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Abstract: This guide is intended to provide protection engineers and other readers with
guidelines for protecting three-phase power transformers of more than 5 MVA rated capacity and
operating at voltages exceeding 10 kV. In some cases, a user may apply the techniques
described in this guide for protecting transformers of less than 5 MVA ratings or operating at
voltages less than 10 kV. Information to assist protection engineers in applying properly relays
and other devices to protect transformers used in transmission and distribution systems is
provided in this guide. General philosophy, practical applications, and economic considerations
involved in power transformer protection are discussed. Emphasis is placed on practical
applications. Types of faults in transformers are described. Technical problems with the
protection systems, including the behavior of current transformers during system faults, are
discussed. Associated problems, such as fault clearing and reenergization, are discussed as well.
Keywords: analysis of dissolved gases in transformer oil, application of multifunction relays for
transformer protection, differential protection, failures of transformers, overcurrent protection,
protection of phase-shifting transformers, protection of transformers, volts-per-hertz protection
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IEEE Standards documents are developed within the IEEE Societies and the Standards Coordinating Committees of
the IEEE Standards Association (IEEE-SA) Standards Board. The IEEE develops its standards through a consensus
development process, approved by the American National Standards Institute, which brings together volunteers
representing varied viewpoints and interests to achieve the final product. Volunteers are not necessarily members of the
Institute and serve without compensation. While the IEEE administers the process and establishes rules to promote
fairness in the consensus development process, the 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.

Use of an IEEE Standard is wholly voluntary. The IEEE disclaims liability for any personal injury, property or other
damage, of any nature whatsoever, whether special, indirect, consequential, or compensatory, directly or indirectly
resulting from the publication, use of, or reliance upon this, or any other IEEE Standard document.

The IEEE does not warrant or represent the accuracy or content of the material contained herein, and expressly
disclaims any express or implied warranty, including any implied warranty of merchantability or fitness for a specific
purpose, or that the use of the material contained herein is free from patent infringement. IEEE Standards documents
are supplied “AS IS.”

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. Every IEEE Standard is subjected to review at least
every five years for revision or reaffirmation. When a document is more than five years old and has not been
reaffirmed, 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 publishing and making this document available, the IEEE is not suggesting or rendering professional or other
services for, or on behalf of, any person or entity. Nor is the IEEE undertaking to perform any duty owed by any other
person or entity to another. Any person utilizing this, and any other IEEE Standards document, should rely upon his or
her 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.

Interpretations: Occasionally questions may arise regarding the meaning of portions of standards as they relate to
specific applications. When the need for interpretations is brought to the attention of IEEE, the Institute will initiate
action to prepare appropriate responses. Since IEEE Standards represent a consensus of concerned interests, it is
important to ensure that any interpretation has also received 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 interpretation requests except in those cases where the matter has previously received formal consideration.
A statement, written or oral, that is not processed in accordance with the IEEE-SA Standards Board Operations Manual
shall not be considered the official position of IEEE or any of its committees and shall not be considered to be, nor be
relied upon as, a formal interpretation of the IEEE. At lectures, symposia, seminars, or educational courses, an
individual presenting information on IEEE standards shall make it clear that his or her views should be considered the
personal views of that individual rather than the formal position, explanation, or interpretation of the IEEE.

Comments for revision of IEEE Standards are welcome from any interested party, regardless of membership affiliation
with IEEE. Suggestions for changes in documents should be in the form of a proposed change of text, together with
appropriate supporting comments. Comments on standards and requests for interpretations should be submitted to the
following address:

Secretary, IEEE-SA Standards Board
445 Hoes Lane

Piscataway, NJ 08854

USA

Authorization to photocopy portions of any individual standard for internal or personal use is granted by The Institute
of Electrical and Electronics Engineers, Inc., provided that the appropriate fee is paid to Copyright Clearance Center.
To arrange for payment of licensing fee, please contact Copyright Clearance Center, Customer Service, 222 Rosewood
Drive, Danvers, MA 01923 USA; +1 978 750 8400. Permission to photocopy portions of any individual standard for
educational classroom use can also be obtained through the Copyright Clearance Center.
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Introduction

| This introduction is not part of IEEE Std C37.91-2008, IEEE Guide for Protecting Power Transformers. |

This document is a revision of IEEE Std C37.91™-2000, IEEE Guide for Protective Relay Applications to
Power Transformers. This guide is intended to provide aid in the effective application of relays and other
devices for the protection of power transformers.

In this revision, several areas have been improved. Most notably:

— Several clauses have been revised.

— Differential protection has been augmented to include the techniques used in numerical relays.
Techniques now being used in numerical relays, such as harmonic restraint and harmonic blocking,
wave shape recognition, low-current detection, and direct-current blocking methods, are included.

— An example of the relay blocking logic is included.

— New figures have been included to reflect the practice of connecting all current transformers (CTs)
in wye configuration when numerical relays are used.

— The possibility of CT saturation when faults occur outside the protection zone of differential relays
and the current does not flow through the differential zone is explained.

— Protection of transformers for faults in the grounded wye-connected windings has been expanded to
include the use of restricted earth-fault relays.

— The practice of remote tripping of circuit breakers to protect transformers used to tap transmission
and subtransmission lines is explained.

— The clause on gas analysis has been revised to bring it in line with the current practices. The use of
rate of change of total dissolved combustible gases is incorporated.

— New annexes have been created. Annex B lists the transformer failure statistics collected by the
Canadian Electrical Association. Annex C outlines the procedure for setting relays for protecting
three transformers. The first transformer is a step-up transformer, the second transformer is a
network autotransformer, and the third transformer is used for supplying energy to a distribution
system. Annex D describes the need for monitoring current on the high-voltage and low-voltage
windings, when automatic tap changing is used, for determining the hot-spot temperature of a
transformer. Annex E outlines the methods that are used in differential relays for compensating for
the phase shift in delta-wye transformers.

Notice to users

Laws and regulations

Users of these documents should consult all applicable laws and regulations. Compliance with the
provisions of this standard does not imply 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.
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Copyrights

This document is copyrighted by the IEEE. It is made available 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 this
document available for use and adoption by public authorities and private users, the IEEE does not waive
any rights in copyright to this document.

Updating of IEEE documents

Users of IEEE standards 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. 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 the IEEE Standards Association Web site at
http://ieeexplore.ieee.org/xpl.standards.jsp, or contact the IEEE at the address listed previously.

For more information about the IEEE Standards Association or the IEEE standards development process,
visit the IEEE-SA Web site at http://standards.ieee.org.

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/icee/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 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 guide 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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Ars A : Nati | Standard

IEEE Guide for Protecting Proteective Relay
Apphicationsto Power Transformers

IMPORTANT NOTICE: This standard is not intended to assure safety, security, health, or environmental
protection_in_all circumstances. Implementers of the standard are responsible for determining appropriate
safety, security, environmental, and health practices or regulatory requirements.

This IEEE document is made available for use subject to _important notices and legal disclaimers. These
notices _and _disclaimers_appear in_all publications containing this document and may be found under the
heading “Important Notice” or “Important Notices and Disclaimers Concerning IEEE Documents.” They can
also be obtained on request from IEEE or viewed at http://standards.ieee.org/IPR/disclaimers.html,

1. Overview-ntroduction

This guide is intended to provide protection engineers and other readers with guidelines for protecting
three-phase power transformers of more than 5 MVA rated capacity and operating at voltages exceeding

10 kV. In some cases, a user may apply the techniques described in this guide for protecting transformers of
less than 5 MVA ratings or operating at voltages less than 10 kV.

1.1 Scope

The scope of this guide includes general philosophy, practical applications, and economic considerations
involved in power transformer protection.

Emphasis is placed on practical applications. General philosophy and economic considerations in protecting
transformers are reviewed. Types of faults in transformers are described. Technical problems with the
protection systems, including the behavior of current transformers (CTs) during system faults, are discussed.
Associated problems, such as fault clearing and reenergization, are discussed as well.

1.2 Purpose

The purpose of this guide is to provide protection engineers with information that helps them to properly apply

relays and other devices to protect transformers used in transmission and distribution systems.
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2. Normative references

The following referenced documents are indispensable for the application of this document (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.

oHewine—Am

IEEE Std C37.2™. IEEE Standard Electrical Power System Device Function Numbers and Contact

Designations.

IEEE Std C37.100™, IEEE Standard Definitions for Power Switchgear. IEEE Std C37.102™. IEEE Guide for

AC Generator Protection.

IEEE Std C37.103™. IEEE Guide for Differential and Polarizing Relay Circuit Testing. IEEE Std C37.108™,

IEEE Guide for the Protection of Network Transformers.

IEEE Std C37.110™, IEEE Guide for Application of Current Transformers Used for Protective Relaying
Purposes.

IEEE Std C37.112™. IEEE Standard Inverse-Time Characteristic Equations for Overcurrent Relays. IEEE Std

C37.113™, IEEE Guide for Protective Relay Applications to Transmission Lines.

IEEE Std C37.119™, IEEE Guide for Breaker Failure Protection of Power Circuit Breakers.

IEEE Std C57.12.00™, IEEE Standard General Requirements for Liquid-Immersed Distribution, Power, and
Regulating Transformers.

IEEE Std C57.13.3™, IEEE Guide for Grounding of Instrument Transformer Secondary Circuits and Cases.

IEEE Std C57.91™-1995 (Reaff 2004), IEEE Guide for Loading Mineral-Oil-Immersed Transformers.
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IEEE Std C57.104™-1991, IEEE Guide for the Interpretation of Gases Generated in Oil-Immersed

Transformers.’

IEEE Std C57.109™. IEEE Guide for Liquid-Immersed Transformer Through-Fault-Current Duration.

3. Definitions

For the purposes of this guide, the following terms and definitions apply. The Authoritative Dictionary of IEEE
Standards Terms [B11]* should be referenced for terms not defined in this clause. Definitions of several
terms used in this guide are provided in IEEE Std C37.100.°

3.1 harmonic sharing: The principle of summing the magnitudes of the harmonic contents of the three

operating currents in a differential application and checking if the ratio of the sum of the harmonic components
and the fundamental frequency component of the operating current in each phase exceeds a prespecified
threshold.

'IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane. Piscataway, NJ 08854, USA
(http://standards.ieee.org/).

? The IEEE standards or products referred to in Clause 2 are trademarks owned by the Institute of Electrical and Electronics Engineers,
Incorporated.

*IEEE Std C57.104-1991 has been withdrawn; however, copies can be obtained from Global Engineering, 15 Inverness Way East,
Englewood, CO 80112-5704, USA, tel. (303) 792-2181 (http://global.ihs.com/).

* The numbers in brackets correspond to those of the bibliography in Annex F.

* Information on references can be found in Clause 2.
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3.2 time-limited cross-blocking: A restraint in a differential relaying application based on blocking of

tripping of all three phases when the operating current of any one phase has sufficient harmonic content for

blocking during inrush. Adjacent phase blocking is removed after a predetermined time delay.

4. Device numbers

The device numbers used in this guide are listed in Table 1. Detailed definitions of these devices are given in
IEEE Std C37.2, IEEE Standard Electrical Power System Device Function Numbers and Contact Designations.

Table 1—Device numbers and device identification

rﬁr Identification
24 Volts-per-hertz (V/Hz) relay
26 Apparatus thermal device
46 Reverse-phase or phase-balance current relay (negative-sequence current relay)
49 Machine or transformer thermal relay
50 Instantaneous overcurrent relay
S0N Instantaneous neutral overcurrent relay
51 AC time overcurrent relay
51G AC time ground overcurrent relay
SIN AC time neutral overcurrent relay
SINB AC time neutral overcurrent backup relay
SINT AC time neutral overcurrent torque-controlled relay
52 AC circuit breaker
59 Overvoltage relay
60 Voltage or current balance relay
63 Pressure switch-er—+elay
64 Ground detector relay
67 AC directional overcurrent relay
67G AC directional ground overcurrent relay
86 Lockout relay
87 Differential protective relay
87G Ground differential protective relay
26— Thermal-deviee
A Themmndeelaes

5. Philosophy and economic considerations

Protective relays are applied to eempenents-elements of a power system for several reasons. Some of the

reasons are as follows:

a) To separate—isolate the faulted equipment from the remainder of the system so that the system can

continue to function_properly
b) To limit damage to the faulted equipment

Documents

Document Sharing Hub

Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 17:32:55 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE C37.91-2008


http://www.avadocuments.com/doc/ieee-c37-91-2008
http://www.avadocuments.com/doc/ieee-c37-91-2008

¢) Minimize the possibility of fire
d) Minimize hazards to personnel
€) _Minimize the risk of damage to adjacent high-voltage apparatus

In protecting some system elements, particularly high-voltage transmission lines, high speed is often critical
for preserving the 1ntegr1tv of the svstem hmltmg damage to equlpment sometlmes becomes a bfyu—pfedﬁet—ef

aﬁd—smee Mgh—speed—haglﬂ-}sen%e p;e%ec—twe dewees eaHeduee dam&ge— &nd—the;efe;e fepaﬂ”—ees{—the
equipment—proteetive-secondary benefit. With transformers, however, the high cost of repair or replacement,

and the possibility of a violent failure or fire involving adjacent equipment, may make limiting the damage a
major objective. Since sensitive, high-speed protection systems can reduce damage, and consequently
reduce repair cost. The protection aspects of relays should be considered carefully when protecting
transformers, particularly those of larger sizes.

Faults internal to the transformer quite often involve a—magnitude of fault eurrent which istow relative to—the

transformer—rating-a few turns. While the currents in the shorted turns are large in magnitude, the changes of the
currents at the terminals of the transformer are low compared to the rating of the transformer. This indicates a

need for the protection systems that have high sensitivity and high speed-te-ebtain-geed-protection.

There is no one standard way to protect all transformers, or even identical transformers that are applied
differently. Most installations require individual engineering analysis to determine the best and most cost-
effective scheme. Usually more than one scheme is technically feasible, and the alternatives offer varying
degrees of sensitivity, speed, and selectivity. The selected plan should balance the best combination of
these factors against the overall economics of the situation while minimizing

a) Cost of repairing damage

b) Cost of lost production

¢) Adverse effects on the balance of the system
d) Spread of damage to adjacent equipment

e) Duration of unavailability of the damaged equipment

In protecting transformers, backup protection needs to be considered. The failure of a relay or breaker
during a transformer fault may cause such extensive damage to the transformer that its repair may not remain a
practical_alternative. When a fault in the transformer protection zone is not cleared by the transformer
protection system, remote line relays or other protective may-relays operate. Part of the evaluation of the type
of protection applied to a transformer should include how the system integrity would be affected by such a
failure-contingency. In this determination, because rare but costly failures are involved, a diversity of opinion
on the degree of protection required by transformers might be expected among those individuals familiar with

power system relay-protection engineering.

The major economic consideration ordinarily includes both the fault detection equipment and isolation devices.
Circuit breakers often cannot be justified on the basis of transformer protection alone. At least as much weight
should be given to the service requirements, the operating philosophy, and the system design philosophy-as-te
%h%pm%eeﬂ%—ef—t—h&ﬁaﬂsfermer Evaluations of the rlsks mvolved and the cost effectlveness of the protectlon
are necessary : ¢

{—l—2&—[—1—6}—aﬁd—H—9 F urther discussion on this sublect is provided by Elmore [B5], McNutt et
al. [B19] Sterner [B36]., and Warrington [B41].
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6. Types of failures in transformers

The electrical windings and the magnetic core in a transformer are subject to a number of different forces
during operation, for example

a) _Expansion and contraction due to thermal cycling

b) Vibration

¢) _Local heating due to magnetic flux

d) Forces due to the flow of through-fault currents

e) Excessive heating due to overloading or inadequate cooling

These forces can cause deterioration and failure of the electrical insulation of the transformer windings.
Statistics for the causes of transformer failures experienced in U.S. utilities are not readily available. The failure

statistics collected by the Canadian Electrical Association are briefly reported in Annex B.

This guide primarily addresses the application of electrical relays to detect fault currents that result from an

insulation failure. Clause 7 examines the current a relay can expect to see due to various types of winding
insulation failures.

The detection systems that monitor other transformer parameters can be used to indicate an incipient electrical
fault. Prompt response to these indicators may help avoid a serious fault. Some examples of actions taken
to detect undesirable operating conditions are as follows:

1) _Temperature monitors for winding or oil temperature are typically used to initiate an alarm
requiring investigation by maintenance staffs. At this stage, the operators may start to reduce the
load on the transformer to avoid reaching a condition where tripping the transformer would

be required.

2) _Gas detection relays can detect the evolution of gases within the transformer oil. Analysis of the gas
composition indicates the mechanism that caused the formation of the gas, e.g., acetylene can be
caused by electrical arcing; other gases are caused by partial discharge and thermal degradation of
the cellulose insulation. The gas detection relays may be used to trip or to generate an alarm
depending on the utility practice. Generally, gas analysis is performed on samples of the oil that
are collected periodically. A continuous gas analyzer is available to allow online detection of
insulation system degradation.

3) _Sudden-pressure relays under oil respond to the pressure waves in the transformer oil caused by
the evolution of gas associated with arcing.

4) _Sudden-pressure relays in the gas space respond to sudden changes in the gas pressure due to
evolving gases from an arc under oil.

5) _Oil-level detectors sense the oil level in the tank and are used to generate an alarm indicating minor
reductions in oil level and trip for severe reductions.

6) _Online devices monitor bushings of the transformers, CTs installed in those bushings, and surge
arresters installed on the transformers and generate an alarm indicating that repair is needed

urgently so that major damage is avoided. Details of the modern techniques for monitoring these
components are given by Coffeen et al. [B3].
These and other relays are discussed in greater detail in later clauses of this guide.
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7. Relay currents

The following two characteristics of power transformers combine to complicate detection of internal faults with
relays actuated with currents available at the terminals of a transformer:

a) The change in magnitude of current at the transformer terminals may be very small when a limited
number of turns of a winding are shorted within the transformer.

b) When a transformer is energized, magnetizing inrush current that flows in one set of terminals may be
equal to many times the transformer rating. These and other considerations require careful thought to
obtain relay characteristics best suited to a particular application.

7.1 Minimum internal faults

The most difficult transformer winding fault for which to provide protection is the fault that initially involves
one turn. A turn-to-turn fault results in a terminal current change of much less than rated full-load current.
Possibly; 10% For example as much as 10% of the wmdmg may have to be shorted to cause full load terrmnal
current to flow. A 3 culating %

smgle turn to fault will result n a—teymmakemqﬂeﬂt—ef—k%er—less—e{;a—&aﬁsfefmer—m%mg— n undetectable chang

of current at the transformer terminals.

7.2 Maximum internal faults

There is no limit to the maximum internal fault current that can flow, other than the system capability when the
fault is on the source-side terminals of the transformer, or a fault external to the transformer but in the relay
zone. The relay system should be capable of withstanding the secondary current of the CTs on a short-
time basis. This may be a factor if the transformer is small relative to the system fault and the CT ratio is
chosen to match the transformer rating.
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7.3 Performance of current transformers
7.3.1 Internal faults

During an internal fault, or a fault external to the transformer but in the protected zone;-the-current-transformers
of the relay system, one or more CTs may saturate;—perhaps—severely. Severe CT saturation can cause a
harmonic restraint unit to pick up, thereby resulting in the failure of a transformer differential relay to operate
or causing a delay in its operation. The effect depends on the relay’s response to distorted currents. On a
transient basis, with-a-saturated-eurrent-transformer,—second and third harmonics predominate initially.-and-each
may-be-greater-than-the—fundamental- when a CT saturates. Ultimately, the even harmonics disappear—depending
upon—the with the decay of the offset direct-eurrent—time—constant—-current (dc) component of the short-circuit
current. Whether or not the odd harmonics disappear depends on the eurrent—transformers steady-state saturation
characteristic of the eurrent-transformer—when-differentialrelay-operation—isrestrainedCT. The ratings of the CTs

should be selected to avoid steady-state saturation.

7.3.2 External faults

Figure 1 shows three scenarios of external faults. The scenario in part (a) of Figure 1 shows a transformer that

is connected to single bus arrangements on the source and load sides and an external fault at location F;. In
this scenario, the fault currents flow through the transformer. The scenario in part (b) of Figure 1 shows a
transformer that is connected to a breaker-and-a-half bus arrangement on the source side and a single bus
arrangement on the load side, and an external fault at location F,. In this scenario, the fault currents flow
through the transformer as well. (These fault-current flows are also referred to as through- currents.) These fault
currents are limited by a series combination of the source impedance, Z, and the transformer impedance. The
currents are not likely to cause the CTs to saturate if the CTs are selected after considering the levels of the
fault currents and the relay burden (including the burden due to the leads connecting the CTs with the relay) as

discussed in IEEE Std C37.110, IEEE Guide for Application of Current Transformers Used for Protective
Relaying Purposes.

The scenario in part (¢) of Figure 1 is the same as the scenario in part (b) of Figure 1 except that the fault is at
location F,. In this scenario, the fault current does not flow through the transformer but flows through the two
CTs provided on the breaker-and-a-half bus that form part of the transformer protection scheme. The levels of
primary currents in CTs would be substantially large because they are limited by the source impedance only.
One or both CTs through which the fault current or currents flow may saturate. The unequal outputs of
the CTs cause the difference currents to flow in the operating coils of the differential relay. (For more details,
see the IEEE PSRC Report, ‘“Transient Response of Current Transformers” [B12].) Time overcurrent relays,
without restraint, can overcome this problem only by having their pickup and time dial settings made
sufficiently high, to override this false differential current. Percentage differential relays offer the advantage of
faster speed and security with reasonable sensitivity. Ideally, they should be applied with a restraint element in
each CT circuit. Also, the burden of each CT secondary circuit must not be too high so that ratio errors
recommended by the relay manufacturer are not exceeded.
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Using the approach described in these scenarios, problems associated with CT performance can be reviewed for
other scenarios

X l
Source side Bus

E. Load side Bus Load side Bus

e l s £

Load side Bus (b} Source side bus is a breaker and a half scheme () Source side bus is a breaker and & half scheme
F. and the koad side bus is a single bus arrangements and the kead side bus is a single bus arrangements
£ Mote 1; CTs for the transformer differential only are MNote 1; CTs for the transformer differential only are
- shown in this figure shown in this figure

(a) Source side and load side . . - ) B -
buses are single bus Mote 2: Load currents are ignorad in this figure Mote 2! Load currents are ignoned in this figure

arrangements

® This may be a differential cr overcurrent relay

Figure 1—Three external fault scenarios

7.3.3 Current-transformer connections

The performance of a CT is a function of the burden connected to the secondary winding of the CT. The method
of connecting the CTs and the impedances of the secondary circuit and the relay determine the total burden.
Also, the physical and electrical locations of auxiliary CTs affect the burden. For more information on the

effect of CT connections, see IEEE Std C37.110, IEEE Guide for Application of Current Transformers Used for
Protective Relaying Purposes. and-the-burden—can-affect-the-effective burden(for-example; thelead-burden-of-the

Before a decision is taken as to the manner in which the CTs should be connected, capabilities of the relay
should be evaluated. Some differential relays can internally accommodate the phase shift of the transformer

allowing the engineer to choose CT connections that suit other devices connected to the same CTs. Many relays
do not have this versatility, and, in those cases. the CTs must be connected to create the same phase shift as the
transformer windings create.
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For example, a transformer using both delta and wye connections create a 30° phase shift between the current
entering and leaving the transformer. By connecting the CTs in delta on the wye side of the transformer and

connecting the CTs in wye on the delta side of the transformer, the 30° phase shift can be matched between the
transformer and the CT currents. Therefore, the relay does not see any phase shift between the input and output
currents when current flows through the transformer.

CAUTION

The delta connection of the CTs should have the same configuration as the delta connection of the transformer
winding. If the configurations of the delta connections are not identical, the phase angles of the currents
contributed from the two windings will not match.

The grounded wye winding of a delta-wye transformer allows zero-sequence currents to flow in the wye
winding when a ground fault occurs on the circuit connected to it. The zero-sequence currents in the grounded

wye-connected winding circulate in the delta-connected winding and are not present at the terminals of the

delta-connected winding. Some relays take care of this problem by removing the zero- sequence currents as
part of the internal phase-shift accommodation. On the other hand, many other relays do not accommodate this

function and must use the CT connections to filter out the ground current. The connections used in the example
from the previous paragraph take care of this problem as well. The delta connection of the CTs on the wye side
of the transformer trap the zero-sequence currents and prevent them from flowing in the secondary windings of
the CTs. The result is that the differential relays do not see the mismatch due to the flow of zero-sequence
currents.

4.5 Nonfault- Relay Current

7.4 Reasons for mismatch

There are nonfault-related currents or factors that may require compensation to prevent undesirable operation
of differential relays. Subclauses 7.4.1, 7.4.2, and 7.4.3 include a discussion of some of those situations.

7.4.1 Unbalance caused by current-transformer ratios

Even if a transformer has a fixed ratio, it is frequently difficult to match CT ratios exactly on the two (or more)
sides of a transformer. CT mismatches result in current flows in the operating circuits of differential relays. If a
transformer has a load-tap changer (LTC), the possible mismatch is increased further. During a through-fault
condition, the differential operating current due to mismatch can appreach-the-eurrentratingof the transformer
be very large.

7.4.2 Magnetizing inrush

This is a phenomenon that causes the violation of the basic pr1n01ple of d1fferent1a1 relaylng et
h § If the primary

w1nd1ng ofa transforrner is connected to a source and the secondary w1nd1ng is connected to loads
magnetizing inrush currents flow from the source to the primary winding while no currents (or much smaller load
currents) flow out of the transformer secondary windings. Current eceastoned produced by magnetizing

inrush can reach many times the transformer rating, and these currents appear in the differential relay.
Explanations of this phenomenon are given by Lin et al. [B17] and Rockefeller et al. [B27].
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Although usually considered only in conjunction with the energizing of a transformer, magnetizing current inrush
can be caused by any abrupt change of magnetizing-voltage voltage at the transformer terminals. Such transients
include the occurrence of a fault, the removal of a fault, the change of character of a fault (for example, the
change from a single-phase-to-ground fault to a two-phase-to-ground fault), and out-of-phase synchronizing.
Thus, a desensitizing scheme that is effective only when a transformer is being energized is not an adequate
countermeasure.

There are several conditions that cause particularly severe magnetizing inrush phenomena. More details are given
by Rockefeller et al. [B27]. One condition involves the energizing of a transformer at a station at which at least

one other transformer is already energized (see Hayward [B9]). The inrush phenomenon involves transformers
that are already energized as well as the transformer being energized (see Lin et al. [B17]). This inrush transient
may be particularly long in duration. It is important to realize that the inrush into the transformer being energized
occurs during the opposite half-cycle to that of the already energized transformer. Thus, the net inrush into all
transformers may approximate a sine wave of the fundamental frequency, and, therefore, the harmonic restraint
umt of a differential relay, ifitis protectlng both parallel— connected transformers Wlll not operate Aﬂe%her

magﬂeﬂsm—eaeh—ﬁmﬁew}ﬁﬂg—m—a—me%%sever%mmeowever the 1nrush is no more severe in this case than

for a normal inrush. The problem is that there is inrush current from the previously energized transformer to the

adjacent incoming transformer. The net inrush to both transformers contains little second harmonic. It is,
therefore, desirable to provide a separate differential relay for each parallel-connected transformer.

The two important characteristics of magnetizing inrush current are as follows:

a) Magnetizing inrush currents contain substantial harmonics, particularly the second harmonic. These
harmonics are not always present in high quantities in all the phases (see 8.2.3.1).

b) There is always a time during each cycle when the current magnitude is almost zero. This time is always
greater than a quarter-cycle. A typical magnetizing inrush current waveform is shown in Figure 2.

Inrush current

Instantaneous value

Figure 2 —Typical magnetizing inrush current waveform

The harmonic content of the inrush current depends on various factors, such as remanent flux in the core
switching angle, and load on the transformer. Harmonic analysis of the inrush current for such cases shows that
the second-harmonic content of the inrush current is sensitive to all these conditions. The second- harmonic
content reduces appreciably with increasing load at lagging power factor (see Lin et al. [B17

If three single-phase point-on-the-wave closing circuit breakers are used for switching on circuit breakers,

controlling a transformer, substantial reduction in magnetizing inrush currents can be achieved. The approach
used in such applications is to estimate the residual flux in the transformer core for each phase and close the
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circuit breaker of that phase at an instant the maximum flux in that core does not substantially increase from the
normal maximum flux.

7.4.3 Magnetizing current during over veoltageexcitation

Sudden loss of load can subject a generator step-up transformer to substantial overvoltage. This can also occur
during startup or shutdown of a generator if the generator is excited to nominal voltage while its speed is
less than the specified normal value (an overexcitation condition). If saturation occurs, substantial exciting
current Wlll ﬂow Wh1ch may overheat the core and damage the transforrne The waveform Wlll be d1st0rted and

it w1ll have harmomc content and Z€ero- current perlods The waveform is d1st0rted but the behav10r on the

positive-going half-cycle is the same as on the negative-going half-cycle, and therefore no appreciable second
harmonic is present. The extent of these effects depends on the generator connections and the transformer design

and connections. The harmonic content of the relay current is also altered by delta connectrons of CTs. éBeeause

mqpertaﬂe% Flfth harmomc blockmg of trmmng should be used to aV01d tripping during overex01tat10n A V/Hz
relay is required if tripping is desired.

MWWW%%W%%%&W

8. Electrical detection of faults

Fuses are commonly used to provide fault detection for transformers with minimum nameplate ratings of up
to 5000 kVA, three-phase (Category I and Category II). Transformers largerthanS50004VA; 10 000 kVA
and larger, three- phase, minimum nameplate (Category III and Category IV), are generally protected by a
combination of protective devices as shown in Figure 3. Transformers that fall between these two
ratings are either protected by fuses or relays; self-powered resettable fault interrupters can be used for
transformers up to 50 000 kVA at 69 kV or up to 83 000 kVA at 138 kV. The choice of protection depends on
the criticality of the load, the relative size of the transformer compared to the total system load, and
potential safety concerns. System considerations, such as ability to coordinate fuses with upstream relays or
with transformer damage curves, may determine what protection is used. Some other considerations
include types of faults, personnel safety issues, speed of clearing, single phasing of load, and ferroresonance.
More details of the definition of these categories are given in Annex A.
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Figure 3 —Protection of a delta-wye transformer
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8.1 Fuse protection and self-powered resettable fault interrupters

Fuses have the merits of being economical and require little maintenance. Battery supply and a relay building are
not needed. Fuses can reliably protect some power transformers against damage from primary and secondary

external faults. They, however, provide limited protection for internal faults. Generally, more sensitive means
for protection from internal faults are provided for transformers of 10 MVA and higher_ratings. Fuses have been

used at hlgher transformer ratmgs dependrng on the eufreﬂﬁy—a%ﬁabl%f&s%&ﬂ&pef%gs—?ﬂfn&?y—ﬁi&%s—fef

of fuses that have the needed current ratings.

Self-powered resettable fault interrupters are applied similarly to fuses, but the interrupters generally have higher
continuous current flow and fault-interrupting capabilities. They also have the capability of sensing neutral

current and three-phase tripping capability. Like fuses, self-powered fault interrupters are economical and require
little maintenance. A battery supply and relay building are not required because tripping power is derived from
the CTs (usually, transformer bushing CTs) that provide current sensing. Fault interrupters are resettable after the
occurrence of a fault. Transformers up to 50 MVA at 69 kV or up to 83 MVA at 138 kV can be protected with
self-powered resettable fault interrupters.

Primary fuses for power transformers are not applied for overload protection; their main purpose is to
protect during faults (see 8.6.1). It should be recognized that the operation of one fuse on a three-phase system

will not necessarily deenergize the fault. If the fault is not deenergized, the resulting single-phase service may be
detrimental to the connected polyphase motors and other loads. If required, special protection should be added for
detecting and protecting from single-phasing conditions.

A typical transformer that exhibits this protection shortfall is a station transformer whose primary winding is
connected in delta and the secondary winding is connected in wye configuration with neutral connected to

ground. If a phase-to-phase-to-ground fault occurs on the secondary side between the transformer terminals and
the low-side protective device, then the fault is cleared by the high-side fuses. The fuse with the highest current

will operate first leaving the transformer energized through the remaining two fuses. At this point, the secondary
fault is further limited by twice the transformer impedance and, depending on the fuse size, transformer

impedance and system impedance, the remaining fuses may or may not operate. This condition could overload the
transformer and may severely overload the neutral connection because the currents in the secondary windings
are in phase and their sum flows in the neutral connection. Table 2 shows the magnitude of currents for a
typical 69 kV/13.2 kV. 8.4 MVA power transformer before and after the first fuse clears. This transformer would
normally be protected by a 100E fuse. Table 2 clearly shows that the current in the neutral connection remains
essentially the same after the first fuse opens; this current will persist until the second fuse opens.

Table 2—Currents for a typical distribution station delta-wye power transformer

Phase B-C-ground fault on the Phase B-C-ground fault on the
low-voltage side before first fuse opens low-voltage side after first fuse opens
High side Low side High side Low side
Phase Current (A) Phase Current (A) Phase Current (A) Phase Current (A)
A 415 A 0 A 226 A 0
B 415 B 3764 B 226 B 2050
C 697 C 3764 C 0 C 2050
Neutral 4100 Neutral 4100
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The selection of the fuse and proper current rating should be based on the following factors:

a) Fuse fault-interrupting capability and available system fault current

b) Maximum anticipated peak load current, daily peak loads, emergency peak loads, maximum permissible
transformer load current, and the applicable transformer through-fault-current duration curve (see Annex
A)

¢) Hot-load pickup (inrush current upon instantaneous reclosing of source-side circuit breaker) and cold-
load pickup (inrush current and undiversified load current after an extended outage)

d) Available primary system fault current and transformer impedance €) Coordination with source-side
protection equipment

f) Coordination with low-side protection equipment

g) Maximum allowable fault time on the low-side bus conductors

h) Transformer connections and grounding impedance as they affect the primary current for various types of
secondary faults

i) Sensitivity for high-impedance faults j) Transformer magnetizing inrush
Current rating selection is facilitated by data published by fuse manufacturers. Such data includes time- current

characteristic curves, ambient temperature, and preloading adjustment curves, plus daily and emergency peak-
loading tables. Coordination examples are included in Annex A.

8.2 Differential protection

While fuse protection is a simple and minimal cost approach, many advantages are realized with differential
protection (see Blackburn [B2], Elmore [B5], and Hayward [B9]). These advantages include the following:

a) _Differential protection provides faster detection of faults that can reduce damage due to the flow of fault

currents.

b) The location of the fault is determined more precisely depending on the “size” of the protection zone
(i.e., transformer only, transformer + bus, transformer + bus + feeder breakers, etc.).

¢) _Accurate fault location allows the application of automation techniques, such as rapid isolation of faulted
components, and restoring load.

d) _The high-speed clearing of in-zone faults can significantly lower the arc flash incident energy levels
and the associated clothing and personnel protective equipment needed for energized work.

Current differential relaying is the most commonly used practice for protecting transformers that are rated
approximately 10 MVA (three-phase, self-cooled rating) or more (see IEEE PSRC Report, “Protection of Power
Transformers” [B14]). Figure 4 shows a typical differential relay connection diagram for a single- phase
transformer of ratio 1:1.

I CT CT2 l2
N —_—
—sy Power Transformer ==
'Y L ]

Differential Relay

Figure 4 —Typical differential relay connection diagram for a single-phase transformer
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If the ratios of CT1 and CT2 are 1:1, the operating current, /,, which is the difference between the current
entering one winding and the current leaving the other winding, can be expressed in Equation (1):

I,=IL-I, (1)
where

1, is the operating current

1, is the current entering the transformer

L, is the current leaving the transformer

Relays of three general classes are used in current differential schemes. They are as follows:

a) _Time overcurrent relays with or without an instantaneous trip unit

b) Percentage differential relays with restraint actuated by the currents going into and out of the
protection zone

c) _Percentage differential relay with restraint actuated by one or more harmonics in addition to the restraint
actuated by the currents flowing into and out of the protection zone

Power transformers of 1:1 ratio are rarely used. The transformation ratio of the power transformer should be
taken into account and CT connections and ratios must be such that the net current in the relay operating coil for

any external fault 1s effectlvelv zero, unless matchmg current taps are avallable in the relay. GH-H:%HE

ésekﬁeeeled—laaﬁf}g)—af}d—abev&[—l-(ﬂ—Vanous types of CT connectlons are used and some are shown in Flgure

through Figure 9. Paralleling of two or more CTs for connection to a single restraint coil or element usually should
be avoided for the most effective restraint action.

The arrangement shown in Figure 5, Figure 6, Figure 7, and Figure 8 are typical CT connections when
electromechanical relays and some solid-state relays are used for differential protection. In these types of
applications, when configurations such as delta-wye transformations are used, care must be taken while connecting
the CTs. For example, in a typical delta-wye power transformer, the CTs would be connected as wye-delta.
Another feature involves correction for CT ratios, which in the electromechanical world may require external
auxiliary CTs. The secondary circuits of CTs should be grounded as explained and discussed in IEEE Std

C57.13.3, IEEE Guide for Grounding of Instrument Transformer Secondary Circuits and Cases. As shown in
Figure 5, Figure 6. Figure 7, and Figure 8, the secondary circuits and the circuits connected to them are grounded

at a single physical location.

On the other hand, for microprocessor relays and some solid-state relays, all CTs are connected in wye as shown in

Figure 9. The phase compensations are done by the software in the relay. The magnitude compensation in
numerical relays is also done in the relay. Each set of CTs in this case is provided a separate ground. Because the
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inputs to the relay are from wye-connected CTs, the inputs can be used for protection functions, such as
overcurrent and ground overcurrent protection.

Differential protection of transformers and its implementation in numerical relays is discussed in several books
and published papers; some of these are Guzman et al. [B7], [B8], Murty and Smolinski [B20], Murty et al.
[B21], Phadke and Thorp [B22], [B23], Sachdev [B28], [B29]. [B30], Sachdev and Nagpal [B31], Sachdev and
Shah [B32], Sachdev et al. [B33], Sidhu et al. [B35], Thorp and Phadke [B38], and Ziegler [B42].

The issue of testing the differential circuits is not included in this guide. This is discussed in detail in
IEEE Std C37.103, IEEE Guide for Differential and Polarizing Relay Circuit Testing.

If breaker-CTs are used for input to the transformer differential, bypassing the breaker will affect the inputs for the
differential relays. Assuming that the differential relay is removed from service and there are other relay schemes
protecting the transformer, care must be taken to insure that other breakers will trip in lieu of the bypassed breaker.
If this alternative tripping is not available, the transformer breaker should not be bypassed.
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Figure 5—Typical schematic connections for percentage differential protection

of a delta-wye transformer
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Figure 6 —Typical schematic connections for differential protection of a wye
autotransformer with unloaded tertiary
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Figure 9 —Typical schematic connections for differential protection of a three-winding
transformer using solid-state or numerical relays

8.2.1 Differential protection using time overcurrent relays

Overcurrent relays without restraint are seldom used due to their susceptibility to false operation from causes
such as follows:

a) Saturation errors or mismatch errors of CTs

b) Magnetizing inrush current flow from the source end when energizing the transformer

To compensate for the saturation and mismatch errors, overcurrent relays should be set to operate above the
anticipated inrush values. Time delay to override inrush is also necessary. Due to power transformer saturation,

caution is advised against the use of this relay where exposure to geomagnetically induced currents (GICs) is

possible.
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8.2.2 Differential protection using percentage differential relays
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To overcome the drawbacks of applying overcurrent relays for differential protection, manufacturers developed
percentage differential relays. These relays offer sensitive differential protection at low currents and tolerate larger
mismatches at high currents while still tripping for internal faults.

The basis of the percentage differential relay is that the difference current (as measured at the ends of the protected
zones) is more than a predetermined percentage of the restraint current. The basic arrangement for percentage
differential protection of a single-phase two-winding transformer is shown in Figure 4.

Different alternatives are used for obtaining the restraining current, /z. Several combinations of the currents at the

two terminals of the transformer shown in Figure 4 are used for restraining differential relays; some of these are
expressed in Equation (2). Equation (3), and Equation (4):

I, =k|L+1 (2)
I, = k(|n|+|L]) (3
JTR =ﬂ1':'LK|Il|I_|. ..ir] :I l:4:l

In these equations, k is a constant that is usually 1 or 0.5. Equation (3) and Equation (4) offer the advantage of
being applicable to differential relays with more than two restraints.

The percentage difference can be fixed or variable, based on the relay’s design. There is also a minimum

differential current threshold before tripping without regard to the restraint current. Details of minimum pickup,
restraint current, and characteristic slope vary among manufacturers. Slope may not be a straight line but may

curve up depending on the design of the percentage restraint system. This curve allows even larger percentage
mismatches during heavy through-currents. These options are shown in Figure 10.

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 17:32:55 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE C37.91-2008


http://www.avadocuments.com/doc/ieee-c37-91-2008
http://www.avadocuments.com/doc/ieee-c37-91-2008

Dual Slope "Ir

"u"arlable Slo
Charactenstm\‘/ /™ Chara ctensliz

Operating Region f /

/

|..'-f-I

Single Slope
Characteristic

Operating Current |,

-~
e Restraining Region

Restraining Current, Ig
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High-voltage power transformers present several possibilities for current mismatch as seen by the differential
relay. These mismatches, caused by different phenomena, can add to or offset each other, thus making the total
mismatch difficult to predict. Therefore, the percentage differential relay must be tolerant of the worst-case
addition of the mismatch errors.

First, the ratio of the high-voltage transformation inherently mandates different currents at the primary and
secondary terminals. Depending on the transformer ratio, sometimes this difference is precisely compensated for
by using offsetting ratio differences in the CT primary ratings. For example, a

138 kV/69 kV transformer could use 600:5 CTs on the 138 kV side and 1200:5 CTs on the 69 kV side.

For wye-delta transformer connections, the 30° phase shift is compensated by proper connection of the CT secondary
windings when electromechanical relays are used, but the current ratio difference is affected by the multiplier for
currents leaving the delta CT secondary connection. Alternatives used with electromechanical relays consist of using
CTs with internal current taps to compensate for current input ratio differences and/or using special ratio auxiliary
CTs. In solid-state and microprocessor relays, these differences are accounted for in the software/firmware of the
relay. For more details, refer to Annex E of this guide.

Second, a large contribution to current mismatch is the application of LTCs for voltage regulation. A typical LTC
range of £10% voltage creates a +£10% variation in current. The differential must not operate for this substantial
mismatch. In electromechanical relays, this was achieved by increasing the percentage slope, and this approach is
also used in some numerical relays. However, in some modern microprocessor-based protection systems, the tap
positions are monitored and the mismatches are taken care of in the software.

The third contributor to current mismatch is the difference in the performance of CTs applied to different voltage
terminals of the transformer. At low currents, such as for load, the errors are very small and insignificant compared
to the CT ratio and LTC errors. For heavy faults just outside the differential zone, CT saturation is a likely
possibility. The difference in performance between the CTs on different transformer terminals appears as
differential current in the relay. Some modern numerical relays can monitor the CTs for saturation and take

remedial measures to remain secure from false differential current caused by CT saturation.

The fourth contributor to current mismatch during normal operation is the magnetizing inrush currents that flow
when a transformer is energized, a parallel transformer is energized, or the system recovers from a fault outside

the transformer protection zone. The magnetizing currents can be many times the rated current of the transformer.

The fifth and final reason for current mismatch is the overexcitation due to excessive voltage at the
terminals of the transformer. When the voltage exceeds the rated value, the flux also exceeds the rated value.
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Typically, a 10% increase is tolerated because the transformer is operating in the linear range of the magnetizing
characteristic of the core. When the voltage exceeds further, the transformer operates partly in the saturated region

of the magnetic circuit. This results in large magnetizing currents for parts of each period of the voltage. Because
this current is at one terminal of the transformer, it appears as differential current in the relay.

8.2.3 Differential protection using percentage differential relays with inrush and overexcitation
restraint

The addition of some type of restraint that recognizes the characteristics of the inrush current allows the relay to be
set with greater sensitivity.

8.2.3.1 Harmonic restraint

Harmonic restraint is used to avoid undesired tripping by the percentage differential relay due to the flow of
magnetizing inrush currents when a transformer is energized. In addition, the use of harmonic restraint allows the
use of more sensitive settings. Different methods are used in the relays for harmonic restraint. Typical methods are
described in this subclause.

The general principle of operation, when harmonic restraint is used, can be expressed as shown in Equation (5):
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|| = 22|+ 2

I
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where

1, is the fundamental frequency component of the operating current

b, L, ... are the second-, third-, and higher harmonic components of the operating current

Ir is the unfiltered restraining current

ko, k5 are constants of proportionality

s s the slope of the percentage differential characteristics (nonvariable slope types)

The harmonic restraint is high when this approach is used and, therefore, it provides security for inrush conditions
at the expense of operating speed for internal faults with CT saturation. In some relays, only the harmonic

components of the operating current are used for restraining the relay. In other relays, the effect of the
restraining current could become negligible. The operation of the differential relay can be expressed as shown in

Equation (6):

AR AR

I

+o (6)

8.2.3.1.1 Second- and fifth-harmonic restraints

A three-phase differential relay with second- and fifth-harmonic restraint is reported by Einvall and Linders [B4].

This relay uses only the second-harmonic component of the operating current to identify inrush currents (originally

proposed by Sharp and Glassburn [B34]). and it uses the fifth-harmonic component of the operating current to
avoid incorrect operations during overexcitation of the transformer. The relay includes a maximum current detector
that produces the percentage differential restraint current, so the restraint quantity is of the form shown in Equation

(4). The relay forms an additional restraint by summing the second- and fifth-harmonic components of the

operating current. The basic equation for the operation of one phase of the relay can be expressed as shown in

Equation (7):

z

> 5|I |+

I,

+ k5

IL

(7

In some relays, the harmonic restraint is proportional to the sum of the second- and fifth-harmonic components of
the three phase-elements of the relay: its operation, therefore, can be expressed as shown in Equation (8):

) ®

I:d

+ k-

I |5 5|2+ 3 (K,
mml

Figure 11 shows the logic of a second- and fifth-harmonic restraint differential relay element defined by
Equation (7) and a high set element for the fifth-harmonic component.

Note that in this harmonic restraint element, the operating current should overcome the combined effects of the
restraining current, and the second and fifth harmonics of the operating current. As previously stated, the fifth-
harmonic current is experienced when the transformer is overexcited due to excessive voltage applied to it.
Excessive fifth-harmonic current can damage the transformer, and therefore many relays include a high-current
setting for /s; the fifth-harmonic restraint is removed if the /5 exceeds the setting.

Common harmonic restraint or blocking increases the security of the differential relay, but it is likely to delay the
relay operation for internal faults combined with inrush currents in the nonfaulted phases.
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Figure 11 —Second- and fifth-harmonic restraint logic of a differential element

8.2.3.1.2 Even-harmonic restraint
The use of even harmonics (second and fourth) in a restraint scheme is another method that ensures security during

inrush currents that may have very low second-harmonic current. The equation that represents this differential
function is shown in Equation (9):

I

> 5L [+,

I

+ky || (®)

In contrast to the odd harmonics, which are generated by CT saturation caused by excessive alternating current

(ac), even harmonics are a better indicator of magnetizing inrush. Even harmonics resulting from dc saturation of a

CT are transient in nature. The use of even harmonics (and not only the second harmonic) usually provides better
discrimination between inrush and internal fault currents.

8.2.3.2 Harmonic blocking

Harmonic blocking can also be used to avoid undesired tripping by the percentage differential relay due to the flow
of magnetizing inrush currents when a transformer is energized. Typical methods are described in this subclause.

8.2.3.2.1 Second-harmonic blocking

In one design (see Sharp and Glassburn [B34] for more details), the relay consists of a differential unit and a
harmonic unit. The operating current defined in Equation (1) is used in the differential unit. The current is rectified
and applied to the operating coil of a polarized relay unit. The current applied to the restraint unit has the form of

Equation (4). The polarized relay unit performs an amplitude comparison of the operating and the restraining

currents and implements the percentage differential characteristic using Equation (10):

|2, | = m|I] (10)
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The harmonic unit compares an operating signal formed by the fundamental component, plus the third- and higher-
order harmonics of the operating current, with a restraint signal that is proportional to the second harmonic of the
operating current. The operation of the harmonic blocking unit can be expressed by Equation (11):

||+ (11)

Iy

+h || > Ky

I

8.2.3.2.2 Second- and fifth-harmonic blocking

Typically, numerical transformer differential relays use second- and fifth-harmonic blocking logic. The differential
relay generates a trip if the condition defined by Equation (10) is satisfied and the blocking conditions defined in
Equation (12) and Equation (13) are satisfied:

|7,| = K,

5| (12)

I,

> k|| (13)

It is important to appreciate that, in this case, the operating current is independently compared with the restraint
current and the second- and fifth-harmonic components of the operating current.

It is a common practice to use the fifth harmonic of the operating current to avoid the operation of the differential

relay when the protected transformer experiences overexcitation. One solution may be to use a harmonic blocking

scheme in which the fifth harmonic is independently compared with the operating current. In this scheme, a given
relay setting, in terms of percentage of the fifth harmonic, always represents the same overexcitation condition. In

a fifth-harmonic restraint scheme, a given setting may represent different overexcitation conditions, depending on
the other harmonics that may be present.

8.2.3.2.3 Harmonic sharing

Harmonic sharing is a modification of the harmonic blocking technique; in this technique, the harmonic content of
all three phases is summed before checking if the ratio of the fundamental frequency and harmonic components of
the operating current is more than a prespecified threshold. This approach adds security in applications in which
harmonic content on one or two phases is not sufficient to block the operation of the relay.

8.2.3.3 Wave shape recognition methods

Wave shape recognition techniques represent another alternative for discriminating internal faults from inrush
conditions. However, these techniques fail to identify transformer overexcitation conditions as effectively as
the presence of fifth harmonic does. Identification of the separation of differential current peaks represents a major
group of wave shape recognition methods. Rockefeller [B26] proposed blocking relay operation if successive
peaks of the differential current fail to occur at about 7.5 ms ~ 10 ms on a

60 Hz system.

8.2.3.3.1 Low-current detection method

A well-known principle recognizes the length of the time intervals during which the differential current is nearly
zero (see Rockefeller et al. [B27]). Figure 12 depicts the basic concept behind this low-current detection method.
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The differential current is compared with positive and negative thresholds of equal magnitudes. This
comparison helps to determine the duration of the intervals during which the value of the current is less
than the value of the threshold. The time intervals are then electronically compared with a threshold value equal
to one-quarter cycle. For inrush currents shown in part (a) of Figure 12, the low-current intervals, ta, are greater
than one-quarter cycle, and the relay is blocked. For internal faults shown in part (b) of Figure

12, the low-current intervals, tg, are less than one-quarter cycle, and the relay operates.

It is possible that the low-current intervals of a magnetizing inrush current may not be greater than one- quarter
cycles in a specific case. If this happens, the low-current detection technique fails and remedial measures are
needed to identify the situation as magnetizing inrush.
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Fiqure 12 —Differential relay blocking based on recognizing the duration of low-current
intervals

8.2.3.3.2 DC blocking method

This waveform recognition method depends on the dc signal information apart from the harmonic content of
the differential current. The dc component of inrush current typically has a greater time constant than that
for internal faults. The presence of dc offset in the inrush current is an additional indicator that can be used to
guarantee relay security during magnetizing inrush. This wave shape recognition method is relatively easy to
apply in a digital relay because extraction of the dc component is a low-pass filtering process.

In the dc blocking method, the relay splits the differential current into its positive and negative half-cycles and
calculates the one-cycle sums for both half-cycles. The one-cycle sum of the positive half-cycle is proportional
to the area Apshown in Figure 13, and the one-cycle sum of the negative half-cycle is proportional to the
area Ay. The positive, Sp, and negative, Sy, one-cycle sums of the differential current are formed. Then the
minimum and the maximum of the absolute values of the two one-cycle sums are determined, and the dc ratio,
Dg. is calculated by dividing the smaller one-cycle sum value by the larger one-cycle sum value. When Dy is
less than a threshold value, say 0.1, the relay issues a blocking signal. Figure 13 shows a logic diagram of the
dc blocking method for a relay element.

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 17:32:55 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE C37.91-2008


http://www.avadocuments.com/doc/ieee-c37-91-2008
http://www.avadocuments.com/doc/ieee-c37-91-2008

Sp
|
Dr
® Simaller area Black
»| TLargerarea + operation
-
- | Threshald I
, , Su
Differential Current

Figure 13—Logic diagram for dc blocking
8.2.3.4 Relay blocking logic

The security of harmonic restraint relays can be improved by using a time-limited, cross-blocking signal, which
consists of restraining the whole unit when current in one phase is found to have sufficient harmonic content
instead of requiring sufficient harmonics in all three phases. This may be desirable for transformers that have
msufficient harmonics on some phases to block during inrush. However, common blocking has the downside
of the possibility of delaying a trip when energizing a faulted transformer if the healthy phases sense
inrush. The effect of cross-blocking can be limited to inrush by using a time limitation since harmonic blocking

can also cause trip delays on internal faults with CT saturation.

Three-phase differential relays, which use independent harmonic restraint in each phase, take protective action
when any of the three phase-elements operate. The three-phase differential relays, which use harmonic
blocking, use two different approaches. One approach consists of using harmonic blocking in each phase-
element of the relay; in these designs, the relay takes protective action when any of the phase- elements
operate. The second approach is to block the operation of the three-phase relay if blocking function
operates for any of the phase-elements.

Modern numerical transformer differential relays provide the user with choices to apply even-harmonic restraint
or even-harmonic blocking to the fifth-harmonic and dc blocking functions. The logic, used for selecting these
choices in one of the relays, is shown in Figure 14. If the even-harmonic restraint is not in use, switch SI
closes to add even-harmonic blocking to the fifth-harmonic and dc blocking functions. In this case, the
differential elements operate in a blocking-only mode. Enabling or disabling of each blocking function is
achieved by using switches S2. S3, S4, and S5. The output of the differential element blocking logic asserts
when any one of the enabled logic inputs asserts.

52
51
2" Harmonic /
blocking Block
59 differential
4™ Harmonic / relay
blocking
54
5" Harmonic Y o
blocking
55
DC blocking —c/ .

Figure 14—Example of blocking logic for a numerical differential relay
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The purpose of these designs is to provide a relay that properly restrains regardless of the amount of inrush but
permits relatively high-speed operation if an internal fault occurs with or without simultaneous magnetizing

inrush. Another design objective is not to have excessive restraint due to harmonic distortions of the CT
secondary currents. The distortions might have occurred due to CT saturation during severe internal or
external faults. To provide protection during CT saturation, modern differential harmonic restraint relays also
include unrestrained instantaneous overcurrent relays that are set above the maximum expected magnetizing
inrush currents but below that current that might result in CT ac saturation. The usual factory setting is eight to ten
times the tap value. Refer to IEEE Std C37.110, IEEE Guide for Application of Current Transformers Used for

Protective Relaying Purposes, for considerations regarding ac and dc saturation of CTs.

Whether or not a differential relay will operate on exciting current due to overexcitation depends on the
magnitude of exciting current, the harmonic content of the current (predominately odd harmonics), the shape of
the waveform, and the restraint characteristic of the relay. A relay that restrains on odd harmonics (in addition
to_the second harmonic present during initial inrush) is less likely to operate under such conditions. On the
other hand, transformers connected to rectifiers or variable-speed drive systems, whose currents contain
relatively high levels of odd harmonics, would be better protected by the harmonic restraint relays using only
the second harmonic. Relay application engineers should check the publications listed in Annex F for assistance
in defining specific transformer protection objectives and henee—preferred type of harmonic restraint relay
characteristic.

Harmonic restraint differential relays often can be justified by considering the following points:

a) Fewer investigations—of-false trips due to inrush
b) Faster operating time (0.01 s to 0.05 s versus 0.1 s to 0.2 s for the percentage restraint type)

¢) Lower pickup (10% to 50% of transformer rating versus 40% to 100% for the percentage restraint type)

Occasional false trips by harmonic restraint differential relays have been observed when transformers with

directly connected transmission lines were energized. Analysis of magnetizing inrush current waveforms for
this configuration showed noticeable reduction in harmonic content when compared with energizing the

transformer isolated from the line. The same point-on-wave closing signal was used for comparison. It was
concluded that insufficient inrush harmonic content for this configuration was the cause of false trips.

8.2.4 Unit generator transformer sets

On cross-compound generators, the fields may be applied while the generators are on turning gear, or at
speeds of 15% to 35% of synchronous speed, depending on the design and users’ preferences. Application of the
fields to such machines normally excites the generator step-up and unit station service transformers and the
generator so that protection is required for the entire unit system. The filter circuit of some harmonic restraint
relays may block relay operation if a fault occurs before the machine is up to synchronous speed. Since relay
designs vary, the relay performance at reduced frequency should be checked._V/Hz relaying may be required to
protect the transformer from damage due to overexcitation (see 10.2.4 for further details).

8.2.5 Generator station service

Where a startup or station service transformer is connected to the high-voltage bus, high-speed fault
clearing is usually required for stability reasons, even though the transformer is relatively small. The low CT
ratio required for satisfactory sensitivity may result in severe CT saturation for high-side faults. If the burden is
high, the high peak voltages could result in insulation breakdown and, thus, failure of the differential relay to
operate. An additional CT with a high ratio, supplying an overcurrent relay, with an instantaneous unit, would

then be required to back up the differential;—+fsuch-an-instantaneous—trip-is-not-built-into-the-differentialrelay. If

high sensitivity is not required, the differential relay may be omitted.
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When a unit auxiliary transformer is connected at a point between the generator and step-up transformer, a CT
connection should be provided for the overall differential scheme. A connection from the overall differential to
the low-side CTs of the unit auxiliary transformer avoids the saturation problem that may occur with high- side
CTs. This saturation problem could prevent the operation of the unit auxiliary transformer differential relays. The
overall differential thus connected provides protection for the unit auxiliary transformer, generator, and step-up
transformer. It should be noted, however, that the relay sensitivity for the unit auxiliary transformer faults may be
low due to the high CT ratios._If additional sensitivity is desired, time and instantaneous overcurrent relays are
utilized on the high side of the auxiliary transformer.

8.2.6 Multiple-winding transformer differential protection

Differential relays for three or more winding transformers are available in the percentage d1fferent1a1 and
harmonic restraint relay types. A A
terminats: Multiple-winding transformers frequently have dlfferent capacrty ratings for the 1nd1V1dua1 Wmdmgs
For example, a three-winding transformer may have a high-side rating of 90 MVA with the other two windings
each rated at 50 MVA. The sum of the ratings of the small windings can be greater than the rating of the
main (input) winding. Care should be taken in selecting CT ratios and selecting differential relay current
balancing taps_in electromechanical relays and ratio matching settings in numerical relays. These should be
based on the through-flow of current equivalent to the largest winding rating regardless of the rating of the other
winding considered. Proper restraint tap selection may be accomplished if through-fautt—load current involving

only the-high-side-and-one-other-windingtwo windings is studied at a time.

8.2.7 Parallel transformers

A major disadvantage of using one differential relay to protect two transformers operating in parallel is the
reduction in sensitivity. The CT ratios are selected on the basis of total kilovolt-ampere (kVA), and hence, the
sensitivity for each transformer is less than one-half of what it would be if individual protection was provided.
When a transformer is energized in parallel with an already energized transformer (see 7.4.2), the harmonic
restraint unit on a differential relay protecting both transformers may not restrain. Thus, an undesired trip may
occur. Therefore, each transformer should be protected by separate sets of differential relays.

8.2.8 Effect of overexcitation on differential relays

Overexcitation of a transformer could cause unnecessary operation of transformer differential relays. This
situation may occur in generating plants when a unit-connected generator is separated (tripped) while exporting
vars. The resulting sudden voltage rise impressed on the unit transformer windings from the loss of var load can
cause a higher than nominal V/Hz condition, which causes overexcitation of the transformer. This could also
occur in transmission systems when a large reactive load connected to a transformer is tripped while the primary
winding remains energized.

When the primary winding of a transformer is overexcited and driven into saturation more apparent power

differential relay, W1th 1ts inputs supphed by properlv selected CTs to accommodate for rat10 and phase shlft,
will perceive this as a current difference between the primary and secondary windings and, therefore, will
operate. This would be an undesirable operation because there is no internal fault; the current imbalance
is created from the overexcitation condition.

Three methods have been applied to prevent false transformer differential operations when overexcitation
occurs. The methods would be in addition to the second harmonic or gap detection principle used for inrush
detection and restraint (described in 8.2.3.1). These methods are as follows:

— Use a V/Hz relay to block the tripping of the differential relay, or to desensitize the differential relay
when V/Hz reaches a certain level.
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— Overexcitation manifests itself with the production of odd harmonics. As the third harmonic (and other
triplens) may be effectively cancelled in delta transformer windings, the level of fifth harmonic is often
used as a restraining quantity in the differential relay.

— Use of a modified differential scheme that extracts and uses the third-harmonic exciting current from
the transformer delta winding to restrain the differential relay.

Instead of blocking the differential relay during an overexcitation condition (identified by the presence of the
fifth-harmonic component of the differential current), the pickup setting of the differential current can be
adaptively increased to prevent operation of the relay during overexcitation while disconnecting the transformer
from the system if severe overexcitation occurs. The logic for this application is shown in Figure 11.

8.2.9 Differential protection of autotransformers using high-impedance relays

Irsome-countriesitis-commen-practice-te Some utilities provide protection for large, high-voltage and extra-
high-voltage autotransformers by using voltage-operated, bus-type high-impedance differential relays. Typical

connections of this protective system for autotransformers, with the neutral point of the wye winding solidly
grounded, are shown in Figure 15. This arrangement provides protection for all types of phase faults and ground
faults but not turn-to-turn faults. In this application, three sets of three-phase CTs are required—one set on the
high-voltage side, another set on the low-voltage side, and the third set in the neutral ends of the winding. All CTs
should have the same turns ratio and should be reasonably matched in accuracy class. A single high-impedance
relay connected in a ground differential scheme is also applicable for autotransformer protection.

This protection is immune to the effects of magnetizing inrush current because inrush current is cancelled by
the neutral CTs. Also, there is no imbalance current in the relay circuit due to the load-tap-changing equipment.
Thus a high-impedance differential relay can be applied without any harmonic restraint, load bias, or time delay.

Autotransformers are often provided with a delta-tertiary winding. It should be noted that with this type of scheme
no protection is afforded for faults occurring in the delta-connected tertiary winding. Where the terminals for this
winding are not brought out to supply load, one corner of the delta can be connected between the end of one
phase of the main winding and its neutral CT. This connection is shown in Figure 15. In such an arrangement, the
tertiary winding is included in the differential protection zone and the relay would sense ground faults in the
tertiary winding provided they are not close to the grounded terminal. This scheme does not provide protection for
phase faults or turn-to-turn faults in the tertiary winding.

Where the tertiary winding is used to supply load, the delta winding corner connection cannot be used. Hence,
separate protection is required. The tertiary winding overcurrent protection is described in 8.3.2.
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Figure 15—Typical schematic connection for high-impedance differential protection of a wye
autotransformer with unloaded tertiary

8.2.10 Current-transformer requirements

The CT ratios and relay matching taps should be selected to minimize the unbalance current at the center of any

applicable tap changer range. These should also be selected to avoid CT saturation during a maximum
symmetrical through-fault (see IEEE Std C37.110, IEEE Guide for Application of Current Transformers Used
for Protective Relaying Purposes). If saturation is likely to occur, burdens and capabilities of CTs should be
matched so that all sets of CTs begin to saturate at about the same fault level. CT capability is increased and
cable burden reduced by using the highest CT ratio compatible with relay taps. Cable burdens may be
further reduced by using larger conductor or two conductors per phase. The risk of CT saturation may also be
reduced by specifying higher “C-" ratings for the CTs at the time of purchase for initial installation or for

retrofitting.
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8.3.1 Phase instantaneous overcurrent

Fast clearing of severe internal faults may be obtained through the use of instantaneous overcurrent usits relays.
Instantaneous overcurrent units, when used, When these relays are used, they should be set to pick up at a value
higher than the maximum asymmetrical through-fault current. This is usually the fault current through the
transformer for a low-side three-phase short circuit. Instantaneous units that are subject to transient overreach,
are set for pickup in the range of 125% to 200% (a 175% setting is often used) of the calculated maximum low-
side three-phase symmetrical fault current. This setting generally provides sufficient margin to avoid false
tripping for-atew-side-busfault-while-stilt providing protection for severe internal faults. For instantaneous units
with negligible transient overreach, a lesser margin can be used. The settings in either case should also be above
the transformer inrush current to prevent nuisance tripping. In some cases, instantaneous trip relays cannot be
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