assuming reclosing for the breaker was set for only two 
open intervals). At this point, the Line 1 fault is isolated, but Line 2 is also deenergized. Restoration of Line 2 
can then be accomplished automatically via the relays or remotely via SCADA commands to the relays. If 
restoration is done via SCADA, the open status of Breaker 1, LS 2, and LS 5 is transmitted to SCADA over 
the communications link. The fact that both LS 2 and LS 5 saw an undervoltage condition without fault 
current is also transmitted to SCADA. This information enables the dispatcher to send a close command to LS 
5 to restore service to Line 2. If restoration is accomplished automatically via the relays, then Relay 5 “sees” 
from Relay 2 via the communications link that Relay 1 operated for a fault but that Relay 2 did not see any 
fault current and that Line Switch 2 is now open. Therefore, Relay 5 automatically closes Line Switch 5 to 
restore power to the customers on Line 2. 
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Figure 8-6—Communications-enhanced trip and restore scheme  

on a looped-radial distribution system 
 

If the line switches in Figure 8-6 are replaced by reclosers with fault current interrupting capability, then 
the communications link can be used in the tripping scheme as well as the restoration scheme. In this case, 
Relay 1 and Relay 3 would contain a set of phase and ground overcurrent elements set to coordinate with 
the largest or highest-set protective device on any line section in order to provide line protection if the 
communications channel is lost. However, a second set of phase and ground overcurrent elements can also 
be set in Relay 1 and Relay 3 to coordinate with the largest or highest-set protective device on its individual 
line section. Similarly, the phase and ground overcurrent elements in Relays 2, 4, and 5 can be set to 
coordinate with the largest or highest-set protective device on its line section. For example, suppose that 
Relay 1 is set to coordinate with a 40E fuse as the largest protective device on Line 1 and Relay 2 is set to 
coordinate with a 100E fuse as the largest protective device on Line 2, and a fault occurs on Line 2. Both 
Relay 1 and Relay 2 will see the fault, but the overcurrent detector in Relay 2 will send a signal via the 
communications link to Relay 1 to momentarily suspend timing in order to allow time for Relay 2 to trip its 
recloser to clear the fault. If Relay 2 is programmed for automatic reclosing, it can close its recloser at least 
once to test Line 2. The advantage of this scheme is that only Line 2 is taken out of service for the fault, 
and the customers on Line 1 are subjected to only a voltage sag, instead of a complete outage. 

8.8.4 Communications-aided trip 

On a looped distribution system, fault-interrupting switchgear can be equipped with directional relays 
having communications capability to provide automatic clearing of any faulted line section within a few 
cycles to greatly limit the duration of voltage sags and minimize the number of customers subjected to an 
interruption in service (see “International Drive Distribution Automation and Protection” [B20]). An 
example of a looped distribution system equipped with directional relays and fault-interrupting switchgear 
appears in Figure 8-7. Because these are typically underground distribution systems, neither the substation 
breakers nor the fault-interrupting switchgear is equipped with automatic reclosing. Application of 
directional elements and logic in the relays with the communications links enables the looped system to be 
protected using the same communications-assisted protection schemes that are in common use on high 
voltage transmission lines. For example, a permissive overreaching transfer trip (POTT) scheme could be 
implemented in relay logic to provide primary protection for each line section in Figure 8-7. If a fault 
occurs on Line 2, the forward-looking directional element in Relay 3 will “see” the fault and send a 
permissive trip signal to Relay 4. Similarly, the forward-looking directional element in Relay 4 will “see” 
the fault and send a permissive trip signal to Relay 3. The combination of a forward-looking directional 
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element asserted plus a permissive trip signal from the remote relay causes both Relay 3 and Relay 4 to trip 
their associated switches to clear the fault. 

Note that while the forward-looking directional elements in Relays 1 and 6 may also “see” the fault on 
Line 2, they will not receive a permissive trip signal from their remote terminals and therefore will not trip 
their respective fault-interrupting switches. Thus, all customers may see a momentary voltage dip, but only 
the customers associated with Line 2 will experience an outage. 

In addition to the directional elements required for the POTT scheme, backup time-delay phase, and ground 
overcurrent elements in Relays 2 through 7 should be set to coordinate with the protective device settings 
on the load feeder switches. Similarly, backup time-delay phase and ground overcurrent elements in 
Relays 1 and 8 should be set to coordinate with the overcurrent settings in Relays 2 and 7, respectively. As 
in the looped-radial system, the communications link can also provide SCADA system access to the relays 
for metering and system status data as well as for remote control of the protected equipment. 

 
Figure 8-7—Communications-aided trip scheme on a looped distribution system 

 

8.9 Multiple source configurations 

Radial feeders are the most common types of distribution feeder. However, there are cases where the 
protection on such lines would not accommodate a line with multiple sources. If the line is a two- or three-
terminal line, a line with DRs, or a line networked with other adjacent stations on the low voltage side; then 
the protection may be inadequate. The distribution engineer should also take into account cases where a 
line switch may be closed to energize a second line. Through the use of settings groups, various line 
switching configurations may be accommodated. SCADA or distribution automation systems may be used 
to automate, the settings group changes. 

Cases with two, three, or more main terminals (this could also include lines with emergency ties) may 
require directional overcurrent relays. The use of impedance type relays may be considered. A dependable 
polarizing source at the substation is required and this may not be possible at locations that are “weak,” 
especially for the ground protection. 

Lines with DRs or other source stations may also require the use of directional overcurrent relays. The 
ground overcurrent relay settings may be compromised if the DRs or backfeed station is a zero-sequence 
current source. Negative-sequence overcurrent relays may also have to be incorporated where the normal 
zero-sequence current protection may be compromised. 
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Distribution lines that are mostly cable and have substations that can provide backfeed through a line side 
delta connected transformer as shown in Figure 8-8 warrant review. The use of a primary side VT with an 
overvoltage/undervoltage relay may be considered to provide protection for primary side faults on the system. 

Lines that have tie switches can be troublesome to set the overcurrent relays. These settings are based on 
the farthest location that the relay should protect. That could be at the farthest end of the line that is being 
“picked up” by the good line. 
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Figure 8-8—Line with a source of backfeed 

 

8.10 Directional overcurrent relay 

Directional overcurrent relays discern the direction of current flow to a fault, thereby permitting 
overcurrent relay operation for faults in one direction, and blocking relay operation for faults in the other 
direction. They are most commonly applied on networked circuits, or distribution circuits that have DRs. 
Directional phase overcurrent relays have the same restrictions as non-directional phase overcurrent relays 
for load flow in the tripping direction. 

Directional overcurrent relays typically consist of a directional element in combination with an overcurrent 
relay. Ground directional elements are able to detect the direction of a ground fault and are typically 
combined with a ground overcurrent relay that operates on residual ground current, zero-sequence current, 
or CT neutral ground current. Phase directional elements are able to detect the direction of three-phase and 
phase-to-phase faults and are typically combined with a phase overcurrent element that operates on phase 
current. Negative-sequence directional elements, able to detect the direction of phase-to-phase and ground 
faults, may also be combined with phase and ground overcurrent elements. Properly selected directional 
elements block tripping for load flow and faults in the non-tripping direction. 
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As with non-directional overcurrent relay schemes, instantaneous and definite-time trip units, which may or 
may not be directionally controlled, can be added to directional time-overcurrent relay schemes to provide 
high-speed relay operation for close-in faults. Where the source on one side of the relay terminal is much 
stronger than the source on the other side, non-directional overcurrent elements set to pickup above the 
maximum current available from the weaker source will be inherently directional because they can only 
operate for faults driven by the stronger source. Directional overcurrent relays are required where the relay 
scheme must have different sensitivity or operate time for faults in one direction compared with the other 
direction. 

Input currents to the directional overcurrent relays are provided from CTs located at the line terminal, one 
for each phase overcurrent unit, and the sum of the three for the residual ground or neutral overcurrent unit. 
Three-phase devices may have a single-phase overcurrent unit that operates on maximum phase current, or 
it may have three phase overcurrent units that operate on their respective phase current. Three-phase 
devices may also sum the currents internally to produce negative-sequence and residual ground (zero-
sequence) operating quantities without the need for additional CT connections. 

The time-overcurrent and instantaneous units used in directional overcurrent relay schemes are virtually 
identical in operation and design to those used in non-directional overcurrent relay schemes, with the 
exception that the operation of one or both units will be controlled or supervised by the directional element. 

The directionality of the directional element is accomplished by providing the relay with a measured 
reference quantity. This input can be a voltage, a current, or both. Phase voltage, or positive-sequence 
voltage, is required to polarize the phase directional element for three-phase faults. Because close-in three-
phase faults cause all three-phase voltages to collapse to zero, the phase directional element polarization 
voltage must include a memory function to provide proper directionality long enough for the time-
overcurrent element to operate. Phase voltage, positive-sequence voltage, or negative-sequence voltage can 
be used to polarize the phase directional element for phase-to-phase faults. Negative-sequence voltage, 
zero-sequence voltage, or zero-sequence current from a separate zero-sequence current source, can be used 
to polarize a ground directional element. A combination of two or all three of these can be used to ensure 
dependable directional element operation under various system configurations and conditions. Negative-
sequence polarized directional units are often applied when zero-sequence mutual coupling effects cause 
zero-sequence directional units to lose directionality, or cause false operation. Negative-sequence voltage 
polarization has the added advantage that it can be supplied through wye or delta connected potential 
transformers. Zero-sequence voltage polarization requires three wye-connected potential transformers. 

As with all overcurrent relays, delays for time coordination with other devices are required. Fault coverage 
and/or operating times may be affected by network changes. The coordinating time delay requirements will 
often make directional time overcurrent relays unsuitable where extremely high-speed fault clearing is 
required. However, directional overcurrent relays generally provide adequate operating speed to be used on 
lower voltage networks, especially as protection for ground faults. Sensitive instantaneous directional 
overcurrent relay elements can be used in pilot scheme applications to where fast fault clearing is required. 

There are two different ways to apply the directional element in directional overcurrent relays. In one method, 
the directional element supervises the output of the overcurrent element. In this method, the overcurrent 
element is free to operate for any current in excess of its pickup setting, but tripping occurs only if the 
directional element also operates. Alternately, the directional element controls the input to the current 
measuring portion of the overcurrent element, preventing its operation unless the directional element operates. 
In an electromechanical relay scheme, for example, a directional element contact can be installed in the 
shading coil circuit of an overcurrent relay to control the overcurrent relay operation. This is often referred to 
as “torque control” because the directional element controls the operating torque of the overcurrent relay. 

Both methods, directional supervision and directional torque control, can be accomplished with 
electromechanical, solid state, and microprocessor-based relays. One advantage of directionally torque 
controlling the input to the overcurrent relay is that there is no race between reset of the overcurrent 
element and operation of the directional element during current reversals, i.e., the directional element must 
operate before the overcurrent element can operate. 
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8.11 Motors (effects of unbalance) 

The effect of three-phase motor unbalance on distribution line protection is primarily dependant upon two 
things: 1) what percentage the unbalanced motor load is of the total load supplied by the circuit the 
protective device is on and 2) the type of motor and its connection. Typically, the unbalanced three-phase 
motor load is a small portion of the total load “seen” by the protective device. Thus, the effect of unbalance 
operation on protection is minimal and usually can be neglected. 

In general, when a three-phase motor is fed by an unbalanced set of phase voltages (either inherently 
unbalanced or an open-phase condition), the phase currents drawn by the motor will become unbalanced. 
The most severe operating condition would be that of an open phase. An open phase is usually the result of 
a blown fuse; however, this can be caused by a bad connector, etc. Figure 8-9 depicts this typical scenario. 
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Figure 8-9—Three-line diagram of a typical open-phase unbalance  

of a three-phase induction motor 
 

Although synchronous motors can operate with one phase open, they are likely to pull out of step and be 
disconnected from the system if they are loaded near their ratings. Therefore, only the induction motor will 
be addressed here. 

When an induction motor is operated with an open phase, the phase currents drawn by the motor will 
theoretically increase to those shown in Table 8-1 (see also IEEE Std C37.96™-2000 [B45] and 
“Symmetrical Components for Power System Engineering” [B7]). Note that these values are in per unit of 
the current values prior to the open-phase condition. 

Table 8-1—Theoretical line currents for open-phase condition 

 Normal condition (p.u.) Open-phase  
condition (p.u,) 

Phase a 1.0 0.0 
Phase b 1.0 1.732 
Phase c 1.0 1.732 
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Although the line currents drawn by the motor in phases b and c will increase to a theoretical maximum of 
1.732 p.u., the magnitude of the phase currents, Ia, Ib, and Ic “seen” by the protective device will not change 
very much if the connected load is much larger than the three phase induction motor load. Therefore, for 
this case, i.e., the connected load is much larger than the unbalanced motor load; the effect on the 
protective relaying is negligible. 

The following scenario shows a situation where the unbalance could potentially become a problem. To 
illustrate the point, assume that the system shown in Figure 8-10 is rated at 12.47 kV line-to-line and the 
induction motor is operating at full load and has a rating of 500 HP 0.8 pf lag (assume 1 HP = 1 kVA). The 
connected load is 5 MVA at 0.8 pf lagging and is connected grounded wye. Neglecting losses (line and 
transformer), the phase currents “seen” by the protective relays in Figure 8-10 can be shown to be equal to 
the values shown in Table 8-2. 

Table 8-2—Line current “seen” by protective device in Figure 8-10  
for normal and open-phase conditions 

 Normal condition  
(A) 

Open-phase condition 
(A) 

Ia 254.6 231.5 

Ib 254.6 267.0 

Ic 254.6 197.8 
I1 254.6 231.8 
I2 0.0 13.4 
3I0 0.0 80.1 

Once the open-phase condition occurs, approximately 80 A of zero sequence current begins to flow in the 
ground relays. Ground relaying would need to be evaluated to insure that it was not set sensitive enough to 
detect this condition. 

There are other rare cases where the connected load to motor load ratio is much smaller. In these instances, 
the currents resulting from the unbalanced operation of a three-phase induction motor should be taken into 
consideration when setting protective relays. Phase overcurrent relays should be set such that they can carry 
1.732 p.u. load current with some margin keeping in mind that this relay should also be set to “see” end 
zone phase-to-phase faults. If this cannot be accomplished, load encroachment or negative sequence relays 
can be used. However, if negative sequence relays are used they should be set such that it will trip for end 
zone phase-to-phase faults, but not pick up for the open-phase condition. 

8.12 Breaker failure 

Traditionally, breaker failure protection has not been applied on distribution feeder circuits. This is due 
both to the cost of the breaker failure relay, relative to the improved dependability of the feeder circuit, as 
well as concerns over the secure operation of the breaker failure relay. Instead of specific breaker failure 
detection, most feeder circuits rely on backup protection, such as bus overcurrent relays, high-side 
transformer overcurrent relays, or transformer ground overcurrent relays, to clear feeder faults during a 
breaker failure condition. These backup protection functions typically have pickup set to a high level for 
secure operation during maximum load conditions, so these functions may not have the sensitivity 
necessary to operate for some feeder faults during a breaker failure condition. 

Breaker failure relays, applied to distribution feeder circuits, can improve dependability by clearing feeder 
faults during a breaker failure condition. In particular, multi-function numerical feeder protection relays 
that include breaker failure elements allow the application of breaker failure protection at low cost. Breaker 
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failure elements can be used to re-trip the feeder breaker, and to trip upstream breakers, such as the bus 
breaker/transformer low-side breaker (if existing), or the transformer high-side interrupting device. 

When considering the application of breaker failure protection to distribution feeder circuits, it is important 
to consider several factors. To develop a dependable and secure breaker failure scheme, understanding how 
the relay determines circuit breaker position, when the breaker failure timer starts, how breaker failure 
interacts with reclosing, and the operating conditions of the circuit breaker is necessary. 

Breaker failure relays, or breaker failure elements, use different criteria to determine the position of the 
circuit breaker. Relays may determine circuit breaker status by the position of breaker contacts, by the level 
of measured current flow through the breaker, or a combination of both contact status and current flow. The 
breaker failure element timer typically starts when a trip command is issued, but in some relays, only starts 
after the trip command minimum duration time expires. Breaker failure relays may interact with reclosing 
elements in different fashions. When a breaker failure element trips, it may prevent the issuing of a breaker 
reclose signal, block reclosing, or drive reclosing to lockout. The breaker failure time delay needs to be 
long enough to allow a circuit breaker to operate, and account for breaker operating conditions, such as 
temperature, age and type of the circuit breaker, and general operating experience with circuit breakers. 

8.13 Single-phase tripping 

With the increasing interest in power quality and minimizing interruptions, single-phase tripping offers an 
alternative to three-phase tripping when the loads are single phase. For example, suppose a recloser with 
the single-phase trip option were protecting a feeder. The feeder experiences an “A” phase-to-ground 
permanent fault. Rather than tripping all three phases for the fault, the recloser trips only the “A” phase. 
Customers connected to the other two phases, or 67% of the customers in the area assuming balanced loads, 
do not experience a service interruption due to the fault nor the loss of service due to the recloser locking 
out after a predetermined number of operations. 

Care should be taken using single phase tripping in conjunction with floating wye or delta connected 
capacitor banks. With “A” phase protective device open due to a temporary fault, the line-to-neutral 
connected loads on phase “A” are energized from phases “B” and “C” through the capacitor bank. This can 
produce overvoltages on the phase-to-neutral connected load on the open phase and cause failure in 
customer equipment. It is not a good practice to install floating wye or delta capacitor banks beyond the 
location of the single-phase interrupters in three-phase circuits. 

Single-phase tripping can also produce another negative effect if used on a circuit with three-phase motor 
loads. Single-phasing three-phase motors, as would be done with single-phase tripping, can damage these 
motors, as the current in the motor increases as shown in 8.10. It is generally accepted that the customer has 
the responsibility to protect their own three-phase motors against single-phasing, however it may benefit 
the power supplier to also consider this condition. In circuits with mixed single-phase load and three-phase 
motor load, the power supplier may weigh the benefits of the increased reliability that can be attained 
through single-phase tripping against the potential value of helping customers with three-phase motor 
loads. 

When single-phase interrupters are used in three-phase circuits, ferroresonance is possible during 
ungrounded faults as shown in Figure 8-10. In this circuit, an ungrounded phase-to-phase fault opens 
phases A and B protective devices. This establishes a circuit where ferroresonance is possible with the 
grounded-wye capacitor bank and the floating wye-delta connected transformer bank. Whether 
ferroresonance will occur depends on the amount of load connected to the floating wye-delta bank, and 
whether load is connected phase-to-neutral on primary phases A and B on the load side of the single phase 
interrupters. If this load is large enough it shunts out the capacitor bank, preventing ferroresonance. 
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8.14 Resonant grounding in distribution systems 

Grounding practices in distribution systems are the subject of extensive research in order to find 
arrangements that best meet the requirements of modern systems. For technical and legal reasons, the 
methodology used in treating the neutral has developed differently in different countries. 
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Figure 8-10—Ungrounded system where ferroresonance could occur 

 

If the load is only connected between phase conductors, not between phase and neutral, during normal 
system operation, the grounding method does not have a relevant impact, except on how the customers’ 
load can be connected. However, the consequences of ground faults on the system depend to a large extent 
on the grounding method chosen. In systems with low-impedance grounding, faults involving ground cause 
a considerable fault current, sometimes requiring complex grounding facilities, although at the same time, 
these large currents allow the faults to be detected and rectified quickly. 

However, in the case of grounding systems using a resonant coil, the fault current is reduced to a low value, 
because the inductive reactance of the coil compensates the capacitive reactance of the system at all times. 
Using resonant-grounded systems, transient outages are automatically eliminated with no necessity to 
actuate on the switches or fuses. Therefore, service is not interrupted and the power supply may be 
maintained during the fault. Presently, resonant grounding is used extensively in the countries of northern 
and central Europe. 

8.14.1 General aspects of resonant grounding systems 

A resonant grounding system has a variable single-phase reactance, connected between the neutral of a 
transformer and the earth. The inductive current of the coil cancels the capacitive fault current, so that the 
current that circulates through the fault point is reduced to a small resistive component. This residual 
current is originated by the conductances in parallel with the grounding capacities of the system, the losses 
of the coil itself, and the resistance of the arc. 

Some of the most important advantages of using the resonant coil as a grounding method are as follows: 

⎯  Compensation reduces the fault current to levels established by electrical safety regulations, for 
which increases in the grounding voltage can be achieved at a reasonable cost. 

⎯  The number of high-speed automatic reclosures caused by grounding faults is reduced between 
70% and 90%, thus reducing the number of transitory clearances in a network. 

⎯  The need for maintenance of the switches is reduced. 
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⎯  The voltage increase after extinction of the arc is slow, thus reducing the risk of restarting the arc. 

⎯  For a single-line-to-ground fault on the system, it is possible to operate for a space of several hours, 
even when the fault persists. 

⎯  Due to the compensation, when a network operates for a permanent ground fault condition, the 
power dissipated in the fault is very small. 

⎯  The self-extinguishing effect exerted by the compensation reduces the possibility of a single-line-
to-ground fault developing into a multi-phase fault. 

However, this method of grounding also involves the following drawbacks: 

⎯  In protection systems using traditional technology, the reliability and sensitivity of the relays is 
reduced 

⎯  The difficulty of locating faults is increased 

⎯  High maintenance 

⎯  During a single-line-to-ground fault, the line-to-ground voltages of each unfaulted phase increase 
by a factor approaching the √3. Due to economic considerations, this limits implementation of this 
type of grounding to lower voltage systems, since line-to-line voltage rated insulation would be 
required. 

⎯  The increased voltage experienced raises the probability of simultaneous ground faults developing 
due to increases in weak points in the system. 

The first two drawbacks are being overcome with the development of new fault detection and protection 
technologies (see “Detection of resistive single-phase earth faults in a compensated power-distribution 
system” [B57], “Le traitement du point neutre dans les réseaux de moyenne tension” [B26], and “Détection 
de défauts à la terre très résistants sur les réseaux compensés” [B16]). Due to the last two drawbacks, in 
order to make it possible to adopt the resonant grounding system, a preliminary analysis will have to be 
made of effects that the voltage surges in sound phases might have on insulation in the electrical system. To 
prevent any harmful effects, it will be necessary to ascertain the weak points in the system and also to 
check that all equipment has been designed to support new voltage demands. 

8.14.2 Methods of detecting ground faults in resonant-grounded systems 

The high magnitude of the zero-sequence impedance makes the much smaller positive- and negative-
sequence network impedances negligible, and can be ignored without much loss of accuracy when 
evaluating single-line-to-ground faults on resonantly grounded power systems. The zero-sequence used for 
forward and reverse single-line-to-ground faults in resonant-grounded systems is shown in Figure 8-11 and 
Figure 8-12. For this analysis, the assumption is that the conductance of the power system is infinite. Stated 
another way, the insulators are perfect, and the system is perfectly balanced beforehand. This means that 
the driving voltage of the fault is the prefault line-to-neutral voltage. 

Examining the zero-sequence network for a forward fault, the zero-sequence current, I0, for a perfectly 
tuned system is 180° out of phase with the zero-sequence voltage, V0. However, most systems are generally 
over- or under-tuned, which simply causes the zero-sequence current to either lead the zero-sequence 
voltage by more than 90° or lag the zero-sequence voltage by more than −90°. Calculating the torque/real 
power in all the above cases provides a negative result. 

Examining the zero-sequence networks for a reverse fault shows that the zero-sequence current for a 
perfectly tuned system is in phase with the zero-sequence voltage. The zero-sequence current for a reverse 
fault on an over- or under-tuned system causes the zero-sequence current to either lead the zero-sequence 
voltage by less than 90°, or lag it by less than −90°. In all cases the torque, or real power, developed is 
positive. 
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Figure 8-11—Zero-sequence network diagram for a forward fault 
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Figure 8-12—Zero-sequence network diagram for a reverse fault 

 

Therefore, using this information, a negative power is developed for a forward fault, and a positive power 
is developed for a reverse fault. A wattmetric element (an element that calculates real power) can be used 
with the following logic: 

⎯  If the power developed is less than a set negative threshold, the fault is forward. 

⎯  If the power developed is greater than a set positive threshold, the fault is reverse. 

Figure 8-13 shows the phasor diagram for the wattmetric element. 
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Figure 8-13—Phasor diagram for the wattmetric element 

 

The sensitivity of the wattmetric element is inhibited by the standing unbalance of the power system. 
However, where utilities require fault detection for faults that may generate voltages or currents that are 
less than the standing unbalance of the power system, the incremental conductance method is used. This 
method calculates the incremental change in the conductance of the power system. To calculate the 
incremental conductance, the incremental change in current is divided by the incremental change in 
voltage, where the incremental change in current is the difference between the prefault current and the fault 
current, and the incremental change in voltage is the difference between the prefault voltage and the fault 
voltage. If the calculated change in conductance is positive, the fault is forward. If the calculated change in 
conductance is negative, the fault is reverse. See “Methods for detecting ground faults in medium voltage 
distribution power systems” [B21]. 

8.15 Selective ground fault protection of an ungrounded system 

Ground faults on delta connected systems and on systems with isolated neutral can selectively be detected 
by highly sensitive residual overcurrent relays directionalized by residual voltage. The existing applications 
involve detection of a ground fault condition by a residual voltage element, but the individual feeder with 
the fault can only be determined by a trial-and-error method based on sequentially opening of each feeder 
one by one until the residual voltage disappears. 
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However, during ground faults, ground becomes identified with the faulted phase voltages as shown in 
Figure 8-14. Therefore, capacitive charging currents flow between the healthy phases and ground. These 
currents appear as a residual current at the relay location, in the opposite direction of the current flowing to 
the fault. Since these currents are based on line capacitance to ground, the current magnitude may be in the 
range of milliamps of secondary current, significantly less than load current. 
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Figure 8-14—Current distribution in an ungrounded system with C-phase fault 

 

8.15.1 Ground fault detection techniques 

There are two methods commonly used to selectively detect ground faults on ungrounded systems. 
Varmetric relays are applied on isolated neutral systems, where wattmetric relays are applied on 
compensated neutral systems. Both methods use a component of the residual current that is perpendicular 
to the direction of the system displacement voltage. Therefore, these methods require the use of three VTs 
to provide displacement voltage to the relay. 

8.15.1.1 Varmetric relays 

Varmetric relays respond to the quadrature (imaginary) component of the zero-sequence current compared 
to the displacement voltage. In an isolated neutral system, capacitive current flows from the healthy lines 
via the relay location to the fault. Therefore, the residual current contains a strong capacitive component 
that can be used to determine fault direction. 
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8.15.1.2 Wattmetric relays 

Wattmetric relays use the in-phase (real) component of zero-sequence current as compared to the 
displacement voltage. In a compensated neutral system, the arc suppression coil superimposes an inductive 
current on the capacitive ground fault current, when a ground fault occurs. The resulting fault current at the 
relay location may be inductive or capacitive, depending on the size of the arc suppression coil versus the 
capacitance. Therefore, only the resistive residual current from the arc suppression coil provides a 
consistent value for determining fault direction. 

8.15.2 Setting guidelines 

Both varmetric and wattmetric relays typically have a pickup setting based on the minimum available 
residual current. In addition, some relays also use the magnitude of displacement voltage as an additional 
pickup criterion. For an isolated neutral system, the current pickup criterion is based on the total capacitive 
ground current of the connected system flowing through the relay. A pickup setting of about half the 
capacitive current value of ground current is typical. 

A compensated neutral system uses a highly accurate and very sensitive pickup setting for the residual 
current. The magnitude and angle of the in-phase residual component varies with the position of the arc 
suppression coil relatively to the system configuration. A typical pickup setting is a value at half the 
amount of current resulting in losses from the arc suppression coil. Due to the low sensitivity required, 
highly accurate cable core balance CTs are typically required. Some wattmetric relays have pickup 
sensitivity to 1 mA of secondary current. In addition, some wattmetric relays have the ability to compensate 
for CT measurement error, when known. 

During a ground fault, the entire displacement voltage typically appears at the relay. Therefore, when 
pickup settings for voltage displacement are required, the settings can be quite large, in the range of 30 V to 
60 V secondary. 
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Glossary 

coordination of protection: The process of choosing settings or time delay characteristics of protective 
devices such that operation of the devices will occur in a specified order to minimize customer service 
interruption and power system isolation due to a power system disturbance. 

fault impedance: An impedance between the faulted power system phase conductor(s) or between phase 
conductors and ground. 

impedance relay: A distance relay in which the threshold value of operation depends only on the 
magnitude of the ratio of voltage to current applied to the relay, and is substantially independent of the 
phase angle between the applied voltage and current. 

inverse-time relay: A relay in which the input quantity and operating time are inversely related throughout 
at least a substantial portion of the performance range. 

recloser: A protective device that combines the sensing, relaying, fault-interrupting, and reclosing 
functions in one integrated unit. 

recloser relay: A control device that initiates the reclosing of a circuit after it has been opened by a 
protective relay (or device). 

source impedance (radial system): The Thevenin equivalent impedance of an electrical system for 
maximum system short-circuit conditions at the point of interest. 
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