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Abstract: A review of generally accepted applications and coordination of protection for 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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Important Notices and Disclaimers Concerning IEEE Standards Documents

IEEE Standards documents are made available for use subject to important notices and legal disclaimers.
These notices and disclaimers, or a reference to this page (https://standards.ieee.org/ipr/disclaimers.html),
appear in all standards and may be found under the heading “Important Notices and Disclaimers Concerning
IEEE Standards Documents.”

Notice and Disclaimer of Liability Concerning the Use of IEEE Standards
Documents

IEEE Standards documents are developed within the IEEE Societies and the Standards Coordinating
Committees of the IEEE Standards Association (IEEE SA) Standards Board. IEEE develops its standards
through an accredited consensus development process, which brings together volunteers representing varied
viewpoints and interests to achieve the final product. IEEE Standards are documents developed by volunteers
with scientific, academic, and industry-based expertise in technical working groups. Volunteers are not
necessarily members of IEEE or IEEE SA, and participate without compensation from IEEE. While IEEE
administers the process and establishes rules to promote fairness in the consensus development process, IEEE
does not independently evaluate, test, or verify the accuracy of any of the information or the soundness of any
judgments contained in its standards.

IEEE makes no warranties or representations concerning its standards, and expressly disclaims all warranties,
express or implied, concerning this standard, including but not limited to the warranties of merchantability,
fitness for a particular purpose and non-infringement. In addition, IEEE does not warrant or represent that the
use of the material contained in its standards is free from patent infringement. IEEE standards documents are
supplied “AS IS” and “WITH ALL FAULTS.”

Use of an IEEE standard is wholly voluntary. The existence of an IEEE Standard does not imply that there
are no other ways to produce, test, measure, purchase, market, or provide other goods and services related to
the scope of the IEEE standard. Furthermore, the viewpoint expressed at the time a standard is approved and
issued is subject to change brought about through developments in the state of the art and comments received
from users of the standard.

In publishing and making its standards available, IEEE is not suggesting or rendering professional or other
services for, or on behalf of, any person or entity, nor is IEEE undertaking to perform any duty owed by any
other person or entity to another. Any person utilizing any IEEE Standards document, should rely upon his or
her own independent judgment in the exercise of reasonable care in any given circumstances or, as appropriate,
seek the advice of a competent professional in determining the appropriateness of a given IEEE standard.

IN NO EVENT SHALL IEEE BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL,
EXEMPLARY, OR CONSEQUENTIAL DAMAGES (INCLUDING, BUT NOT LIMITED TO: THE
NEED TO PROCURE SUBSTITUTE GOODS OR SERVICES; LOSS OF USE, DATA, OR PROFITS;
OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,
WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR
OTHERWISE) ARISING IN ANY WAY OUT OF THE PUBLICATION, USE OF, OR RELIANCE
UPON ANY STANDARD, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE AND
REGARDLESS OF WHETHER SUCH DAMAGE WAS FORESEEABLE.

Translations

The IEEE consensus development process involves the review of documents in English only. In the event that
an [EEE standard is translated, only the English version published by IEEE is the approved IEEE standard.
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Official statements

A statement, written or oral, that is not processed in accordance with the IEEE SA Standards Board Operations
Manual shall not be considered or inferred to be the official position of IEEE or any of its committees and shall
not be considered to be, nor be relied upon as, a formal position of IEEE. At lectures, symposia, seminars,
or educational courses, an individual presenting information on IEEE standards shall make it clear that the
presenter’s views should be considered the personal views of that individual rather than the formal position of
IEEE, IEEE SA, the Standards Committee, or the Working Group.

Comments on standards

Comments for revision of IEEE Standards documents are welcome from any interested party, regardless of
membership affiliation with IEEE or IEEE SA. However, IEEE does not provide interpretations, consulting
information, or advice pertaining to IEEE Standards documents.

Suggestions for changes in documents should be in the form of a proposed change of text, together with
appropriate supporting comments. Since IEEE standards represent a consensus of concerned interests, it is
important that any responses to comments and questions also receive the concurrence of a balance of interests.
For this reason, IEEE and the members of its Societies and Standards Coordinating Committees are not able to
provide an instant response to comments, or questions except in those cases where the matter has previously
been addressed. For the same reason, IEEE does not respond to interpretation requests. Any person who would
like to participate in evaluating comments or in revisions to an IEEE standard is welcome to join the relevant
IEEE working group. You can indicate interest in a working group using the Interests tab in the Manage Profile
and Interests area of the [IEEE SA myProject system. An IEEE Account is needed to access the application.

Comments on standards should be submitted using the Contact Us form.

Laws and regulations

Users of IEEE Standards documents should consult all applicable laws and regulations. Compliance with
the provisions of any IEEE Standards document does not constitute compliance to any applicable regulatory
requirements. Implementers of the standard are responsible for observing or referring to the applicable
regulatory requirements. IEEE does not, by the publication of its standards, intend to urge action that is not in
compliance with applicable laws, and these documents may not be construed as doing so.

Data privacy

Users of IEEE Standards documents should evaluate the standards for considerations of data privacy and
data ownership in the context of assessing and using the standards in compliance with applicable laws and
regulations.

Copyrights

IEEE draft and approved standards are copyrighted by IEEE under US and international copyright laws. They
are made available by IEEE and are adopted for a wide variety of both public and private uses. These include
both use, by reference, in laws and regulations, and use in private self-regulation, standardization, and the
promotion of engineering practices and methods. By making these documents available for use and adoption
by public authorities and private users, IEEE does not waive any rights in copyright to the documents.
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Photocopies

Subject to payment of the appropriate licensing fees, IEEE will grant users a limited, non-exclusive license to
photocopy portions of any individual standard for company or organizational internal use or individual, non-
commercial use only. To arrange for payment of licensing fees, please contact Copyright Clearance Center,
Customer Service, 222 Rosewood Drive, Danvers, MA 01923 USA; +1 978 750 8400; https://www.copyright
.com/. Permission to photocopy portions of any individual standard for educational classroom use can also be
obtained through the Copyright Clearance Center.

Updating of IEEE Standards documents

Users of IEEE Standards documents should be aware that these documents may be superseded at any time
by the issuance of new editions or may be amended from time to time through the issuance of amendments,
corrigenda, or errata. An official IEEE document at any point in time consists of the current edition of the
document together with any amendments, corrigenda, or errata then in effect.

Every IEEE standard is subjected to review at least every 10 years. When a document is more than 10 years old
and has not undergone a revision process, it is reasonable to conclude that its contents, although still of some
value, do not wholly reflect the present state of the art. Users are cautioned to check to determine that they have
the latest edition of any IEEE standard.

In order to determine whether a given document is the current edition and whether it has been amended through
the issuance of amendments, corrigenda, or errata, visit [IEEE Xplore or contact IEEE. For more information
about the IEEE SA or IEEE’s standards development process, visit the IEEE SA Website.

Errata

Errata, if any, for all IEEE standards can be accessed on the IEEE SA Website. Search for standard number and
year of approval to access the web page of the published standard. Errata links are located under the Additional
Resources Details section. Errata are also available in IEEE Xplore. Users are encouraged to periodically
check for errata.

Patents
IEEE Standards are developed in compliance with the IEEE SA Patent Policy.

Attention is called to the possibility that implementation of this standard may require use of subject matter
covered by patent rights. By publication of this standard, no position is taken by the IEEE with respect to the
existence or validity of any patent rights in connection therewith. If a patent holder or patent applicant has
filed a statement of assurance via an Accepted Letter of Assurance, then the statement is listed on the IEEE
SA Website at https://standards.ieee.org/about/sasb/patcom/patents.html. Letters of Assurance may indicate
whether the Submitter is willing or unwilling to grant licenses under patent rights without compensation
or under reasonable rates, with reasonable terms and conditions that are demonstrably free of any unfair
discrimination to applicants desiring to obtain such licenses.

Essential Patent Claims may exist for which a Letter of Assurance has not been received. 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
provided in connection with submission of a Letter of Assurance, if any, or in any licensing agreements are
reasonable or non-discriminatory. Users of this standard are expressly advised that determination of the
validity of any patent rights, and the risk of infringement of such rights, is entirely their own responsibility.
Further information may be obtained from the IEEE Standards Association.
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IMPORTANT NOTICE

IEEE Standards do not guarantee or ensure safety, security, health, or environmental protection, or ensure against
interference with or from other devices or networks. IEEE Standards development activities consider research
and information presented to the standards development group in developing any safety recommendations.
Other information about safety practices, changes in technology or technology implementation, or impact
by peripheral systems also may be pertinent to safety considerations during implementation of the standard.
Implementers and users of IEEE Standards documents are responsible for determining and complying with
all appropriate safety, security, environmental, health, and interference protection practices and all applicable
laws and regulations.
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Introduction

This introduction is not part of IEEE Std C37.230-2020, IEEE Guide for Protective Relay Applications to Distribution
Lines.

This guide compiles 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 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.
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IEEE Guide for Protective Relay

Applications to Distribution Lines

1. Overview

This guide is divided into seven eight clauses. Clause 1 provides the scope and purpose of this

guide. Clause 2 &

3-provides definitions that are not found in other standards. Clause 3 4 gives an explanation of
distribution fundamentals. Clause 4 5 discusses system configuration and components. Clause 5 6
explains the characteristics of protective schemes. Criteria and examples are discussed in Clause 6 7,
including margins and common rermal considerations. Clause 7 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-seope-of This guide discusses is-to-diseuss the application and coordination of protection of fer

radial power-system distribution lines. It includes the descriptions of the fundamentals, line

configurations, and schemes. In addition to these, this guide identifies the—scope—ineludes
identifieation-of problems with the methods used in distribution line protection and the solutions to

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.
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1.3 Word usage

The word shall indicates mandatory requirements strictly to be followed in order to conform to the

standard and from which no deviation is permitted (shall equals is required to). 12

The word should indicates that among several possibilities one is recommended as particularly

suitable, without mentioning or excluding others; or that a certain course of action is preferred but

not necessarily required (should equals is recommended that).

The word may is used to indicate a course of action permissible within the limits of the standard

(may equals is permitted to).

The word can is used for statements of possibility and capability, whether material, physical, or

causal (can equals is able to).

IThe use of the word must is deprecated and shall not be used when stating mandatory requirements, must is used only to describe

unavoidable situations.

2The use of will is deprecated and shall not be used when stating mandatory requirements, will is only used in statements of fact.
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2. Definitions, acronyms, and abbreviations

2.1 Definitions

For the purposes of this document guide, the following terms and definitions apply. The
Authoritative—Dietionary—of—IEEE  Standards Dictionary Online Ferms—B29} should be consulted

referenced for terms not defined in this clause. 3

distributed energy resource (DER): Source of electric power that is not directly connected to a bulk

power transmission system. DERs include both generators and energy storage technologies.

distribution automation: A technique used to limit the outage duration and restore service to

customers through fault location identification and automatic switching.

interrupting medium: The material used to facilitate the interruption of the arc during opening of a

switching device.

polarizing voltage: The input voltage to a relay that provides a reference for establishing the

direction of the operating current.

sympathetic tripping: The phenomenom phenemena where an unfaulted-interrupting device_on an

unfaulted circuit 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.

varmetric relays: Relays that respond to the quadrature (imaginary) component current compared

to the polarizing voltage.

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

polarizing voltage.

SIEEE Standards Dictionary Online is available at: http://dictionary.ieee.org. An IEEE Account is required for access to the dictionary,

and one can be created at no charge on the dictionary sign-in page..
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2.2 Acronyms and abbreviations

AMI

automated metering infrastructure

BIL

basic insulation level

CT

current transformer

CIS

customer information system

DA

distribution automation

DER

distributed energy resource

DMS

distribution management systems

FLISR

fault location, isolation, and service restoration

FDIR

fault detection, isolation, and restoration

GIS

OMS

geographic information system

outage management system

PSAT

modern powertrain system analysis toolkit

SCADA

supervisory control and data acquisition

SFe

sulfur hexafluoride

VT

voltage transformer

Xfmr

transformer

Zt

fault impedance
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3. Fundamentals
3.1 Fault characteristics

3.1.1 Type and calculation

Faults commonly 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:
— Equipment failure

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

—Forestrycontaet

—  Public contact (such as vandalism, vehicle accidents, inchdingpole-and-overhead-contaets

and underground dig-ins)

— Vegetation

— Wildlife

Some Mest 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.

——IA—Hi'ma‘l—eeﬂ't'a'et
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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 detect 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-ersingle-tine-to-ground

— Two-phase-to-ground

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.

An understanding of the type of grounding system and type of fault assists must-be-understood in
the modeling erderto-meodel and calculating of ealewlate fault currents, as well as in the application

of and-te-apply protective systems that identifies will-sense and operates eperate for detectable fault

conditions_involving ground. Fhere Three classes of grounding systems are used. They include

ungrounded, impedance (resistance or reactance) grounded, and effectively (or solidly) grounded.
Current and voltage characteristics during fault conditions will differfromnonfaulted-conditions;

and-will-vary depending on the grounding system utilized.
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The consideration of fault impedance helps optimize low-level relay settings sheuld-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) involved in

contributing to the fault current 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 “symmetrical ‘sequenee components”” for various types of fault

conditions. These_studies A—fault—study——should-be—performed—to obtain these characteristics at
various nodes levels-at-each-nede of the circuit. The currents can then be used to select and apply

protective devices such as relays, reclosers, and fuses. 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. Various cases are typically modeled in—erder—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. In some many cases, maximum fault current levels eurrents are

limited by specifyving a minimum allowable substation transformer impedance or adding line

reactors in-erder to apply distribution—elass equipment with lower short-en-the circuit interrupting

capability. Due to the effects of the impedance of the line conductors, fault currents decrease with

distance from the substation source.
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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 nonzero fault

impedance (Figure 1 5-31). These conditions are calculated for three-phase, phase-to-phase, and

phase line-to-lineandline-to-ground faults. Normally, fault current decreases as the fault resistance
increases. However, there are some cases aetual-eirenits where the current magnitude in one phase

of a phase-to-phase deuble-line-to-ground fault will increase when going from a zero to a non-zero

value of fault impedance (see Electrical Distribution-System Protection [B13 B12]).4

\ Bus

Z, = Source Impedance
Z, = Line Impedance
Ze = Fault Impedance
I = Fault Current

Fault
Location

(Peleted)

Figure 1—Fault on radial system

4The numbers in brackets correspond to those of the bibliography in Annex A.
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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. 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 the typical delta winding of the effeet-ofthe transformer causes a discontinuity in the zero-

sequence network eennections.

3.1.2 High-impedance faults

Fault impedance (Zf) is the impedance involved in the fault (see Electrical Distribution-System

Protection [B13 B¥2]). Zf is different than positive- (Z1) or zero-sequence (Z() impedances, which are

system characteristics. Zf is the complex 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 phase-to-phase line-to-tine 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 can vary over is-alse-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, or if the flow of fault current into the contacted material causes

changes in that material which increases its impedance.
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A small percentage of ground faults have very large impedance to ground. They are comparable to

load impedances and consequently have very little fault current, typically less than 50 A. High-

impedance faults may not pose imminent danger to power system equipment; however, high-

impedance faults can be a considerable threat to humans and property. The IEEE Power System

Relaying Committee working eroup on High Impedance Fault Detection Technology [B33] defines

high-impedance faults as those that “do not produce enough fault current to be detectable by

conventional overcurrent relays or fuses.” Protection engineers and researchers have been

challenged for a long time to develop a suitable technique for detecting high-impedance faults with

a reasonable degree of reliability and security.

High-impedance faults generally result when an energized primary conductor makes electrical

contact with a quasi-insulated object such as a tree, a pole with very high-impedance grounding, or

a surface in the case of conductor snapping and falling. High-impedance faults can also be

multiphase faults, for example, a tree limb making contact with two phase conductors. The majority

of high-impedance faults involve a ground path, such as conductor snapping and falling on a

surface, which can pose risks to life. It is difficult to determine the frequency of high-impedance

fault occurrences because utilities” record-keeping practices do not normally track these events.

Some of the statistics from a survey of many utilities in different countries are reported in the CIGRE

Working Group B5.94 Report [B10].

Generally speaking, in the protection world, a relay detects a fault and trips a circuit breaker.

However, hich-impedance fault detection is a much different situation. To detect any type of fault,

there needs to be a difference in the measurements before and after the fault. Reliability of high-

impedance fault detection requires both dependability and security. Dependability of detection is

the ability of the detection method to detect all high-impedance faults. Security reflects the ability of

the detection method to not falsely identify a normal situation as a high-impedance fault. High

dependability forces lower security, and vice versa. Higher dependability is a target, but security is

also very important as outages that affect critical loads such as traffic control and hospitals can

create a public hazard.
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The tripping level of conventional ground overcurrent relays are adjusted to values that are above

the neutral imbalance on the grid to avoid unwanted trips. The pickup levels may conflict with the

values chosen when applying high-impedance fault detection methods. Consequently, some high-

impedance ground faults cannot be detected since they produce low levels of fault current and

cannot be differentiated from the load current.

In the 1970s, research began in the USA on the characteristics of the waveforms of arcing faults. In

the mid-1990s, one of the first commercially available relays based on the use of the harmonic

content of the current waves for detecting arcing faults was developed. Other devices were launched

in the mid-2000s that use multiple algorithms, using harmonics and inter-harmonics of the current

waveforms. These products have been tested in the field by various utilities for several years. They

are being implemented at a slower pace than previously anticipated due to some misoperation

(Adamiak et al. [B4], Carpenter et al. [B9], Das and Kunsman [B15], Depew et al. [B17], Hou [B29],

and Russell et al. [B73]).
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3.2 Load characteristics

Line protection devices are not typically intended to operate during normal or abnormal loading

conditions. An understanding of the load characteristics at various points in the distribution system

is beneficial when setting distribution line protection devices to prevent unintended operations on

load conditions.

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 [B58 B38]). In
other words, a harmonic is a sinusoidal waveform that has a frequency equal to an integer multiple

of the fundamental frequency.
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60 Hz

60 Hz

(a) 2nd harmonic (120 Hz)

(b) 3rd harmonic (180 Hz)
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300 Hz

{d) 6th harmonic (300 Hz)
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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) [B56 B35] and Concordia “Representation-ofloads” [B11]).

Table 1—Similarity between a harmonic quantity and a sequence

component
Order Sequence Order Sequence Order Sequence
1 Positive ] Zero 11 Negative
2 MNegative 7 Positive 12 Zeto
3 Zero 8 Negative 13 Positive
4 Positive o Zeto 14 Negative
5 Negative 10 Positive 15 Zero

The similarity between a sequence component and 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 symmetrical 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 do are not operate based on tuned—te the fundamental frequency.

fuses and traditional electromechanical overcurrent relays monitor an unfiltered current; and thus

respond to the total rms value of the current. When high harmonic distortion is present, the effect of

harmonics can have an impact on these devices sheuld-be-eonsidered. If harmonic distortion is great,
the total rms current can be significantly greater than the fundamental frequency component alone.
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o thal el

H-sheuld-benoted-that Harmonics associated with the acceptable distortion levels set forth in IEEE
Std 519-1993 [B58 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.

3.4 Interrupting ratings

When circuit breakers, reclosers, and fuses are called on upen 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 and is provided by the manufacturer.

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 15:10:37 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE C37.230-2020


http://www.avadocuments.com/doc/ieee-c37-230-2020
http://www.avadocuments.com/doc/ieee-c37-230-2020

When applied to reclosers and circuit breakers, the interrupting #nterrupt current rating must be
greater than the maximum expected symmetrical fault current at the device’s point of application-_ or

possible damage can occur for a fault. The X/R ratio at that location must be equal to or less than that

at which the device reeloser is tested, at the maximum interrupting current, during the operating

duty test for the same reason. No uprating for symmetrical fault currents occurring at X/R ratios less

than these maximums for which the recloser is tested are should-be allowed. The maximum

available interrupting ratings for reclosers are typically less than those of circuit breakers, and

therefore, their use may not be suitable for distribution systems with higcher maximum available

fault currents (IEEE Std C37.60™-2012 [B41]).

4. System configuration and components

4.1 System

4.1.1 Neutral treatment

As—mentioned—in41-1—there—are Three main methods of system grounding_are 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 Kojovic [B63] and Lakervi and Holmes [B64] “Reundup-System-grounding”{B52}-and
Eloetricity Distribubion N, ke Design {B55]).
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4.1.1.1 Multi-grounded system

Multi-grounded systems have a neutral wire that is grounded at multiple locations along the length
of the feeder (Figure 2). 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; however, it 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 (IEEE Std 80™-2000 [B55]). 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™-2014 B54|).4 Ground fault protection is
typically provided by ground overcurrent relays set more sensitively than phase overcurrent relays,

depending on the load unbalance as explained in 4.1.3.1 5432

Transformer
YY1 A
Ne—" Y Y Y B
LYY YT C
M

T
(New)

Figure 2—Four-wire multigrounded system
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Advantages of a multi-grounded system include systems-are-that the following:

— Opvervoltages during ground faults are low. -and

— Protection is simple and inexpensive.

— The detection and isolation of ground faults can be accomplished with time overcurrent

protection devices such as fuses or reclosers.

Disadvantage of multi-grounded systems_include the following: are—thatthe—eireuitshould-be
el 1

— Shorter interrupting times are needed when ground faults occur to prevent the high fault

currents from causing excessive damageto-prevent-damage to unfaulted circuit components,
as well as and to minimize the duration of voltage dip to customers connected to the faulted

phase.
4.1.1.2 Ungrounded system

Ungrounded systems (Figure 3 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 4 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. - Magnitudeseanbe
. s calenlatod £ g on (3 | o E 53y
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Figure 3—Ungrounded system

Transformer
. .,._.. ‘
=1 c
Fault Location
o C.‘:\N C'EN CCN
T T T T ToTT7

LTI LTI
Figure 4 — Ground fault in ungrounded system

(phase-to-ground capacitance of each phase)

y=Cav=C

Vi |= Vew |= Vv |= (phase-to-ground voltages)

Li= joCVey

Is=—jwCVsc

B|=3wCVrr (fault current)

eo—isequal-to2afrad/s
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Ground faults also cause phase-to-ground voltage rise on the unfaulted phases (A and B in Figure 4
5-3) approaching V3 x nominal. The insulation level of feeders is sheuld—be designed to
accommodate this voltage increase, which can be 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. Grounding the system Fhis 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
15 106 kV system can be energized at 25 20 kV, since they are already designed for this higher
voltage, allowing transfer ef-twe-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 7.14 815. Phase difference between residual voltage and residual

current is approximately 90° (Figure 5-3).

Ve = Reference

Figure 5— 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 are sheuld-be applied to detect the condition and alert the operators so that the fault can be

located and repaired in a timely manner.

Advantages A-disadvantage of the-ungrounded systems include the following: system-is-that

— Fault current arcs can often self-extinguish.

— System can continue to operate with a single eround fault.

Disadvantages of ungrounded systems include the following:

— Fault current arcs cannot self-extinguish when capacitive currents become high.

— Alse; Intermittent arcing can occur and develop high-frequency oscillations that can cause

overvoltage escalation of several times rated voltage. There-will-befundamental-frequeney
voltagerises-on-healthy phases;

— Voltage rise occurs on unfaulted phases during phase-to-ground fault.

— 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.

See 7.14 for methods of detecting ground faults on ungrounded systems.
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4.1.1.3 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 6 5-4) or a four-wire system with an insulated neutral. Similar to

multigrounded systems, ground fault currents can be as high as phase- fault currents (or even

higher) at the substation but will typically be lower than phase fault currents further outside the

substation. In a uni;similar-to-multi-grounded system systems—Howewver, 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 (Viouch)

and step (Vstep) voltages that are dangerous for humans and animals—(Figure—5-5). Additional

details on step and touch and grounding system design can be found in IEEE Std 80™-2000 [B55].

Transformer
YY1y A

Né—" Y Y ¥y
— Y YTY Y C

LT T T T T T T T T iy

Figure 6 —Solidly uni-grounded system

Advantages of uni-grounded systems include the following: are-that

— Opvervoltages on unfaulted phases are small,{usually below 1.4 p.uj-an.

— Intermittent arc voltages are avoided.

— Beeause—the Transformer windings near the neutral do not see high voltages even during

ground faults, which this permits a -is less expensive graded insulation of the entire winding;.
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Disadvantages of uni-grounded systems include the following:

— Grounding study is needed to evaluate and address ground and step potentials.

High Voltage
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4.1.1.4 Resonant-grounded system

Resonant-grounded systems are most often applied in Europe. In this method, the substation
transformer neutral is grounded through a reactance, also known as a Petersen coil (Figure 7 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 (1 4). In the case of a ground fault (C phase- to-ground fault in Figure 8 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 8 and

Figure 9 illustrate 5-7#lustrates 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.

Advantages of a resonant-grounded system include the following;:

— Ground fault currents are small.

— Arcs are self-extinguished.

— Touch and step voltages are small.

— The need for maintenance of the switches is reduced.

— For a phase single-line-to-ground fault on the system, it is possible to operate for a period

spaee of several hours, even when the fault persists, increasing reliability.

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

avoided.
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Disadvantages of a resonant-grounded system include the following:
—Phaseto-sround-voltages-canbehich-due-toresonanee:
— In protection systems using traditional technology, the reliability and sensitivity of the relays
is reduced.
— The difficulty of locating faults is increased.
— 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. During a single-phase hne-to-ground fault, the phase line-to-
ground voltages of each unfaulted phase increase by a factor approaching V3. 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 rew fault detection and

protection technologies (see Leitloff et al. [B65]). “Petection-ofresistive-single-phase-earth-faultsina

77 IR 1"

compenses”{B16}): Due to the last two drawbacks, in-erder 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 alse to check that all equipment has

been designed to support new voltage demands. See 7.13 for methods of detecting ground faults on

resonant-grounded systems.
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Figure 7—Resonant-grounded system
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where

L _is the inductance of the Pederson coil

C _is the total stray capacitance to ground of the system

w _is the 27tf and fis the system nominal frequency

Transformer
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Figure 8 — Ground fault in resonant-grounded system
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V. - Reference

E 3

Figure 9—Voltages and ground fault currents in resonant-grounded

system

4.1.1.5 Resistive- and reactive Resenant-grounded system

To limit ground fault currents, and reduce dynamic and thermal stress on equipment (particularly
substation transformers), resistors or reactors are installed from the substation transformer’s neutral
to ground (Figure 10 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 with a

te fault current without a resistor, the neutral voltage increases to 80% of the phase voltage.
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Figure 10 —Resistively or reactively grounded system

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.
Advantages of resistive or reactive grounded systems include the following;:
— Ground fault currents, touch, and step voltages are reduced.

— Opvervoltages are smaller compared to ungrounded systems_depending on the size of the

neutral resistor or reactor.

— 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.

— Opvervoltages can be high when higher resistance values are used.
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Table 2 53 presents comparative results of the impact of different transformer neutral treatments on
a typical distribution system during phase-to-ground faults. Figure 11 510 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 (), was simulated. For different load types and connections, the results will be

different.
Distribution Ve
Line Vo s Delta Load
1.05 pu. 1381247 kV Ve Constant Impedance
% E | {1+ i2) chms .l 5 MVA, p.f.= 0.05
mu ; : R .
3 E | lcaslce. oo 'ql-\ I—xt h
nC A A STRAY CAPACITANCE =
60 H Vies ™ [ “~ POINT OF FAULT
2 e U X, = Xg = X = 1/C = 1,000 Q

Figure 11— A Typical distribution system with a radial feeder

Table 2—System voltages and currents during single-phase-to-ground

faults for different neutral treatments (refer to Figure 11)

Single-phase-to-ground fault with neutral impedance
Veltages and currents j\_l}l.'l.l]I:ll Solidly Ungreunded Resonant R.fsi';ror l'\l'mctm'
operation | grounded grounded grounded grounded
010 10 000 2 1000/3 0 100 100
Voltage Vae[V] 7159 7276 12430 12400 10480 11610
at fault Vae [V] 7163 7252 12480 12400 11 860 10580
Ve [V] 7161 2062 22 0 578 42
Load I,[A] 230 114 231 230 212 198
currents L [A] 230 223 231 230 238 219
I-[A] 230 160 230 230 213 226
Hformer Ve [V] 0 207 7197 7141 57935 5601
neutral L[A] 0 2067 0 214 579 560
Fault current | L [A] 2062 22 0 578 542
Capacitive | I, [A] 72 73 124 124 105 11.6
currents Iz [A] 72 73 125 124 1.9 10.6
I [A] 72 21 0 0 0.6 0.5
New
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Single-phase-to-ground fault (refer to Figure 5-10) /
Normal Solidly Unerounded Resonant Resistor /Rj?ill.‘m]'
operation | grounded g srounded grmgdﬂ( grounded
N 0.10Q 10000Q | 10003 Qlﬁﬁﬂ 100
Voltageat | Voo [V] | 790 7276 12 430 124007 | 10480 11610
fault Vg [V] 7163 N 7252 12 480 2 400 11 860 10 580
Ve [V] 7 161 2 0 0 578 542
Load L [A] 230 na N\ M 230 212 108
curtents | ray 230 23 PN 230 238 219
Ic [A] 230 23 230 213 226
5 N p— .
Xformer | Ve [V] 0o 07 7107 N 7141 5795 5 601
neutral Iy [A] o” | 2067 0 Y 579 560
Fault / ~N
current L [A]_~] 0 2062 g 0 \ys 542
Capacitive | JATA] 72 73 124 124 100N | 116
currents Ies [A] 7.2 73 12.5 12.4 119 10.6
Iec [A] 72 21 0 0 06 0N,
e =
(Deleted)

Z:l =
If 3pn

()

j \"EM -n
{I;h - ph

L= — 2l — Zf (6}
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4.1.2 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

Bus configurations play an important role in determining adequate settings for feeder breakers.

Feeder breakers are set to coordinate with the upstream and downstream relays and devices to

improve selectivity of protection tripping. The bus configuration will determine which relays

require consideration for coordination. The figures following are some commonly used distribution

hese—bus

arrangements. For a detailed discussion of the protection schemes for substation buses, see IEEE Std

(C37.234™-2009 [B50] ereate.

Figure 5-12 shows a substation with a fused transformer, transformer low side secendary breaker
(T), and three feeder breakers (F). The transformer low side secendary breaker provides bus

protection and backup for the feeder breakers. The protection on the feeder breakers coordinates

with Overeurrentrelays—on the transformer low side secondarybreaker—should-beset-below—the

with—the—transformer—secondary relays and with downstream devices on the feeder to avoid

additional tripping. For a detailed discussion on the protection requirements for transformers see

IEEE Std C37.91™-2008[B43]. In this substation, there are two sets of relay curves to coordinate
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