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Redline Processing Notes:

1. Red-Fext - Red strikethrough text denotes deletions.

2. Blue Text - Blue underlined text denotes modifications and additions.
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Abstract: This guide has been prepared to assist the protection engineer in applying relays for
the protection of generators from damage caused by internal electrical faults, system faults, or
abnormal operating conditions.

Keywords: abnormal operation, combined cycle, combustion, excitation control system,
generator, ground fault, grounding, hydro, IEEE C37.102™, phase fault, steady-state stability
limit, steam, subsynchronous resonance, synchronization, system faults, system operations,
turbine
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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), 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 IEEE Societies and subcommittees of IEEE Standards
Association (IEEE SA) Board of Governors. 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 IEEE Standards documents do not
guarantee safety, security, health, or environmental protection, or guarantee against interference with or
from other devices or networks. 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
their 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.
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Translations

The IEEE consensus balloting 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.

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. Statements
made by volunteers may not represent the formal position of their employer(s) or affiliation(s).

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 subcommittees of the IEEE SA Board
of Governors are not able to provide an instant response to comments, or questions except in those cases
where the matter has previously been addressed. For the same reason, IEEE does not respond to
interpretation requests. Any person who would like to participate in evaluating comments or in revisions to
an IEEE standard is welcome to join the relevant IEEE working group. You can indicate interest in a
working group using the Interests tab in the Manage Profile and Interests area of the IEEE SA myProject
system.! An IEEE Account is needed to access the application.

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

Laws and regulations

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

Data privacy

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

! Available at: https://development.standards.ieee.org/myproject-web/public/view.html.
2 Available at: https://standards.ieee.org/thank-you/contact/.

Documents

4 Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 12:33:39 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE C37.102-2023


http://www.avadocuments.com/doc/ieee-c37-102-2023
http://www.avadocuments.com/doc/ieee-c37-102-2023

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, neither IEEE nor its licensors waive any rights in
copyright to the documents.

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

3 Available at: https://standards.ieee.org/about/contact.
4 Available at: https:/standards.ieee.org/standard/
5 Available at: https://standards.ieee.org/about/sasb/patcom/materials.
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IEEE SA Website at https:/standards.ieee.org/about/sasb/patcom/patents. 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.

IMPORTANT NOTICE

Technologies, application of technologies, and recommended procedures in various industries evolve over
time. The IEEE standards development process allows participants to review developments in industries,
technologies, and practices, and to determine what, if any, updates should be made to the IEEE standard.
During this evolution, the technologies and recommendations in IEEE standards may be implemented in
ways not foreseen during the standard’s development. 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 C37.102™-2023, IEEE Guide for AC Generator Protection.

This application guide for the protection of synchronous generators is a revision of IEEE Std C37.102-
2006. It presents a review of the generally accepted forms of protection for the synchronous generator and
its excitation system. It also summarizes the use of relays and devices and serves as a guide for the
selection of equipment to obtain adequate protection. The guide is primarily concerned with protection
against faults and abnormal operating conditions for large hydraulic, steam, and combustion turbine
generators (CTGs). It also gives some consideration to security against operation due to events at the
system level for which the generator is not taken out of service.

In this revision, the following notable changes have been made.
— Modified split-phase differential protection section to include information on impact of cutting out

and bypassing the faulted coil of a hydrogenerator (4.3.2.6.2)

— Added section on turn-to-turn stator fault detection using negative sequence directional element
(4.3.2.6.4)

— Added section on series fault protection (4.3.2.7)

— Emphasis on overall differential protection (4.3.2.8) and underreaching distance protection
(4.3.2.9) for phase fault backup protection of the generator differential

— Included improvements for selective ground fault protection for multiple generators connected to a
bus (4.3.3.2.2)

— Included section on improvements of high-impedance grounded stator ground fault—protection
schemes (4.3.3.2.3)

— Removed information on power transformer protection and directed user to the appropriate guide
(4.9)

— Included a section on voltage transformer (VT) grounding connections (5.2.3)
— Added section on supplemental inadvertent energization protection scheme (5.4.4)

— Provided additional information on subsynchronous resonance (SSR), including SSR studies
(5.5.2)

— Expanded synchronizing section with focus on synchro-check supervision (5.7.4)
— Added section on dynamic simulation (5.9)

— Removed the clause “Multifunction generator protection system” (Clause 6 in the previous
revision)

— Modified informative Annex A to use actual equipment datasheets and provide examples for the
most commonly used protective functions

— Added informative Annex B, Deriving steady-state stability limit (SSSL) equations

This guide discusses general generator ground fault protection, while IEEE Std C37.101™¢ provides
detailed generator ground fault—protection guidance. This guide also discusses general volts-per-hertz
(V/Hz) protection and provides some information about frequency protection. IEEE Std C37.106™
provides detailed guidance regarding both V/Hz and frequency protection for the generator.

¢ Information on references can be found in Clause 2.
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IEEE Guide for AC Generator Protection

1. Overview

1.1 Scope

This application guide describes fer—the—relay—protection—of synchronous—generators—presents—a
review—of the generally accepted forms of protection for the-synchronous generators generator and

their its excitation systems system. It summarizes the use and ef relays-and-devices-and-serves-as—a
guidefor-the-selection of relays and other protective devices that provide generator equipmentte

obtain—adequate-protection. The guide is primarily concerned with protection against faults and

abnormal operating conditions for large hydraulic, steam, and combustion turbine generators-

The guidance pertains recommendations—made—pertain to typical synchronous generator

installations. However, sufficient background information relating to protection requirements,

applications, and setting philosophy is given to enable the reader to evaluate the need; to select; and
to-apply suitable protection for most situations. The protective functions discussed in this guide may
be implemented with a multifunction microprocessor—based protection system (digital system). The
protection philosophy, practices, and limits are usually similar essentially—identical to those of the
implementation using discrete component relays. The algorithms used to perform some of the

protection funetions-may be different, but typically provide equivalent sheuld-preduce—equal or

better protection. The protection Hewever—the performance and capability may be superior using
the digital systems such as improved frequency response (bandwidth) and thresholds (pickup

settings). Other additional features may be available from these digital systems that enhance the

functionality such as monitoring and reporting.

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 12:33:39 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE C37.102-2023


http://www.avadocuments.com/doc/ieee-c37-102-2023
http://www.avadocuments.com/doc/ieee-c37-102-2023

This guide does not purport to detail the protective requirements of all generators in every situation.

For example, standby and emergency-use generators are specifically excluded.

1.2 Purpose

This guide summarizes the use of relays and other protective devices such that the reader may select

the necessary equipment to provide adequate protection for ac generators from short circuits and

abnormal operating conditions.

1.3 Description of the guide

Clause 3 presents a brief description of typical generator design and connections, generator
grounding practices, excitation systems design, and generating station arrangements. The-intent-of
This clause intends is to present information that affects the protection arrangement and selection of

protective relays.

A discussion of auxiliary systems system-transfer and the possible negative impacts of misoperation

and faults on these systems are beyond the scope of this guide._

The methods employed for grounding and fusing the secondary circuits of voltage transformers
(VTs) and the methods for grounding current transformer (CT) secondary circuits are not generally
the same for all installations. CT and VT secondary circuits may shewld be grounded in accordance

with IEEE Std C57.13.3™.%

Clause 4 briefly describes the damaging effects of faults and abnormal operating conditions and the
type of devices and their settings commonly used to detect these conditions. A clear understanding
of the effects of abnormalities on generators will assist the reader in evaluating the need for and the

means of obtaining adequate generator protection in many situations any-specifie sitaation.

Clause 5 presents a discussion of other forms of protection and factors that may be considered in the

generator zone.

e e e b s e e
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Clause_6 7 presents detailed diagrams that are classified according to the method by which the

generator is connected to the system. These diagrams show the combination of relays (and their
control functions funeton) often applied for generator and excitation system protection in
accordance with good engineering practices. These diagrams also consider the protective devices on
other equipment in or adjacent to the generating station that are connected to trip or shut down the

generator._

Table 2 provides a summary of the protective elements and their subclause references.

Table 3 provides guidance on equipment to be tripped or alarm for the different protective elements

and their subclause references.

Annex A describes sample calculations for settings of some common generator protection functions.-

Annex B provides derivations for the steady-state stability limit (SSSL) equations.

Annex C provides the bibliography.

1.4 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).”8

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).

7 The use of the word must is deprecated and cannot be used when stating mandatory requirements; must is used only to describe

unavoidable situations.

8 The use of will is deprecated and cannot be used when stating mandatory requirements; will is only used in statements of fact.
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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).

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 421.1™, IEEE Standard Definitions for Excitation Systems for Synchronous Machines.2-10

9 The IEEE standards or products referred to in £his-Clause 2 are trademarks owned by ef The Institute of Electrical and Electronics

Engineers, Incorporated. fae-

103 JEEE publications are available from The Institute of Electrical and Electronics Engineers (https://standards.ieee.org/). ~Fre445

7 7 7
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IEEE Std C37.91™, IEEE Guide for Protecting Protective Relay-Applicationsto-Power Transformers.

IEEE Std C37.101™, TEEE Guide for Generator Ground Protection.

IEEE Std C37.106™, TEEE Guide for Abnormal Frequency Protection for Power Generating Plants.

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

Relaying Purposes.-

IEEE Std C50.12™, IEEE Standard for Salient-Pole 50 Hz and 60 Hz Synchronous Generators and

Generator/-Motors for Hydraulic Turbine Applications Rated 5 MVA and Above.

IEEE Std C50.13™, IEEE Standard for Cylindrical-Rotor 50 Hz and 60 Hz; Synchronous Generators
Rated 10 MV A and Above.-

HEEE-Std-C5743" HEEE Standard Requirementsfor Instrument Fransformers:

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

Cases.

IEEE Std C62.92.2™, IEEE Guide for the Application of Neutral Grounding in Electrical Utility
Systems, Part Il — Greunding-ef-Synchronous Generator Systems.
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3. Description of generators, excitation systems, and generating station

arrangements_
3.1 Generator winding design and arrangements_

3.1.1 General

The stator windings of a three-phase synchronous generator consist of a number of single-turn or
multi-turn coils that are connected in series to form a single-phase circuit. One of these circuits or
several circuits connected in parallel are used to form a complete phase winding. The phase
windings are normally connected in wye with the neutral grounded through some external
impedance. Delta-connected phase windings are used occasionally but this is not a common

connection. Figure 3-1 illustrates the possible winding arrangements and connections._

The winding arrangements shown in parts a} and b_of }-4n Figure 3-1 are the configurations most
commonly used for all types of generators. When more than one circuit is used per phase as shown
in part b} of Figure 3-1, these circuits will be connected in parallel inside the machine and two leads
brought out to external connections. In general, up to three eurrent—transtormers<CTs) may be

provided at each end of the phase winding for relaying and instrumentation purposes._

In some hydrogenerator designs, there may be a number of circuits per phase and each circuit may
consist of a number of multi-turn coils connected in series. In these machines, the parallel-connected
circuits may be formed into two groups that are paralleled, and only two leads are brought out to
external connections. There may be an equal or unequal number of circuits in each group. In this

design, CTs may be provided in each phase group and in the leads to the external connections.
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Part c) in Figure 3-1 illustrates the wye-connected double-winding construction sometimes used in

large steam turbine generators. Each phase has two separate windings that are connected externally

to form two wye connections. The high-voltage terminals of each phase are connected in parallel to

form a single three-phase output. Separate wye connections are formed on the neutral end of each

winding. These neutrals may be physically at opposite ends of the machine. This arrangement is

sometimes referred to as the double-ended, 12-bushing machine and is used where the total full-load

phase current exceeds the current carrying capability of a single bushing. The bushings at each end

of the winding may accommodate three CTs.._

Part d) in Figure 1 shows a In-the delta-connected generator winding, where ; there may be one or

more paralleled circuits per phase with two leads brought out to external connections. CTs may be

provided inside the delta; at the ends of each winding, ex-outside the delta, or both._

3

(a) ONE CIRCUIT, THREE-PHASE,
6 BUSHINGS

3
{(b) TWO CIRCUIT, THREE-PHASE,
€& BUSHINGS

EXTERMNAL
CONNECTIONS

4 M 1
— + 01
ol 4

5 _ _rm 2 M o2

(c) DOUBLE-WINDING, ONE CIRCUIT, THREE-PHASE, 12 BUSHINGS

(d) DELTA CONNECTION

Figure 3-1 —Winding configurations
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3.2 Generator grounding_

3.2.1 General

It is common practice to ground all types of generators through some form of external impedance.
The purpose of this grounding is to limit the mechanical stresses and fault damage in the machine,
to limit transient voltages during faults, and to provide a means for detecting ground faults within
the machine. A complete discussion of all grounding and ground protection methods may be found

in IEEE Std C62.92.2™ and IEEE Std C37.101™, respectively. “-19931B62}.°

The methods most commonly used for generator grounding will be discussed in this guide. They are

listed in five four broad categories, as follows:_

a) High-impedance grounding (3.2.2)

b) Low-resistance grounding (3.2.3)

c) Reactance grounding (3.2.4)

d) Grounding-transformer grounding (3.2.5)

e) Hybrid impedance grounding (3.2.6)

Solid grounding of a generator neutral is not generally used since this practice may result in high
mechanical stresses and excessive fault damage in the machine. According to IEEE Std C50.13™, the
maximum stresses that a generator is normally designed to withstand are is-that associated with the
currents of a three-phase fault at the machine terminals. Because of the relatively low zero-sequence
impedance inherent in most synchronous generators, a solid phase-to-ground fault at the machine
terminals will produce winding currents that are higher than those for a three-phase fault.
Therefore, to comply with this standard, generators are grounded in such a manner to limit the
maximum phase-to-ground fault current to a magnitude equal to, or less than, the three-phase fault

current._
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Generators are sometimes net-oftenr operated ungrounded. While this approach greatly limits the

phase-to-ground fault currents; and consequently limits damage to the machine, it may produce

high transient overvoltages during faults and also makes single line-to-ground the-fault location

difficult to determine due to only the stray capacitance in the circuit.

The following subclauses provide a very brief description and typical applications of the above

grounding methods._

3.2.2 High-impedance grounding

3.2.2.1 General

Two methods of high-impedance grounding are_most commonly in use today: high-resistance

grounding and ground fault neutralizer grounding. In both methods, the primary of a distribution
transformer is connected between the generator neutral and ground, while the secondary winding
rating is 120 V or 240 V. Note that distribution transformers with internal fuses or circuit breakers

are should not be—used_to disconnect the high-impedance grounding devices, as they could

inadvertently be open and the grounding and protection scheme could be inoperative at the time of

fault. The two methods differ in their secondary connection as shown in the following subclauses.
3.2.2.2 High-resistance grounding

The high-resistance grounding method utilizes a resistor connected across the secondary of the
distribution transformer to limit the maximum ground fault current. The resistor is selected so that

for a single-phase-to-ground fault at the generator terminals, the power dissipated in the resistor is

equal to, or greater than, three times the total zero-sequence capacitive kilovolt-amperes (kVA) to

ground._
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The capacitive kVA to ground includes the generator windings and all other equipment connected
to the machine terminals. With this resistor rating, the transient overvoltages during faults will be
kept to safer safe values. For a single-phase-to-ground fault at the machine terminals, the primary
fault current will be limited to a value in the range of about 3 A to 25 A. If possible, the ground fault
current level is sheuld-be chosen such that te-eoordinate-with-the primary fuses (when used) of wye-

wye-connected VTs with grounded neutrals_will operate before generator ground fault protection

for faults in the VT circuit.

In some cases, the distribution transformer is omitted and a high value of resistance is connected
directly between the generator neutral and ground. The resistor size is selected to limit ground fault
current to the range of 3 A to 25 A. While this method of grounding is used in some parts of the
world, the physical size of the resistors, the required resistor insulation level, and the cost may

discourage the use of this method.
3.2.2.3 Ground fault neutralizer grounding (tuned inductive reactor)

The ground fault neutralizer grounding method utilizes a secondary tunable reactor to limit the
maximum ground fault current. The ohmic value of this secondary reactor is selected so that, when
reflected into the primary circuit, its reactance is equal to one-third of the total zero-sequence
capacitive reactance. This capacitive reactance includes the generator and all equipment connected
to the generator terminals up to and including the delta-connected windings of the main step-up

and station service transformers. Losses in the grounding reactor circuit and dielectric losses in the

system determine the equivalent 50 Hz or 60 Hz zero-sequence impedance and, thus, the ground

fault current. The reactor coil constant (i.e., X/R ratio) is selected to strike a balance between limiting

the ground fault current and avoiding potentially damaging overvoltages. This type of grounding

limits the single-phase-to-ground fault current to 1 A or less. This low fault current will not sustain

an arc or cause damage to the generator stator iron. Thereforegreund-fault neutralizer grounding

ad- Ground

fault neutralizer grounding may be used with all unit-system installations where a single generator

is connected through its individual wye delta generator step-up (GSU) transformer~{ertransformers)

to the system.
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The use of Alse; ground fault neutralizer grounding also allows the detection of may-detectimuch
higher-resistance ground faults compared to impedance—grounds—than—is—peossible—with high-

resistance grounding. For example, the calculated maximum detectable fault impedance for a typieal

nuclear unit of 975 MVA is 3.5 MQ M1 for ground fault neutralizer grounding (see Gulachenski and

Courville, [B81]"). The calculated —Calenlated maximum stator fault current for the a—typieal 975

MVA nuclear unit is 0.45 A. If this generator is grounded through a high-resistance grounding, the
maximum fault impedance that may be detected is 67 kQ). ki{see-Gulachenski-and-Courville {B82}-

Along with these desirable features, there are several that may be considered undesirable:

a) If automatic tripping is used, coordination with generator VT fuses may not be possible.
Faults on the secondary wiring may cause ground indications where wye-wye connected
generator VTs are used. Coordination may be achieved by various methods, see IEEE

Committee Report “Potential Transformer Application” [B97] and IEEE Power System

Relaying Committee Working Group J12 Report [B119 B+7].

b) High zero-sequence voltages and phase-to-ground overvoltages on the generator system are

possible if too high a reactor coil constant is selected for the neutralizer.

c) If surge protective equipment is used on the generator, it is selected on the basis of possible
higher temporary overvoltages during ground faults. Voltages may be kept—te within
reasonable limits by selecting a reactor coil constant in a range from 10 to 50 without

reducing the sensitivity of the fault-detection system.

115 The numbers in brackets correspond to those of the bibliography in Annex C B.
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3.2.3 Low-resistance grounding

In this method, a resistor is connected directly between the generator neutral and ground. The
resistor is selected to provide sufficient current for selective ground relaying of several machines,
feeders, or both. In general, the grounding resistor is selected to limit the generator’s contribution to
a single-phase-to-ground fault at its terminals to a value in the range of 200 A up to 150% of the
rated full-load current. Resistor cost and size usually preclude the use of resistors to limit the current

below 200 A or to permit currents significantly above machine-rated current._

This method of grounding is generally used where two or more generators are bused at generator
voltage and connected to a system through one GSU step-up-transtermer or where the generator is
connected directly to a distribution system having a low-impedance grounding source on the

generator bus._A disadvantage of this grounding method is increased damage due to a ground fault.

3.2.4 Reactance grounding

This method uses an inductive reactance between the generator neutral and ground. The inductive
reactance is selected to produce an Xo/X1 ratio at the machine terminals in the range of 1 to 10; -

Xo/X1ratioat-3-or

less; see IEEE Std C62.92.2. This method of grounding produces relatively high levels of phase-to-

ground fault currents ranging from approximately 25% to 100% of the three-phase fault current._

This grounding method is generally used where the generator is connected directly to a solidly

grounded distribution system._
3.2.5 Grounding transformer grounding

This method involves the use of a grounding transformer connected to the machine terminals or te

the generator bus. This method may be used in applications where two or more generators are

bused at generator voltage and connected to a system through one GSU. The grounding may be

provided by a zigzag transformer or a grounded wye-delta transformer, or by a grounded wye-

broken delta transformer with a resistor connected across a corner of the broken delta.
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The grounded wye-broken delta transformer with-a resistance in the corner of the broken delta is

generally a high-resistance grounded system. The resistance would be selected in the same manner
as for the distribution transformer with a secondary resistor. This method limits the single-phase-to-

ground fault current to a range of 3 A to 25 A primary._

A zigzag or grounded wye-delta transformer may be used as an alternate grounding source when a
generator with neutral reactor grounding is connected directly to a distribution system. This
approach may also be used where several ungrounded-wye or delta-connected generators are bused

at generator voltage..

A grounded wye-broken delta transformer with a resistor across the corner of the broken delta may
be used to provide a means for detecting ground faults in ungrounded-wye or delta-connected

generators._

3.2.6 Hybrid impedance grounding

Industrial generator applications may utilize a hybrid impedance grounding scheme, i.e., both high-

impedance and low-impedance grounding. This is further discussed in 4.3.3.6.
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3.3 Excitation systems

3.3.1 General

There are four basic types of excitation systems that are used to control the output of ac machines:
the dc generator commutator exciter, the alternator rectifier exciter with stationary rectifier system,
the alternator rectifier exciter with rotating rectifier system, and the static excitation system. In terms
of response times, excitation systems fall into two categories: rotating and static. Rotating exciters
respond slower than static exciters. The speed of response of the excitation system is commonly
expressed in terms of the nominal response, which indicates the speed of response during a period
of 0.5 s after a sudden 20% reduction in generator terminal voltage. Rotating exciters have a nominal
response in the range of 0.5 per unit (pu) to 1.0 pu perunit exciter volts per second. Static exciters
have a nominal response in the range of 2.5 pu perunit to 3.5 pu per-unit exciter volts per second.
The detailed effects of the excitation system nominal response on the fault current characteristics of
the generator are is beyond the scope of this guide but are is well-documented in Higgins, Holly,
and Wall [B90 B16]. While a detailed description of these systems is beyond the scope of this guide

standard, their general characteristics will be briefly described in the following subclauses._

Refer to the IEEE 421 series of standards on excitation systems, IEEE Std 421.1™ through IEEE Std

421.6™ for further guidance.

3.3.2 System with dc generator-commutator exciter_

Figure 3-2 shows a schematic of the primary elements of this system. Not shown in es this diagram
or and-thesueeceeding Figure 3-3, Figure 3-4, Figure 3-5, and Figure 3-6 are the power supplies, such
as pilot exciters, the current and potential intelligence inputs to the excitation control, etc., since they

are-essentially function funetionally the same for all systems.
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Figure 3-2 —System with dc generator commuter commutatoer exciter

In this system, a dc control signal is fed from the excitation control to the stationary field of the dc
exciter. The rotating element of the exciter then supplies a direct current through a field breaker to
the field winding of the main ac generator. The rotating armature of the dc exciter is either driven
from the same shaft as the rotating main field of the generator or may be on a separate motor-driven
shaft. In either case, a dc commutator is required on the exciter, and brushes and collector rings are
required on the rotating generator field to transmit the main generator field current. This system is

used only on the smaller or older machines._
3.3.3 System with alternator rectifier exciter and stationary rectifiers

To eliminate the problems of high-current commutation for medium and large machines, the dc
exciter is replaced by an alternator. The system of Figure 3-3 uses an alternator with a rotating dc
field winding driven from the shaft of the main ac generator. The current for this field winding is
obtained from the excitation controls through brushes and collector rings. The three-phase ac output
of the alternator is rectified through a stationary three-phase diode bridge and the direct-current

output is fed to the field winding of the generator through brushes and collector rings.
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Figure 3-3 —System with alternator rectifier, exeiter-and stationary

exciter, and stationary rectifier

3.3.4 System with alternator rectifier exciter and rotating rectifiers

(brushless exciters)

The system of Figure 3-4 again uses an alternator but by mounting the dc field winding on the stator
of the exciter and the ac armature winding on the rotor, all brushes and commutators have been
eliminated. In this system, the ac armature of the exciter, the rotating three-phase-diode bridge
rectifier, and the main field of the ac generator are all mounted on the same rotating shaft system.

All electrical connections are made along or through the center of this shaft.

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 12:33:39 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE C37.102-2023


http://www.avadocuments.com/doc/ieee-c37-102-2023
http://www.avadocuments.com/doc/ieee-c37-102-2023

ROTATING ELEMENTS

r-r—-—-—-=---=-=-=-=--=-""-"-"="-"""-"—"="-—"=-—""""="—""="="—""=—"=-—=-—= A
| |
| AC RECTIFIER 3 |
| o |
: EXCITER P j :
| |
e e e e e e e . . —— — — — — — — — — — — — — — — — — — -l
EXCITATION
CONTROLS

Figure 3-4 —System with alternator rectifier exciter and rectifiers

(brushless exciters)

3.3.5 System with static exciter

The preceding schemes typically utilize the energy directly from the prime-mover shaft to obtain the
required excitation power. Static excitation systems obtain this power from the electrical output of
the generator or the connected system. In Figure 3-5, external power CTs or power potential
transformers ¥¥s (or both) feed rectifiers in the regulating system that, in turn, supply direct current

to the main field winding of the generator through brushes and collector rings._

Some systems use only power potential transformers as input power, while some use additional
power CTs to boost the input during fault conditions when the terminal voltage is reduced. During
close-in faults, excitation systems using only potential transformers as input power may be unable to
sustain fault currents long enough for the protective relaying to operate (see Higgins, Holly, and

Wall [B90 B16]).
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In Figure 3-6 the excitation power is provided from a voltage and current source within the main
generator. The voltage source is a set of three-phase windings mounted in three generator stator
winding slots (P-bars-inFigure-3-6). These potential windings are connected to each phase of an

ungrounded-wye excitation transformer, shown as the winding labeled “P.”

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 12:33:39 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE C37.102-2023


http://www.avadocuments.com/doc/ieee-c37-102-2023
http://www.avadocuments.com/doc/ieee-c37-102-2023

The current source is achieved by passing each of the three stator main armature winding leads

through a window in each phase excitation transformer:, shown as the winding labeled “C.”

The output windings of the three single-phase excitation transformers are connected in delta, shown

as the winding labeled “F,” to supply the external bridge rectifier circuits. As indicated-inFigure3-6,

the potential windings in the stator are connected in wye through linear reactors. The neutral of the

excitation system is high-resistance grounded through a distribution transformer, thereby providing

a means for detecting possible ground faults in the potential windings and excitation transformer._

3.4 Generating station arrangements_

3.4.1 General

The selection and arrangement of protection for generators is influenced to some degree by the
method in which the generators are connected to the system and by the overall generating station
arrangement. For purposes of this guide, the following generator connections and station

arrangements will be considered:
a) Unit generator-transformer configuration

b) Unit-Generator-transformer configuration with a generator breaker on the low-voltage side of

the GSU
¢) Cross-compound generators
d) Generators sharing a GSU unit-transformer
e) Generators connected directly to a distribution system_

These configurations represent widely used generating station arrangements._
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3.4.2 Unit generator-transformer configuration

In this arrangement, a generator and its GSU transfermer{unit-transformer) are connected as a unit

to the system as shown in Figure 3-7. The generator is usually wye-connected and high-resistance

grounded through a distribution transformer. The unit transformer is most commonly a grounded

wye-delta connection._
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Figure 3-7 —Unit generator-transformer configuration

In some large steam turbine generator installations, the generator may be connected to the system
through two parallel-connected GSUs unit-transfermers, each transformer having one-half the total

generator rating._

There may be one, two, or more +we unit auxiliary auxiliaries transformers (UATSs). These may be
two-winding or three-winding transformers, depending on upen the size of the generator unit. In
most instances, the UAT wunit-auxiliariestransformer(s) is connected delta-wye with the neutral of

the wye connected to ground through some impedance._
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3.4.3Unit-Generator-transformer configuration with a generator breaker

on the low-voltage side of the GSU breakers

This arrangement, illustrated in Figure 3-8, has been used with various size seme-targe generators.

The generator is wyeconnected and high-resistance grounded through a distribution transformer.

The benefits of this configuration are fast fault removal for generaterstep-up—+GSUy and UAT
awxiliary—transformer faults and it allows te-allew the UAT auwxiliary—transformer to be used as a

startup source._

HIGH-VOLTAGE SYSTEM

GSU < e

3¢
3

<

\Y4 UAT
_<

© ki
q AUXILIARY LOAD
i 1 BUS

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 12:33:39 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE C37.102-2023


http://www.avadocuments.com/doc/ieee-c37-102-2023
http://www.avadocuments.com/doc/ieee-c37-102-2023

_ HIGH-VOLTAGE _
SYSTEM

:[ LINIT b
ANEFORMER

< <
Vv VT
UHIT
UHIT AUNILIARIES
AUXILIARIES
?{'L TRANSFORMER ?{, TEONECEEMER

i

(Peleted)

Figure 3-8—Unit —Generator-transformer configuration with a generator

breaker on the low-voltage side of the GSU breakers

3.4.4 Cross-compound generators

A common method for connecting a cross-compound generator to a system is shown in Figure 3-9.
The-Low-pressure (LP) and—the high-pressure (HP) units are bused at generator voltage and
connected to the system through a grounded wye-delta GSU. LP unit-transfermer—Both-thelow-
pressure and HP high-pressure units are usually wye-connected, and it is common recommended
practice to ground only one of the neutrals. High-resistance grounding through a distribution

transformer is commonly used._
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3.4.5 Generators sharing a GSU unittransfermer

Figure 3-10 illustrates two methods for connecting two or more generators to a system using one
GSU step-up-transfermer. In part A of Figure 3-10, two or more generators are bused at generator
voltage and a two-winding grounded wye-delta GSU wunit—transfermer is used to connect the
generators machines to the system. In part B of Figure 3-10, a number of generators are connected to
the system through a three-winding grounded wye wyedelta-delta-delta GSU transformer. Either of

these approaches may be used with small hydraulic or eembustienturbine generators{CTGs).

In either approach, neutral-resistor grounding of the generators can help provide maybe-used-in

order-to-achieve selective ground fault protection for the-machines. In some instances, the generators
may be high-resistance grounded through a distribution transformer in-order-to reduce minimize
damage due to phase-to-ground faults. However, this grounding method has the disadvantage that

it may not provide sufficient current for selective relaying.
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Figure 3-10 —Generators sharing a GSU transfermer
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3.4.6 Generators connected directly to a distribution system

Figure 3-11 shows a typical installation where generators are connected directly to a distribution

system. If the system is effectively grounded (Xo/X1 < 3, Ro/X1 < 1), the generator neutral will be

grounded with a neutral inductive reactance. As an alternative as noted in 3.2.5, 4 a bus-grounding

transformer with a neutral reactor may be applied if the generator neutral is ungrounded. If the

system is not effectively grounded, the generator neutral or grounding transformer neutral will

generally be grounded through a low ohmic value resistor. Where this is used, the feeders connected

to eff-of the bus are shall-be of the three-wire type (four-wire connections are not used), and only

three- re—phase loads are served (no single-phase line to ground loads) because the te-neutral

resistor is not sized to serve continuous current. leads-may-be-permitted)_
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Figure 3-11_ — Generator connected directly to a distribution system

4. Protection requirements_
4.1 Generator stator thermal protection_

4.1.1 General

Thermal protection for the generator stator core and windings may be provided for the following

contingencies:_
a)  Generator overload
b)  Failure of cooling systems

c¢)  Localized hot spots caused by core lamination insulation failures or by localized or rapidly

developing winding failures
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4.1.2 Generator overload

4.1.2.1 General

The continuous output capability of a generator is expressed in kilevelt-amperes{kVAj available at
the terminals at a specified frequency, voltage, and power factor. For hydrogen-cooled generators,
the output rating is usually given at the maximum and several lesser hydrogen pressures. ForCFGs;

—In general,

generators may operate successfully at rated kVA, frequency, and power factor for a voltage

variation of 5% above or below rated voltage._

Under emergency conditions, it is permissible to exceed the continuous output capability for a short

time. A plot of the stator short-time capability in accordance with IEEE Std C50.13 is shown in

Figure 12. Protective schemes to help prevent thermal damage to the stator winding utilize winding

temperature detectors or relays having time-current characteristics that conform to the short-time

capability curve. ;
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Figure 12 4-1 — Turbine-Generator armature short-time thermal

capability for balanced three-phased loading
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4.1.2.2 Winding-temperature protection

Most generators are supplied with a number of temperature sensors to monitor the stator windings.
These sensors are usually resistance temperature detectors (RTDs) and thermocouples (TCs). As the
name implies, the RTD detects temperature by the change in resistance of the sensor. A TC detects

temperature by the change in thermoelectric voltage induced at the TC junction._

These sensors are used to continuously monitor the stator winding. In attended generating stations,

the sensors may be connected to a data acquisition system for recording or alarm purposes._

In unattended stations, the sensors may be used with a relay to alarm, te-initiate corrective action, or

to-trip the unit if preset temperature limits are exceeded._

For generators with conventional (indirectly cooled) stator windings, RTDs embedded between the
top and bottom bars are used to monitor winding temperatures. For generators with inner-cooled
(directly cooled) stator windings, the stator bar coolant discharge temperature is used along with the

embedded RTDs (if equipped) to monitor the winding temperature.

The generator manufacturer may sheuld be consulted for specific recommendations on the preferred

method of monitoring these sensors and temperature limits for alarm and trip purposes._
4.1.2.3 Overcurrent protection

In some instances, generator overload protection may be provided through the use of a torque-
controlled overcurrent relay that is coordinated with the IEEE Std C50.13 short-time capability curve
of Figure 12 4+ (curve drawn using data from IEEE Std C50.13). This relay consists of an
instantaneous overcurrent (IOC) unit and a time-overcurrent unit having an extremely inverse
characteristic. The instantaneous unit is set to pick up at 115% of full-load current and is used to
torque control the time-overcurrent unit. The instantaneous unit dropout is set at sheuld-be 95% or

higher of the pickup setting.!?.

12 The terms torque control, pickup, and dropout were used for electromechanical relays and their usage has been retained for

microprocessor-based relays.
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The time-overcurrent unit is set to pick up at 75% to 100% of full-load current, and a time setting is
chosen so that-the relay operating time is 7.0 s at 218% of full-load current. With this approach, the
relay is prevented from tripping for overloads below 115% of full-load current and yet provides
tripping in a prescribed time for overloads above 115% of full-load current. The overcurrent relay
settings are showld—be provided to transmission system protection personnel for coordination

purposes._

An overload alarm may be desirable to give the operator an opportunity to reduce load in an orderly

manner. This alarm is set such that it does shewuld not give nuisance alarms for external faults and

coordinates should-coordinate with the generator overload protection if this protection is provided._

For air-cooled generators that may operate in a wide range of ambient temperatures, it is necessary
to coordinate the IEEE Std C50.13 thermal capability and the relay setting with the increased
capability of the turbine and the generator at reduced ambient temperature. Conversely, it may be
difficult to protect the generator with fer its reduced capability when the ambient temperature is

high. See A.3.16 for a coordination example performed using a thermal model.

4.1.3 Failure of cooling systems

4.1.3.1 General

Depending on upen rating and design, the generator stator core and windings may be cooled by air,
oil, hydrogen, or water. In direct-cooled (or so-called “conductor-cooled)” generators, the coolant is

in direct contact with the heat-producing conductors (the coolant flows through a hollow space

inside the conductor) of the stator winding. In indirectly or conventionally cooled generators, the

coolant cools the generator by relying on heat transfer through the insulation. For any type of
generator, a failure of the cooling system may result in rapid deterioration of the stator core

lamination insulation and/or stator winding conductors and insulation. Current-or load-based

overload protection cannot protect for this sort of overloading condition.
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4.1.3.2 Protection

In general, the generator manufacturer provides all of the necessary protection for the cooling
system. This protection is in the form of sensors such as RTDs, TCs, and flow and pressure sensors.
These devices are used to monitor the winding temperatures or the coolant temperature, flow, or
pressure. They may be connected to alarm, to automatically reduce load to safer sate levels, or to

trip._

For a particular machine, the user can sheuld check with the generator manufacturer to ascertain the
temperature limits, the protection provided, and the recommended operating procedures for a loss

of coolant.

4.1.4 Core hot spots

4.1.4.1 General

Localized hot spots in the stator core may be produced by lamination insulation failure caused by
misoperation (such as excessive leading power factor operation or overfluxing), by vibration due to
looseness (wear of insulation or fatigue of laminations), by foreign objects left in the machine, by
damage to the core during installation or maintenance, or by objects that are normally a part of the
machine (such as a nut, wedge, etc.), but become detached from their normal position and move to

the core._

The hot spots are the result of high eddy currents, produced from core flux, that find conducting
paths across the insulation between laminations. In some designs, stator laminations are electrically
shorted together on the outer diameter of the core where it attaches to the stator frame. Any contact
between laminations on the inner core bere will result in a circuit for eddy currents. The shorting of

laminations may cause melting of core steel that may be costly to repair._
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4.1.4.2 Protection

A means for detecting hot spots in air-cooled generators is through the use of RTDs and/or TCs
embedded in strategic locations. Since it is not possible or practical to cover the entire core and

windings with these detectors, this approach may provide only partial detection of hot spots._

On hydrogen-cooled generators, the presence, but not the exact location of local hot spots, may be
detected by the use of a generator core (or condition) monitor. The core monitor is an ion particle
detector that is connected to a generator in a manner that permits a constant flow of cooling gas to
pass through the monitor. Under normal conditions, the gas coolant contains no particles that may
be detected by the monitor. However, when overheating occurs, the thermal decomposition of
organic material, epoxy paint, core lamination enamel, or other insulating material produces a large

number of particles. These particles are of submicron size and are detected by the monitor.

The general location of the hot spot may be determined by laboratory analysis of the particles and

through the use of selective coatings on various parts of the machine._

In the past Atpresent, this type of protection has been is-nermally supplied on large steam turbine

generators and is connected to sound an alarm._

4.2 Field thermal protection_

4.2.1 General

Thermal protection for the generator field may be divided into two categories, as follows:
a) Protection for the main field winding circuit

b) Protection for the main rotor body, wedges, retaining ring, and amortisseur winding_
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4.2.2 Field winding protection

4.2.2.1 General

The field winding may operate continuously at a current equal to or less than that required to
produce rated kVA at rated power factor and voltage. For power factors less than rated, the
generator output is shewld-be reduced to keep the field current within these limits. The_estimated

capability curves as defined in IEEE Std 67 are determined on this basis._

Under abnormal conditions, such as short circuits and other system disturbances, it is permissible to
exceed these limits for a short time. IEEE Std C50.13 lists the short-time thermal capability for
cylindrical-rotor machines. In this standard, the field winding short-time thermal capability is given

in terms of permissible field current as a function of time as follows. :

Time (seconds 10 E 120
Fieldc g 209 113
Hoelatodh

A plot of this short-time capability is shown in Figure 13 4-2 (curve drawn using data from IEEE Std
C50.13). Protection schemes utilize this characteristic to help prevent thermal damage to the field

winding circuit._
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