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

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

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

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

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

Translations 

The IEEE consensus development process involves the review of documents in English only. In the event 
that an 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, regardless of 
membership affiliation with IEEE or IEEE SA. However, IEEE does not provide interpretations, 
consulting information, or advice pertaining to IEEE Standards documents.  

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

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

Laws and regulations 

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

Data privacy 

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

Copyrights 

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

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

Updating of IEEE Standards documents 

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

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

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

Errata 

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

Patents 

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

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

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

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

This introduction is not part of IEEE Std C37.91-2021, 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 guides, such 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 their application. 

 Updated information on multiple topics throughout the guide. 
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IEEE Guide for Protecting 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 

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 MVA 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. 
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1.3 Word usage 

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

standard and from which no deviation is permitted (shall equals is required to).1, 2 

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

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

not necessarily required (should equals is recommended that).  

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

(may equals is permitted to). 

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

causal (can equals is able to). 

1.4 Purpose 

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

assist in properly applying apply relays and other devices to protect transformers used in 

transmission and distribution systems. 

1.5 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™. 3 IEEE Standard Electrical Power System Device Function Numbers and 

Contact Designations. 

1 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. 

3 5 Information on references can be found in Clause 2. 
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Table 1—Device numbers and device identification 

 
(New) 
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(Deleted) 

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. 

IEEE Std 32™-1972, IEEE Standard Requirements Terminology and Test Procedure for Neutral 

Grounding Devices.1,2 
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IEEE Std C37.2™, IEEE Standard Electrical Power System Device Function Numbers, Acronyms, 

and Contact Designations. 4, 5 

IEEE Std C57.12.00™, IEEE Standard for General Requirements for Liquid-Immersed Distribution, 

Power, and Regulating Transformers. 

IEEE Std C57.109™, IEEE Guide for Liquid-Immersed Transformers Transformer Through-Fault-

Current Duration. 

3. Definitions, acronyms, and abbreviations 

3.1 Definitions 

For the purposes of this document guide, the following terms and definitions apply. The 

Authoritative Dictionary of IEEE Standards Dictionary Online Terms [B11]4 should be consulted 

referenced for terms not defined in this clause. 6 Definitions of several terms used in this guide are 

provided in IEEE Std C37.100. 5 

differential current: The sum of all currents entering and leaving a section of the electrical system;  

measured with consistent polarity. Also referred to as an operating current. See: restraining current. 

digital relay : A static relay or relay unit in which the designed response is developed by converting 

the inputs into numeric form and manipulating them mathematically or logically.  

4 1 IEEE publications are available from The Institute of Electrical and Electronics Engineers, 445 Hoes Lane, Piscataway, NJ 08854, 

USA (http://standards.ieee.org/). 

5 2 The IEEE standards or products referred to in Clause 2 are trademarks owned by The Institute of Electrical and Electronics 

Engineers, Incorporated. 

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

and one can be created at no charge on the dictionary sign-in page. 
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harmonic sharing: A modification of the general harmonic blocking technique for preventing 

misoperations of a transformer differential relay during inrush; where the magnitude of the 

harmonic content of the operating currents in all three phases is summed before it is compared in 

ratio with that of the fundamental current in each phase element. Operation is blocked if the ratio 

exceeds a prespecified threshold. The principle of summing the magnitudes of the harmonic 

contents of a the three operating currents in 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. 

microprocessor-based relay: A relay in which the designed response is developed by using one or 

more microprocessors. See: digital relay . 

protective relay: A relay whose function is to detect defective lines or apparatus or other power 

system conditions of an abnormal or dangerous nature and to initiate appropriate control circuit 

action. 

NOTE—A protective relay may be classified according to its operating principle or performance 

characteristics.7 

restraining current: A current in a low-impedance differential relay which is derived from all 

currents of the differential zone to make the differential function more secure when current 

transformers are saturated due to external faults. It is used in conjunction with a percentage 

differential characteristic to desensitize the effect of the differential current an d reflects the severity 

of external faults. See: differential current. 

The‖term‖“restricted earth fault protection: ” is an expression referring to A sensitive ground relay 

system that is designed to detect ground faults in within a well-defined protective zone (similar to 

Figure 17). 

76 Notes in text, tables, and figures of a standard are given for information only and do not contain requirements needed to 

implement this standard. 
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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. 

3.2 Acronyms and abbreviations 

ac alternating current 

CT current transformer 

dc direct current 

DETC de-energized tap changer 

GIC geomagnetic induced currents 

HSGS high-speed ground switch 

KCL Kirchhoff’s‖Current‖Law 

MOD motor-operated disconnect 

OLTC on-load tap changer 

REF restricted earth fault 

rms root-mean-square 

RTD resistance temperature detector 

SPR Sudden-Pressure Relay 

V/Hz volts per hertz 

WTI winding temperature indicator 
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4. Philosophy and economic considerations 

Protective relays are applied to elements of a power system for the following several reasons, among 

others. Some of the reasons are as follows: 

― To isolate the faulted equipment from the remainder of the system so that the system can 

continue to function properly. 

― To limit damage to the faulted equipment. 

― To minimize the possibility of fire. 

― To minimize hazards to personnel. 

― To minimize the risk of damage to adjacent high-voltage apparatus. 

― To prevent damage due to abnormal operating conditions.  

In protecting some system elements, particularly high-voltage transmission lines, high speed is often 

critical for preserving the integrity of the system; limiting damage to equipment sometimes becomes 

a secondary benefit. With transformers, however, the excessive high cost of repair or replacement, as 

well as and the possibility of a violent failure or fire involving adjacent equipment, may make 

limiting the damage a major objective. Because Since sensitive, high-speed protection systems can 

reduce damage, and consequently reduce repair cost, the protection aspects of relays are important 

considerations should be considered carefully when protecting transformers, particularly those of 

larger sizes. 

Faults internal to the transformer quite often involve only 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. 

Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 17:35:13 UTC from IEEE Xplore.  Restrictions apply. 

Full document details: IEEE C37.91-2021

http://www.avadocuments.com/doc/ieee-c37-91-2021
http://www.avadocuments.com/doc/ieee-c37-91-2021


 

 

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. A reasonable The selected 

plan balances should balance the best combination of these factors against the overall economics of 

the situation while minimizing the following factors: 

― Cost of repairing damage 

― Cost of lost production 

― Adverse effects on the balance of the system 

― Spread of damage to adjacent equipment 

― Duration of unavailability of the damaged equipment 

In protecting transformers, backup protection is an important consideration needs to be considered. 

The failure of a relay or circuit 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 relays are set to operate. Part of the evaluation of the type of protection applied 

to a transformer includes should include how the system integrity would be affected by such a 

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 protection engineering. 

The major economic consideration ordinarily includes both the fault detection equipment and 

isolation devices. Circuit breakers often cannot be justified based on the basis of transformer 

protection alone. At least as much weight is should be given to the service requirements, the 

operating philosophy, and the system design philosophy. Evaluations of the risks involved and the 

cost effectiveness of the protection are necessary. Further discussion on this subject is provided by 

Elmore [B5], McNutt et al. [B19], Sterner [B36], and Warrington [B41].  
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5. Types of failures in transformers 

The electrical windings and the magnetic core in a transformer are subject to the following a number 

of different forces during operation, among others: for example 

― Expansion and contraction due to thermal cycling 

― Vibration 

― Local heating due to magnetic flux 

― Forces due to the flow of through-fault currents 

― Excessive heating due to overloading or inadequate cooling 

These different 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. Canadian and international The failure statistics have been collected by the 

Canadian Electrical Association [B32] and CIGRE [B21], respectively are briefly reported in Annex 

B.8 

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

from an insulation failure. Clause 6 7 examines the current a relay can expect to see due to several 

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:  

a) Monitoring devices Temperature monitors for winding and/or insulating liquid oil 

temperature are typically used to initiate an alarm requiring investigation by maintenance 

personnel 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.  

84 The numbers in brackets correspond to those of the bibliography in Annex E F. 
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b) Gas detection relays can detect the evolution of gases within the transformer insulating liquid 

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 insulating liquid oil that are collected periodically. A 

Continuous gas analyzers are analyzer is available to allow online detection of insulation 

system degradation. 

c) Sudden-pressure relays located on the transformer tank below the insulating liquid level 

under oil respond to the pressure waves in the transformer insulating liquid oil caused by 

internal the evolution of gas associated with arcing. 

d) Sudden-pressure relays located on the transformer tank above the insulating liquid level in 

the gas space respond to sudden changes in the gas pressure due to the arcing in the 

insulating liquid evolving gases from an arc under oil. 

e) Liquid Oil level detectors sense the insulating liquid oil level in the tank and are used to 

generate an alarm indicating minor reductions in oil level and trip for severe reductions in the 

liquid level. 

f) 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 can be is avoided. Details of the modern techniques 

for monitoring these components are given by Coffeen et al. [B23 B3]. 

These and other relays are discussed in greater detail in later clauses of this guide. 
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6. Relay currents 

6.1 General 

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. 

6.2 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. For example, as much as 10% of the winding may have to be shorted to cau se full-

load terminal current to flow. Therefore, a single turn-to-turn fault results will result in an 

undetectable change of current at the transformer terminals. If the turn-to-turn fault is not quickly 

detected, it can escalate into a more serious ground fault involving the iron core and result in costly 

repairs. 

6.3 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. A well-designed The relay system is should be capable of 

withstanding the secondary current of the CTs on a short-time basis. This may be a factor if the rated 

transformer load current is small relative to the system fault current and the CT ratio is chosen to 

match the transformer rating. 

Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 17:35:13 UTC from IEEE Xplore.  Restrictions apply. 

Full document details: IEEE C37.91-2021

http://www.avadocuments.com/doc/ieee-c37-91-2021
http://www.avadocuments.com/doc/ieee-c37-91-2021


 

 

6.4 Performance of CTs current transformers 

6.4.1 Internal faults 

During an internal fault, or a fault external to the transformer but in the protected zone of the relay 

system, one or more CTs may saturate. Severe CT saturation can cause a harmonic blocking element 

restraint unit to pick up or cause harmonic restraint to desensitize thereby resulting in the relay. As 

a result, failure of a transformer differential relay may fail to operate or causing a delay in its 

operation may be delayed.‖ The‖ effect‖ depends‖ on‖ the‖ relay’s‖ response‖ to‖ distorted‖currents.‖The 

direct current (dc) offset of fault current can cause CTs to go into saturation and then recover o nce 

the dc transient decays and the current waveform becomes symmetrical. This is called asymmetrical 

saturation. If a CT is severely underrated, it can experience saturation regardless of the presence of a 

dc transient. This is called symmetrical saturation. On a transient basis, second and third harmonics 

predominate initially when a CT saturates due to asymmetrical saturation. Even-numbered 

harmonics are also a characteristic of inrush current, and even-numbered harmonic restraint or 

blocking techniques can cause the loss of dependability during asymmetrical saturation . Ultimately, 

the even-numbered harmonics disappear with the decay of the offset direct-current (dc) component 

of the short-circuit current. Whether or not the odd-numbered harmonics disappear depends on 

whether characteristic of the CT experiences symmetrical the steady-state saturation. The ratings of 

the CTs are normally should be selected to avoid symmetrical steady-state saturation for internal 

faults and limit asymmetrical saturation as much as practical for through-faults. For severe internal 

faults, a high-set unrestrained element is often relied upon to provide dependability when 

asymmetrical saturation cannot be completely avoided. 
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6.4.2 External faults 

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

transformer that is connected to single bus arrangements on the source and load sides and an 

external fault at location F1. In this scenario, the fault currents flow through the transformer. The 

scenario in part of Figure 1(b) 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 F1. 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, Zs, 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™‖*B67+, IEEE Guide for Application of Current Transformers 

Used for Protective Relaying Purposes. 

The scenario in part of Figure 1(c) is the same as the scenario in part of Figure 1(b) except that the 

fault is at location F2. 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  on CTs, 

“Transient‖Response‖of‖Current‖Transformers”[B53 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, the relays are they should be applied 

with a restraint element in each CT circuit. Also, the burden of each CT secondary circuit is checked 

to verify that the burden is must not be too so high that the permissible 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. 

 

Figure 1—Three external fault scenarios 

6.4.3 CT 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 (e.g., delta connected CTs have an effective burden of three times 

the one- way lead resistance for three-phase faults as discussed in IEEE Std C37.110 [B67]) 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 [B67], IEEE Guide for Application of Current Transformers Used 

for Protective Relaying Purposes. 
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Capabilities of the relay will impact the Before a decision on how is taken as to connect the manner 

in which the CTs. Many should be connected, capabilities of the relay should be evaluated. Some 

differential relays can internally accommodate the phase shift of the transformer and allow, allowing 

the engineer to choose CT connections that suit other devices connected to the same CTs. Some 

Many relays do not have this versatility; , and, in those cases, the CTs are must be connected to 

compensate for create the same phase shift as the transformer windings created create. 

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.  

For proper phase shift, CAUTION the delta connection of the CTs is made to 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 address 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 address 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 

circuit windings of the CTs. The result is that the differential relays do not see the mismatch due to 

the flow of zero-sequence currents. 
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6.5 Reasons for mismatch 

6.5.1 General 

There are non-fault nonfault related currents or factors that may require compensation to prevent 

undesirable operation of differential relays. Subclauses 6.5.2 7.4.1, 7.4.2, 6.5.3, and 6.5.4 7.4.3 include 

a discussion of some of those situations. 

6.5.2 Unbalance caused by CT 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 an on- a load tap changer (OLTC LTC), the possible 

mismatch is increased further. If a tap on a de-energized tap changer (DETC) is changed and the 

relay settings are not updated accordingly, the possible mismatch is also increased.  During a 

through-fault condition, the differential operating current due to mismatch can be very large.  

6.5.3 Magnetizing inrush 

Magnetizing inrush This is a phenomenon that causes the violation of the basic principle of 

differential relaying. If the primary winding of a transformer is connected to a source and the 

secondary winding 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 produced by magnetizing inrush can reach many times the 

transformer rating, and these currents appear in the differential relay. The inrush current duration 

can range from a few cycles to many seconds. Explanations of this phenomenon are given by Lin et 

al. [B97 B17] and Rockefeller et al. [B121 B27]. 

Although usually considered only in conjunction with the energizing of a transformer, magnetizing 

inrush current can be caused by any abrupt change of 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. 
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There are several conditions that cause particularly severe magnetizing inrush phenomena. More 

details are given by Rockefeller et al. [B121 B27]. One condition involves the energizing of a 

transformer at a station at which at least one other transformer is already energized (see Hayward 

[B46 B9]). The inrush phenomenon involves transformers that are already energized as well as the 

transformer being energized (see Lin et al. [B97 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 element unit of a differential relay, if it is protecting both parallel- connected 

transformers, will not operate. However, the inrush 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. 

 

Figure 2—Typical magnetizing inrush current waveform  
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The harmonic content of the inrush current depends on several various factors, such as remnant 

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. [B97 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 circuit breaker of that phase at an instant the maximum flux in that 

core does not substantially increase from the normal maximum flux.  

6.5.4 Magnetizing current during overexcitation  

A number of phenomena can subject a transformer to overexcitation, possibly coupled with 

substantial overvoltage at nominal frequency. At startup or shutdown of unit connected generators,  

the machine is brought up to speed and voltage prior to synchronizing to the system . If care is not 

taken the V/Hz rating of the step-up transformer may be exceeded. During static start, pumped 

hydro starting and rotor warming operations, the field can be applied at very low frequencies. Other 

overexcitation events at power plants include excitation system runaway, manual excitation control 

error, and sudden loss of load that may also involve overvoltage well above nominal.  

In the transmission system a number of voltage and reactive support control failures can create 

overexcitation at nominal frequency with possibly substantial overvoltage. These are as follows: 

― Capacitor banks on when they should be off 

― Shunt reactor compensation off when it should be on  

― Single-end breaker trip failures resulting in voltage rise at the open end of a long line 

(Ferranti Effect) 

― Runaway load tap changers 
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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 transformer 

saturation occurs, substantial exciting current flows and will flow, which may overheat the 

transformer core, tank, or structure and damage the transformer. The waveform is will be distorted; 

it has will have harmonic content and near zero-current periods. With overexcitation, the waveform 

is distorted, but the behavior on the positive-going half-cycle is the same as on the negative-going 

half-cycle, and therefore only odd harmonics are present, with no appreciable even harmonics that 

appear during inrush. So the presence of third and fifth harmonics is a signature of overexcitation  

second harmonic is present. The extent of these effects depends on the generator connections and the 

transformer design and connections. The third harmonic content of the relay current, but not the 

fifth is also altered by delta connections of CTs. The third Fifth harmonic (and other triplens) may 

blocking of tripping should be effectively canceled in delta transformer windings used to avoid 

tripping during overexcitation. A V/Hz relay is required if tripping is desired. 

For information on how the fifth-harmonic is used in differential relay applications to avoid 

undesired operations due to overexcitation, see 7.3.4.2.2 and 7.3.4.3.2. Protection for excessive volts 

per‖hertz‖(V/Hz)‖in‖accordance‖with‖the‖transformer‖manufacturers’‖specifications‖is‖covered‖in‖9.7.  
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7. Electrical detection of faults 

7.1 General 

Fuses are commonly used to provide protection fault detection for transformers with minimum 

nameplate ratings of up to 5 000 kVA, three-phase (Category I and Category II). Transformers 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 protected by either 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 

Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 17:35:13 UTC from IEEE Xplore.  Restrictions apply. 

Full document details: IEEE C37.91-2021

http://www.avadocuments.com/doc/ieee-c37-91-2021
http://www.avadocuments.com/doc/ieee-c37-91-2021


 

 

7.2 Fuse protection and self-powered resettable fault interrupters 

Fuses have the merits of being economical and requiring require little maintenance. Battery supplies 

supply and a relay enclosure buildings 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 with ratings of 10 MVA and higher. Fuses have been 

used at higher transformer ratings depending on the availability 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 have three-phase tripping capability. Like fuses, self-

powered fault interrupters are economical and require little maintenance. A battery supply is 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 does will not necessarily de-energize the fault. If the fault is not de-energized, the 

resulting single-phase service may be detrimental to the connected polyphase motors and other 

loads. If required, special protection can should be added for detecting and protecting from single-

phasing conditions. 

Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 17:35:13 UTC from IEEE Xplore.  Restrictions apply. 

Full document details: IEEE C37.91-2021

http://www.avadocuments.com/doc/ieee-c37-91-2021
http://www.avadocuments.com/doc/ieee-c37-91-2021


 

 

A typical transformer that exhibits this protection issue 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 operates will operate first and leaves 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 persists will persist until the second fuse opens. See Jensen [B85] for more in-

depth discussion of issues related to fuse protection of power transformers. 

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

transformer 
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The selection of the source side fuse and proper current rating involves considering 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). 

c) 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. 

e) 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 

several 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 include 

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. 
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7.3 Differential protection 

7.3.1 General 

While fuse protection is a simple and minimal-cost approach, many advantages are realized with 

differential protection (see Blackburn [B15 B2], Elmore [B29 B5], and Hayward [B46 B9]). These 

advantages include the following: 

― Differential protection provides faster detection of faults that can reduce damage due to the 

flow of fault currents. 

― The‖ location‖ of‖ the‖ fault‖ is‖ determined‖ more‖ precisely‖ depending‖ on‖ the‖ “size”‖ of‖ the‖

protection zone (ei.g., transformer only, transformer and + bus, transformer and + bus and + 

feeder breakers, etc.). 

― Accurate fault location allows the application of automation techniques, such as rapid 

isolation of faulted components, and restoring load. 

― 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 on 

protecting ,“Protection of power transformers” [B55 B14]). Figure 4 shows a typical differential relay 

connection diagram for a single- phase transformer of ratio 1:1. 
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Figure 4—Typical differential relay connection diagram for a single-

phase transformer 

If the ratios of CT1 and CT2 are 1:1, the operating current, Iop, which is the difference between the 

current entering one winding and the current leaving the other winding, can be represented as the 

sum of the currents entering both windings as expressed as in Equation (1): 

IOp = IW 1 – IW 2 (1) 

where 

IOp is the operating current 

IW 1 is the current in the primary winding of entering the transformer 

IW 2 is the current in the secondary winding of leaving the transformer 
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Relays of three general classes are used in current differential schemes. They are as follows: 

― Time overcurrent relays with or without an instantaneous trip unit  

― Percentage differential relays with restraint actuated by the currents going into and out of the 

protection zone 

― 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 th e protection zone 

Power transformers of 1:1 ratio are rarely used. The transformation ratio of the power transformer is 

considered should be taken into account and CT connections and ratios are selected must be such 

that the net current in the relay operating coil for any external fault is effectively zero, unless 

matching or scaling current taps are available in the relay. Various types of CT connections are used, 

and some are shown in Figure 5 through Figure 9. Paralleling of two or more CTs for connection to a 

single restraint coil or element is usually should be avoided for the most effective restraint action. 

The arrangements arrangement shown in Figure 5, Figure 6, Figure 7, and Figure 8 are typical CT 

connections when electromechanical relays and some types of solid-state relays are used for 

differential protection. In these types of applications, when configurations such as delta-wye 

transformations are used, care is needed 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. Proper grounding of the secondary circuits of CTs is should be grounded as explained 

and discussed in IEEE Std C57.13.3™‖*B76+, 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-based relays and some types of solid-state relays, all CTs are 

connected in wye as shown in Figure 9. The phase compensations are done by the software or circuit 

board jumpers (for analog relays) in the relay. The magnitude compensation in microprocessor-

based numerical relays is also done in the relay. Each set of CTs in this case is provided with a 

separate ground. Because the inputs to the relay are from wye-connected CTs, the inputs can be 

used for other protection functions, such as overcurrent and ground overcurrent protection.  
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Differential protection of transformers and its implementation in microprocessor-based numerical 

relays are is discussed in several books and published papers, e.g., ; some of these are Guzmán et al. 

[B41 B7] and [B42 B8], Murty and Smolinski [B108 B20], Murty et al. [B109 B21], Phadke and Thorp 

[B112 B22] and [B113 B23], Sachdev [B122 B28], [B123 B29], and [B124 B30], Sachdev and Nagpal 

[B125 B31], Sachdev and Shah [B126 B32], Sachdev et al. [B127 B33], Sidhu et al. [B134 B35], Thorp 

and Phadke [B147 B38], and Ziegler [B159 B42]. 

The issue of testing the differential circuits is not included in this guide; it . This is discussed in detail 

in IEEE Std C37.103™‖*B65+, IEEE Guide for Differential and Polarizing Relay Circuit Testing. 

If circuit breaker CTs are used for input to the transformer differential, bypassing the circuit breaker 

affects will affect the inputs for the differential relays. If Assuming that the differential relay is 

removed from service and there are other relay schemes are protecting the transformer, care is 

needed so 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 is not normally bypassed because a 

fault in the protected zone may should not be removed properly bypassed. 

Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 17:35:13 UTC from IEEE Xplore.  Restrictions apply. 

Full document details: IEEE C37.91-2021

http://www.avadocuments.com/doc/ieee-c37-91-2021
http://www.avadocuments.com/doc/ieee-c37-91-2021


 

 

 

 
(New) 

Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 17:35:13 UTC from IEEE Xplore.  Restrictions apply. 

Full document details: IEEE C37.91-2021

http://www.avadocuments.com/doc/ieee-c37-91-2021
http://www.avadocuments.com/doc/ieee-c37-91-2021


 

 

 

 
(Deleted) 

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 7—Typical schematic connections for differential protection of a 

wye autotransformer with loaded tertiary  

Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 17:35:13 UTC from IEEE Xplore.  Restrictions apply. 

Full document details: IEEE C37.91-2021

http://www.avadocuments.com/doc/ieee-c37-91-2021
http://www.avadocuments.com/doc/ieee-c37-91-2021

