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Abstract: Guidelines for protecting three-phase power transformers of more than 5 MVA rated
capacity and operating at voltages exceeding 10 kV is provided to protection engineers and other
readers in this guide. 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 properly applying relays and other devices to protect
transformers used in transmission and distribution systems is also provided. General philosophy,
practical applications, and economic considerations involved in power transformer protection are
discussed, with an emphasis 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, as well as associated problems, such as fault
clearing and post trip reenergization.

Keywords: current transformer, differential protection, gas accumulator relay, grounding
transformer, IEEE C37.91™, magnetizing inrush, overcurrent protection, power transfcme.,
regulating transformer, sudden pressure relay, transformer overexcitation, transforme - nrctect on,
volts-per-hertz protection
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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 Coordinati <
Committees of the IEEE Standards Association (IEEE SA) Standards Board. IEEE develops its stana. rds
through an accredited consensus development process, which brings together volunteers represuating
varied viewpoints and interests to achieve the final product. IEEE Standards are documents ‘leve.apec by
volunteers with scientific, academic, and industry-based expertise in technical working groups. “/olunteers
are not necessarily members of IEEE or IEEE SA, and participate without compensation from IEEZ. While
IEEE administers the process and establishes rules to promote fairness in the consensts development
process, IEEE does not independently evaluate, test, or verify the accuracy of any of \e ini ‘mation or the
soundness of any judgments contained in its standards.

IEEE makes no warranties or representations concerning its standards, <nd ' xpressly disclaims all
warranties, express or implied, concerning this standard, including but not lin.ted to the warranties of
merchantability, fitness for a particular purpose and non-infringemen. I ' addition, IEEE does not warrant
or represent that the use of the material contained in its standards-ic fre» from patent infringement. IEEE
standards documents are supplied “AS IS” and “WITH ALL FAUL TS.”

Use of an IEEE standard is wholly voluntary. The existenc= o1 an 1£EE Standard does not imply that there
are no other ways to produce, test, measure, purchase, n arke* or provide other goods and services related
to the scope of the IEEE standard. Furthermore, the viewpuiz 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 ayail ble, (EEE is not suggesting or rendering professional or other
services for, or on behalf of, any person ¢ ertity, nor is [EEE undertaking to perform any duty owed by
any other person or entity to another Ai7 person utilizing any IEEE Standards document, should rely upon
his or her own independent judgmen. in the exercise of reasonable care in any given circumstances or, as
appropriate, seek the advice U1 > cowapetent professional in determining the appropriateness of a given
IEEE standard.

IN NO EVENT SHA_L "ELE BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL,
EXEMPLARY, OR 7ON SEQUENTIAL DAMAGES (INCLUDING, BUT NOT LIMITED TO: THE
NEED TO PROCURE CUBSTITUTE GOODS OR SERVICES; LOSS OF USE, DATA, OR PROFITS;
OR BUSINES NTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,
WHETHE? 1:". CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR
OTHERWISLY 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
JEG/DLESS 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 IEEE 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, regardle.s o1
membership affiliation with IEEE or IEEE SA. However, IEEE does not provide interpret.tion:
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, toge.ier with
appropriate supporting comments. Since IEEE standards represent a consensus of concerne 1 interests, it is
important that any responses to comments and questions also receive the concurronce ¢ a balance of
interests. For this reason, IEEE and the members of its Societies and Standards Coord. ~atin ; Committees
are not able to provide an instant response to comments, or questions except.in *..use v>2es where the matter
has previously been addressed. For the same reason, IEEE does not respond 1. inte pretation requests. Any
person who would like to participate in evaluating comments or in revision. to an IEEE standard is
welcome to join the relevant IEEE working group. You can indicate ‘nt(rest in a working group using the
Interests tab in the Manage Profile & Interests area of the IEEE SA myl. yject system. An IEEE Account is
needed to access the application.

Comments on standards should be submitted using the Contac. 'Js Yorm.

Laws and regulations

Users of IEEE Standards documents should coasui all applicable laws and regulations. Compliance with
the provisions of any IEEE Standards daccwient does not constitute compliance to any applicable
regulatory requirements. Implementers « f ‘ne standard are responsible for observing or referring to the
applicable regulatory requirements. IEZE «.225 not, by the publication of its standards, intend to urge action
that is not in compliance with applicc ble .>ws, and these documents may not be construed as doing so.

Data privacy

Users of IEEE Standirds documents should evaluate the standards for considerations of data privacy and
data ownership in the ~on‘ext of assessing and using the standards in compliance with applicable laws and
regulations.

Copyrighu»

"EEC daft and approved standards are copyrighted by IEEE under US and international copyright laws.
Thov are made available by IEEE and are adopted for a wide variety of both public and private uses. These
:aclude 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 “me
by the issuance of new editions or may be amended from time to time through the issuance of amend.nen.:
corrigenda, or errata. An official IEEE document at any point in time consists of the current (:dit. n o1 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 mo e than 10 years
old and has not undergone a revision process, it is reasonable to conclude that its con‘ents, . though still of
some value, do not wholly reflect the present state of the art. Users are cautioned t¢ chec's to /.etermine that
they have the latest edition of any IEEE standard.

In order to determine whether a given document is the current edition and whe:her it has been amended
through the issuance of amendments, corrigenda, or errata, visit IEL™ : plore or contact IEEE. For more
information about the IEEE SA or IEEE’s standards development pr=ces.  visit the IEEE SA Website.

Errata
Errata, if any, for all IEEE standards can be accessed on 1. [} EE 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 «Iso available in IEEE Xplore. Users are encouraged to
periodically check for errata.

Patents

IEEE Standards are developed in‘cam liance with the IEEE SA Patent Policy.

Attention is called to the ross.hility that implementation of this standard may require use of subject matter
covered by patent rights. L7 publication of this standard, no position is taken by the IEEE with respect to
the existence or validity « f aity patent rights in connection therewith. If a patent holder or patent applicant
has filed a statement € acsurance via an Accepted Letter of Assurance, then the statement is listed on the
IEEE SA Webh-ite at htis://standards.ieee.org/about/sasb/patcom/patents.html. Letters of Assurance may
indicate .whcther “he Submitter is willing or unwilling to grant licenses under patent rights without
compensat. M o..under reasonable rates, with reasonable terms and conditions that are demonstrably free of
any urfair discrimination to applicants desiring to obtain such licenses.

Lsenue. Patent Claims may exist for which a Letter of Assurance has not been received. The IEEE is not
respnsikle for identifying Essential Patent Claims for which a license may be required, for conducting
1.7airies 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 C37.91-2021, IEEE Guide for Protecting Power Transformers.

This document is a revision of IEEE Std C37.91-2008 and is intended to provide aid in the effective
application of relays and other devices for the protection of power transformers.

In this revision, the following notable changes have been made.

— Added converter, Scott, and Le Blanc transformers to special-purpose transformers clause.
— Added information on negative sequence differential protection

— Removed information on topics that are now adequately addressed in other IEEE giides, suc - as
phase-angle regulating transfomers and transformer gas analysis.

— Removed outdated annex on transformer failure statistics.
—  Corrected errors in Annex A related to through fault protection curves and the - app... ation.

— Updated information on multiple topics throughout the guide.

9
Copyright © 2021 IEEE. All rights reserved.


https://www.stdhive.com/standards/ieee-c3791-2021-pdf/

Contents

L. OVEIVIBW ..ttt ettt et ettt e b e bt et et s h e e s bt et e et e e et e ea e e eb e e bt em bt ea bt eseesbte s bt e naee bt enteenteennesbaenbeen 12
LT GEIIETAL .ot h ettt b bbbt e h et b e bbb et be et eae et et nee 12
1.2 S0P ettt ettt ettt et ettt et e bt e e a e e bt e e ht e e bt e e ate e bt e e tte e baeenateenbaeeneeebaeetaeenns 12
1.3 WOTA USAZE ...envvevieiietieie e etesee st e it et et e et e e bt esteesbeesbeesseesseesaesseesseesseassesssesseesseesseensenssenssenssenssesens 12
Li PUTPOSE ettt ettt ettt ettt e bt et e sh e e ab e e s et e sab e e sabeesabeesabeesabeesabeesatesabbeeabeebbeennaeenns 13
1.5 DIEVICE TUIMIDEIS ...ttt sttt ettt ettt sttt ettt et et s bbbt bt bt et e e e et e s bt sbeebeebeebt et ennenee 13

2. NOTMATIVE TEIETEICES. ...ttt ettt ettt ettt ettt b e bbbt et et e st ettt saeebeebeeaeeneennenee 13

3. Definitions, acronyms, and abbIreVIations ............cceceereerierienierieerie et see sttt eee et e seee e teeeeeeneesseeeneas 14
O B B 1) 1015 0] 1 USSR 14
3.2 Acronyms and aDDIEVIALIONS ........evuieueruieieieieie ettt ettt et et st e ste sttt eseese et e eetesaeebeebeeneeneeneensenes 15

4. Philosophy and econOmic CONSIAETALIONS .........coueiuiriieiieieiieieie ettt ettt e ee et sbe et eseeneeneeneenee s 15

5. Types of failures in tranSTOITETS .....cc.eeuiiiiiiiiieie ettt sttt ettt saeesbeenaeas 16

6. REIAY CUITENLS ...c.uieuiieiiieeiieiieiteeste ettt te st e st e bt et e et e e st e ste e seesbeesseesbassaesseesseesseessesseessseseesseessenssenssessnesens 17
0.1 GEINETAL ...ttt ettt h e e bt b e et et et b e e bbbt e s et et et ettt b e aeen et et ee 17
6.2 Minimum internal fAULLS .........ooiiiiiiii et e 18
6.3 Maximum internal fAaults.........coccoiriiiiiiii e e 18
6.4 Performance OF CTS......oouiiiiiiieiiienieni ettt sttt ettt st eat et 18
6.5 Reasons fOr MISINALCH......c..coiiiiiiriiriiciee ettt 20

7. Electrical detection Of fAUIS ........cc.iiiiiiiee ettt et 22
A € <31 1<) Y USSP 22
7.2 Fuse protection and self-powered resettable fault interrupters ..........cceveevererienieneee e 23
7.3 DIfferential PrOtECTION ........cciiiiieriiiieiie ittt ettt ettt et e ebeete e te e beesbeesbesasesaeesseesseessesssesseesasssenns 25
7.4 OVercurrent relay PrOTECTION . ......ccouiiuiiiiiiertteie ettt ettt ettt e bt et et st e saeesbe et et saeesaeenbeenteans 46
7.5 Ground-fault PrOtECTION .......ccviivieieiieitiete ettt ettt ettt ste e b e e b e etsesaaesteesaeesseesaesreesenesseesseenseans 48
7.6 Fault detection for special-purpose transformers...........cccvevvieiieieiienierieee et eee e s e 54
7.7 Backup and external fault ProteCtiON ..........ccvevverieriieriieie ettt ettt seeteebe e seesaeesseesseebeenseens 64
7.8 TEMPETALUIE TEIAYS ....veeivieiieiieieeiteceeste et et eee st e st esteesbeesbeeseesseebeesseessesssesssesseesseesseessesseesseensennsenns 67
7.9 MiISCEIANEOUS TEIAYS. ...c.uieiieiiieiieeiieciiest ettt et ettt et e et e entesaaeseeesseesseensesnsesseesseenseenseans 67

8. Mechanical detection Of FAUILS..........ccueoviriririiir et e 67
T €31 1<) Y USSR 67
8.2 (GaS ACCUMUIALOT TRIAY ....e.eeitieiietiee ettt ettt ettt ettt e et e s bt e bt e beebeeneesneesseesneenseeneeens 67
LRI € R (<ot o) o <] ) PSR SSRPS 67
8.4 PIESSUIE TEIAYS ...ueeuieteite ettt ettt ettt ettt et et e b e e bt e bt e tees e et e te st e teebeebeeneeneense s e abeabesaeebeeneanteneenean 68

9. Thermal detection Of abNOTMALTHES ........cc.erueriiriieiiiei ettt st ee et e 71
0.1 GNETAL ...ttt et ettt e h e h e b e bt ettt sat e sate e bt et satesheenaeenteenteens 71
9.2 Winding hot-spot measurement thermal TEIaYS .........cccvevvieviieiiiieiieietece e 71
9.3 Calculated thermal MOdel TEIAYS.........ccveriiriiiieiieiteit ettt eesae e eseeeneeseenseens 72
9.4 Top-insulating liquid temperature ProteCtioN ............cccveeveereeeiereerieeieereeeeseesseesseeaesresseesseesseesseens 72
9.5 FUSES OF OVETCUITENE TLAYS .....eevieiiiieiie sttt et eteeete e et e et e seeesseesseesseensessaesseesseenseensesseesseenseenseans 73
9.6 Thermal relays for tank teMPEIAtULE. .........eccvieeverierierie et ete ettt et etesaeseeesseesseesesneesseesseeseenseans 73
9.7 OVEreXCitation PrOtECLION .....c.vertieteeresiestertieteeteetesstesteeseensesssessaesseesseesesnsesseesseenseensesseesseensesnsenns 73

10
Copyright © 2021 IEEE. All rights reserved.



10, FaUIL CLEATINE ... .eovieiieie ettt sttt ettt e et esse e s e e s e ensesnsessaesseesseanseenseansennsensaensees 75

L0 € 1< < | PR STSS 75
10.2 Relay tripPing CITCUILS. ....eouiiteiieiiiertieett et ettt e et et et ettt e st e s beesbeeteeneesaeesseesaeenseeneeenseenseeneesneennean 76
10.3 CArCUIt DICAKEIS. ... .eetieiieieeie ettt ettt et ettt ettt e see e st e e s bt e te et e emeesneesae e st enteenseenseeneesneennean 76
10.4 Tripping of T1€MOte CIFCUIt DIEAKETS ... .co.eeuieiieieieiie ittt ettt sttt 76
10.5 CITCUIE SWITCHET ...ttt ettt sttt ettt et et e st e et e et e bt et en s et et e ebeseeebeeneeneeneansenes 78
J0.6 FUSES ..ttt ettt b ettt et e a e e bt e e bt e bt e bt et e at e sht e eh e e bt e bt en bt en bt enteeneesbeenbeen 79
10.7 Self-powered resettable fault INtEITUPLETS .........eeveriieriieiieie ettt e e sreeenees 79
11. Post-trip analysis Prior t0 r€-CNETZIZING .........c.cccverueerrierreeeerierieesreesessesseesseessesssesseesseesseessesssesssesasssees 79
12, GAS ANALYSIS ...viiuiiieieieieitieit et ettt et et e et e stesttesteeaeesbeesseessesseesseesseessassaesseesseesseessesseesseenseenseesseessensaenseas 80
13. Special ProteCtiVe SCREIMES ........eiveiieiieiieie ettt ettt et ae s e st eseessesseesseenseenseenseensessaenseas 80
13,1 GOIETAL ...ttt h bbbttt b e bbbt ea et ettt et bbbt et e nee 80
13.2 Grounding transformer inside the main transformer differential zone .............ccoccevieiiiiinienenen. 81
13.3 Unbalanced voltage protection for wye-connected, three-legged core-type transformers............... 84
13.4 Differential protection of single-phase transformers connected in three-phase banks..................... 85
14, Other CONSIAETALIONS ......eeuteieitieteite ettt ettt ettt ettt et e et e st e besb e et e eseeaeens e e e sesseebeasesaeebeeseeneeneansenes 89

Annex A (informative) Application of the transformer through-fault-current duration guide to the

Protection Of POWET tTANSTOTINETS .....ccvviiriieiiiieiieeiieerte ettt esteeeteeeteeeteesbeessseessseeasseesnsaesnseesssaessseessseenssennes 90
Annex B (normative) Examples of setting transformer protection relays ...........coccoceevererieiienenenenienennns 111
Annex C (informative) Thermal overload proteCtion ...........c.ccoivirerieienienienereseseeee e 131
Annex D (informative) Phase shift and zero-sequence compensation in differential relays ...........c.......... 140
Annex E (informative) BibliOGraphiy.........cccovciiiieriiiiieiieiesiesteie ettt enaeeeneenaenneens 150

11
Copyright © 2021 IEEE. All rights reserved.



IEEE Std C37.91-2021
IEEE Guide for Protecting Power Transformers

IEEE Guide for Protecting Power
Transformers

1. Overview

1.1 General

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 MV A ratings or operating at voltages less than 10 kV.

1.2 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.

1.3 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)."?

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 must is deprecated and cannot be used when stating mandatory requirements; must is used only to describe unavoidable
situations.
2 The word will is deprecated and cannot be used when stating mandatory requirements; will is only used in statements of fact.
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