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Abstract: This guide includes criteria, definitions, and test procedures for evaluating the dynamic
performance of excitation control systems for synchronous machines as applied by electric
utilities.
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Important Notices and Disclaimers Concerning IEEE Standards Documents

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

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

IEEE Standards documents (standards, recommended practices, and guides), both full-use and trial-use, are
developed within IEEE Societies and the Standards Coordinating Committees of the IEEE Standards
Association (“IEEE-SA”) Standards Board. IEEE (“the Institute”) develops its standards through a
consensus development process, approved by the American National Standards Institute (“ANSI”), which
brings together volunteers representing varied viewpoints and interests to achieve the final product.
Volunteers are not necessarily members of the Institute 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 does not warrant or represent the accuracy or content of the material contained in its standards, and
expressly disclaims all warranties (express, implied and statutory) not included in this or any other
document relating to the standard, including, but not limited to, the warranties of: merchantability; fitness
for a particular purpose; non-infringement; and quality, accuracy, effectiveness, currency, or completeness
of material. In addition, IEEE disclaims any and all conditions relating to: results; and workmanlike effort.
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:
PROCUREMENT OF 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 should be considered 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, or 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 his or her views should be considered the personal views of that individual rather than the
formal position of IEEE.

Comments on Standards

Comments for revision of IEEE Standards documents are welcome from any interested party, regardless of
membership affiliation with IEEE. However, IEEE does not provide 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 revisions to an IEEE
standard is welcome to join the relevant IEEE working group.

Comments on standards should be submitted to the following address:

Secretary, IEEE-SA Standards Board
445 Hoes Lane
Piscataway, NJ 08854 USA

Laws & Regulations

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

Copyright

IEEE draft and approved standards are copyrighted by IEEE under U.S. 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.

Photocopies

Subject to payment of the appropriate fee, 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. Permission
to photocopy portions of any individual standard for educational classroom use can also be obtained
through the Copyright Clearance Center.
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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 ten years. When a document is more than ten
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 the IEEE-SA website at
http://ieeexplore.ieee.org/xpl/standards.jsp or contact IEEE at the address listed previously. For more
information about the IEEE-SA or IEEE’s standards development process, visit the IEEE-SA website at
http://standards.ieee.org.

Errata

Errata, if any, for all IEEE standards can be accessed on the IEEE-SA website at the following URL:
http://standards.ieee.org/findstds/errata/index.html. Users are encouraged to check this URL for errata
periodically.

Patents

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 http://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.

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 14:29:32 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 421.2-2014


http://ieeexplore.ieee.org/xpl/standards.jsp
http://standards.ieee.org/index.html
http://standards.ieee.org/
http://standards.ieee.org/findstds/errata/index.html
http://standards.ieee.org/findstds/errata/index.html
http://standards.ieee.org/about/sasb/patcom/patents.html
http://www.avadocuments.com/doc/ieee-421-2-2014
http://www.avadocuments.com/doc/ieee-421-2-2014

Participants

At the time this IEEE guide was completed, the Identification, Testing, and Evaluation of the Dynamic
Performance of Excitation Control Systems Working Group had the following membership:

J. C. Agee

Martin Aten
Matthias Baechle
Michael Basler
Katherine Doyon
Markus Egretzberger

Les Hajagos, Chair
Robert Thornton-Jones, Vice-chair

Jim Feltes

Luc Gérin-Lajoie
Alexander Glaninger
Joe Hurley

Kiyong Kim
Rudiger Kutzner
Leonardo Lima

Shawn Patterson
Rich Schaefer
Uwe Seeger
Dinemayer Silva
Paul Smulders
Jose Taborda

The following members of the individual balloting committee voted on this guide. Balloters may have
voted for approval, disapproval, or abstention.

William Ackerman
J. C. Agee

Ali Al Awazi
George Bartok
Michael Basler
Wallace Binder
Thomas Blair
Steven Brockschink
Gustavo Brunello
Antonio Cardoso
James Case
Weijen Chen
Tommy Cooper
Luis Coronado
Matthew Davis
James Dymond
Ahmed ElSerafi
Gary Engmann
Robert Fenton
Jonathan Gardell
J. Travis Griffith

Robert Grondin
Randall Groves
James Gurney
Steve Hamilton
Ryusuke Hasegawa
Michael Henry
Gary Heuston
David Horvath
Dennis Horwitz
David Jackson
Innocent Kamwa
Jim Kulchisky
Saumen Kundu
Charles Lennon
William Lockley
Lawrenc Long
William Lumpkins
Greg Luri

0. Malik

John Martin

vi
Copyright © 2014 IEEE. All rights reserved.

Omar Mazzoni
Mark McGranaghan
Nigel Mcquin
James Michalec
Gary Michel
Charles Morse
Karl Mortensen
Jerry Murphy
Michael Newman
Nils Nilsson
Lorraine Padden
Shawn Patterson
Tulian Profir
Manfred Reimann
Frank Rocchio
Steven Sano

A. Schneider
William Terry
Malcolm Thaden
S. Thamilarasan
James Wilson

Documents

Document Sharing Hub

Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 14:29:32 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 421.2-2014


http://www.avadocuments.com/doc/ieee-421-2-2014
http://www.avadocuments.com/doc/ieee-421-2-2014

When the IEEE-SA Standards Board approved this guide on 27 March 2014, it had the following

membership:

Peter Balma
Farooq Bari

Ted Burse

Clint Chaplain
Stephen Dukes
Jean-Philippe Faure
Gary Hoffman

*Member Emeritus

John Kulick, Chair
Jon Walter Rosdahl, Vice-chair
Richard H. Hulett, Past Chair
Konstantinos Karachalios, Secretary

Michael Janezic Ron Peterson
Jeffrey Katz Adrian Stephens
Joseph L. Koepfinger* Peter Sutherland
David Law Yatin Trivedi
Hung Ling Phil Winston
Oleg Logvinov Don Wright
Ted Olsen Yu Yuan

Glenn Parsons

Also included are the following nonvoting IEEE-SA Standards Board liaisons:

Richard DeBlasio, DOE Representative
Michael Janezic, NIST Representative

Don Messina,
IEEE-SA Content Publishing

Malia Zaman
IEEE-SA Standards Technical Community

vii
Copyright © 2014 IEEE. All rights reserved.

Documents

Document Sharing Hub

Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 14:29:32 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 421.2-2014


http://www.avadocuments.com/doc/ieee-421-2-2014
http://www.avadocuments.com/doc/ieee-421-2-2014

Introduction

This introduction is not part of IEEE Std 421.2-2014, IEEE Recommended Practice for Overvoltage and Insulation
Coordination of Transmission Systems at 1000 kV AC and Above.

This guide presents dynamic performance criteria, definitions, and test objectives for excitation control
systems as applied by electric utilities. It should be specifically noted that the term excitation control
system refers to the entire control system including the synchronous machine and power system as well as
the excitation system.

The Working Group on Excitation Control System Dynamic Performance of the Excitation Systems and
Controls Subcommittee of the Energy Development and Power Generation Committee adopted many
definitions and performance criteria, which are common to all control systems, and derived others
specifically related to excitation control systems. In doing this, the material in IEEE Std 421.1, IEEE
Standard Definitions for Excitation Systems for Synchronous Machines and the now discontinued IEEE Std
100-1988, IEEE Standard Dictionary of Electrical and Electronics Terms (ANSI) was heavily used. Efforts
were made not to conflict with existing definitions and criteria, but to clarify, supplement, and more fully
define them as related specifically to excitation control systems. Definitions from these standards, which
are reproduced in this standard, are included in Clause 3.

In preparing this guide, the working group recognized that both factory testing and field testing of
excitation control systems and some of their components are costly and often impractical. Alternator-
rectifier excitation systems in which the terminals of the exciter may not be available may preclude field
testing of the exciter separately. Compound source excitation systems whose power is derived from the
generator currents and voltages present special difficulties. Providing a load which reasonably duplicates
the generator field characteristics, so that regulation effects and proper waveforms can be adequately
simulated, may not be economically justifiable. Field tests on units under normal operating conditions are
constrained to comply with the operating and security requirements of the power system, which often
prohibit large excursions of the excitation control system variables. For many applications, it is necessary
to devise practical test procedures for individual components and then by analytical means, to verify the
total excitation system performance.

The need for models that accurately simulate the operation of excitation control systems during system
disturbances demands effective test methods. However, the practical limitations on tests make it difficult to
measure the parameters required for models. One solution is the collection of more complete data during
system disturbances. Present instrumentation practices generally do not include the collection of data from
enough excitation control system variables to permit the data to be used for model refinement. Improving
the quantity and quality of data collected during system disturbances may be the only practical way to
obtain the data required to significantly improve the accuracy of large signal models.

This revision incorporates a general introduction to the dynamic performance classification section to aid
understanding, and the effects of excitation limiters are introduced. Clarifications have been introduced
where technology advancements have changed approaches in modelling, such as the introduction of
integral control terms whereby open-loop steady-state gain is considered infinite. Additional and improved
figures have been introduced and some typical parameters are shown. It is important to note that this
document is part of the IEEE 421 series of guides on the various aspects of excitation control systems for
synchronous generators and that the IEEE Excitation Systems and Controls Subcommittee has also
produced a tutorial on Power System Stabilization via Excitation Control which provides substantial
supplemental material.
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Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 14:29:32 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 421.2-2014


http://www.avadocuments.com/doc/ieee-421-2-2014
http://www.avadocuments.com/doc/ieee-421-2-2014

I—lasdueton

1. Scope

This guide includes criteria, definitions, and test objectives for evaluating the dynamic performance
of excitation control systems as applied by electric utilities. The term “excitation control system” (see
Figure 1) is used to distinguish the combined performance of the synchronous machine, power
system, and excitation system from that of the excitation system alone (see HtEEE-Std100-1988 JEEE

Stanrdard-Pictonan—olFlecticaband—FlochronicsermsANSHHH! and IEEE Std 421.17 -1use,
). The

primary purpose of this guide is to provide a basis for evaluating the closed-loop performance of

excitation control systems, including synchronous machines, for both large and small signal

disturbances. Confirming the adequacy of mathematical models for of excitation control systems for
use in analytical studies of power systems, identifying objectives for tests of excitation control
systems and their components, and preparing excitation system specifications and additional

standards will also be addressed (see IEEE Std 421.3™, TEEE Std 421.4™, and IEEE Std 421.5™),

Portions of this guide will also serve as educational material for people who are becoming familiar

aeguainted with excitation control systems. This guide is applicable to excitation systems used on

all sizes and types of synchronous machines including those in nuclear power facilities.

Traditionally, large signal performance (see 4.2) has been more closely associated with equipment
specification and acceptance testing, while small signal performance (see 4.3) has been more closely
associated with stability and model studies. Matching actual disturbance data with model
simulations, however, requires that both large and small signal performance criteria be considered

during design, specification, and acceptance testing.

1 IEEE publications are available from The Institute of Electrical and Electronics Engineers (http://standards.ieee.org/) HEEE Service
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Figure 1 —Block diagram of an excitation control system

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.
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IEEE Std 421.1= 3986, IEEE Standard Definitions for Excitation Systems for Synchronous Machines.!
CANSD.

IEEE Std 421.3™ TEEE Standard for High-Potential Test Requirements for Excitation Systems for

Synchronous Machines.

IEEE Std 421.4™, IEEE Guide for the Preparation of Excitation System Specifications.

IEEE Std 421.5™, JTEEE Recommended Practice for Excitation System Models for Power System

Stability Studies.

IEEE Std C50.13™, JEEE Standard for Cylindrical-Rotor 50 Hz and 60 Hz Synchronous Generators

Rated 10 MVA and Above.

3. Definitions

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

Dictionary Online should be consulted for terms not defined in this clause.? A complete set of

excitation system definitions is presented in IEEE Std 421.1™: however, definitions critical for using

this guide are repeated here with additional clarification as needed for the specific application.

Additionally, some feedback control system terms from are included.

air-gap field current: The synchronous machine field current required to produce rated voltage on

the air-gap line of the synchronous machine.

1 IEEE publications are available from The Institute of Electrical and Electronics Engineers (http://standards.ieee.org/) FEEE Service

2 JEEE Standards Dictionary Online subscription is available at: http://www.ieee.org/portal/innovate/products/standard/

standards dictionary.html.

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 14:29:32 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 421.2-2014


http://standards.ieee.org/
http://www.ieee.org/portal/innovate/products/standard/%20standards_dictionary.html.
http://www.ieee.org/portal/innovate/products/standard/%20standards_dictionary.html.
http://www.avadocuments.com/doc/ieee-421-2-2014
http://www.avadocuments.com/doc/ieee-421-2-2014

air-gap field voltage: The synchronous machine field voltage required to produce rated voltage on

the air-gap line of the synchronous machine with its field winding at 1) 75 °C for field windings

designed to operate at rating with a temperature rise of 60 °C or less; or 2) 100 °C for field

windings designed to operate at rating with a temperature rise greater than 60 °C.

NOTE—This defines one per unit excitation system voltage for use in computer representation of

excitation systems (IEEE Std 421.5™), however, this value may need to be adjusted in certain

simulations to match dvnamic responses performed with the field winding temperature at other

temperatures.?

automatic voltage regulator (AVR): This term refers to the controller that regulates the

synchronous machine terminal voltage. More recent systems frequently include limiters, field

current regulator and power system stabilizer with the AVR within the same electronic module.

The term excitation controller may be used to refer to such an electronic module to emphasize that

the included control algorithms adjust machine excitation with a wider purpose than simple

regulation of terminal voltage.

ceiling current: The maximum field direet current that the excitation system is designed able to

supply. Typically, this is related to the thermal capability of the excitation system equipment or the

synchronous machine field circuit capability frem—its—terminals—for-aspecified-time.

NOTE —There can be separate short-time and steady-state values.

ceiling voltage: The maximum direct voltage that the excitation system is designed able to supply

from its terminals under defined conditions.

dynamic response: The output voltage of a control system or intermediate point in a system

expressed as a function of time.

3 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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excitation control system: The feedback control system that includes the synchronous machine and

its excitation system. The term is used to distinguish the performance of the synchronous machine

and excitation system in conjunction with the power system from that of the excitation system alone.

excitation limiter: A control function that provides an additional input to the voltage regulator to

prevent a current, voltage, or other electrical guantity from exceeding preset limits. Typical

excitation limiters include overvoltage (OV), volts/hertz (V/Hz), instantaneous and timed

overexcitation limiter (OEL), underexcitation limiter (UEL), and stator overcurrent limiters (SCL).

Individual limiters are described in IEEE Std 421.1™,

excitation system nominal response: A figure of merit for non-high initial response excitation

systems related to the ability of the excitation system to respond to transient stability issues and to

permit comparisons of excitation systems. The nominal response describes the rate of increase of

the excitation system output voltage and is determined from the excitation system voltage response

excitation system rated current: The direct current at the excitation system output terminals that

the excitation system can supply under defined conditions of its operation. This current is at least

that value required by the synchronous machine under the most demanding continuous operating

conditions (generally resulting from synchronous machine voltage, frequency, and power factor

variations).

excitation system rated voltage: The direct voltage at the excitation system output terminals that

the excitation system provides when delivering excitation system rated current under rated

continuous load conditions of the synchronous machine with its field winding at (1) 75 °C for field

windings designed to operate at rating with a temperature rise of 60 °C or less; or (2) 100 °C for

field windings designed to operate at rating with a temperature rise greater than 60 °C.
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excitation system voltage response time: The time in seconds for the excitation voltage to attain

95% of the difference between ceiling voltage and rated field voltage under specified conditions.

frequency response characteristic (linear system): In a linear system, the frequency-dependent

relation, in both gain and phase difference, between steady-state sinusoidal inputs and the resultant

steady-state sinusoidal outputs.

high initial response (HIR): An excitation system capable of attaining 95% of the difference

between ceiling voltage and rated field voltage in 0.1 s or less under specified conditions.

large signal performance: The Response of an excitation control system, excitation system, or

elements of an excitation system to signals that are large enough se that nonlinearities must be

included in the analysis of the response to obtain realistic results are-significant.

power system stabilizer (PSS): A function An-element—orgroup—of-elements that provides an
additional input to the voltage regulator to improve the damping dyramic—performance of the

power system oscillations.

NOTE— A number of different quantities may be used as input to the power system stabilizer, such

as shaft speed, frequency, electric power, etc., or a combination of these signals.

small signal performance: The response of an excitation control system, excitation system, or

elements of an excitation system to signals that are small enough se that nonlinearities can be

disregarded in the analysis of the response, and operation can be considered to be linear are
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4. Dynamic performance classification

4.1 QOverall

The subclauses below describe methods for tuning and testing excitation system functions as

applied to synchronous generators. The techniques and discussions apply directly to analog

electronic proportional style controls with feedback from various measured signals and measured

with external testing and recording instruments. Actual excitation system equipment and test

equipment, however, have evolved from magnetic and rotating devices, through analog electronic

implementations to digital control implementations. Both the controls and the test equipment

details must be understood and the techniques described below adapted appropriately to achieve

the desired tuning goals. Additionally, modern controls may have multiple modes of operation

where gains or feedback signals are changed to allow better performance depending on unit

conditions such as start-up, on-line at full load, or shut-down. As a result, tests performed in one

operating condition, e.g., off-line, may not capture the control gains and time constants which are in

service under load. A thorough review of the control gains and time constants settings as well as

logic, which may alter these parameters, must be performed prior to embarking on a testing and

tuning program.

4.2 Large signal performance

Large signal performance is the response of an excitation control system, excitation system, or

elements of an excitation system to signals that are large enough se that nonlinearities must be

included in the analysis of the response to obtain accurate results are-significant.

The purpose of large signal performance criteria is to provide a means of evaluating excitation
system performance for severe transients that may include large variations in synchronous machine
stator voltages, synchronous machine stator currents, and induced synchronous machine field

currents; that is, for transients affecting power system transient stability.
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To assess the ability of the excitation system to improve synchronous machine performance, the

criteria must reflect the effects of operation under realistic power system disturbances. With respect

to performance testing, it is often impractical to adequately duplicate all of these effects.

In cases where tests can only be made on individual components and only at partial load or open
circuit, analytical means may be used to predict performance under actual operating conditions.
The Criteria used to that assess the large signal performance include are quantities such as dynamic
transient responses, ceiling currents and voltages, voltage response times, and nominal responses
derived from dynamic time responses (see IEEE-Std—100-1988 IEEEStandard Dictionary—of
Eleetrical-and Eleetronies Ferms{ANSH{H-and IEEE Std 421.1" 3986, EEE Standard Definitions
forExeitation-Systems—tor Syachronous Machines ANSH2]).

4.3 Small signal performance

Small signal performance is the response of an excitation control system, excitation system, or

elements of an excitation system to signals that whieh are small enough that nonlinearities can be

disregarded in the analysis of the response, and operation can be considered to be linear are

insignificant. Small signal performance of an excitation control system or its components can be
assessed from dynamic time responses, frequency responses, or by eigenvalue analysis. (See IEEE

Std 421.5, Committee Report, 1973 [B6], IEEE Tutorial Course [B23], Kundur [B29], Kundur, et al.
[B30], for examples.) References{9,110}and-HiH-

Small signal performance criteria provide a means of evaluating the response of systems for
incremental load changes, incremental voltage changes, and the incremental changes in
synchronous machine rotor speed associated with the initial stages of oscillatory dywmamie
instability (where oscillations are small enough se that nonlinearities are insignificant). Small
signal performance data provide a means for determining or verifying excitation system model
parameters for system studies (see IEEE Std 421.5, Hurley and Baldwin [B4], and Dandeno, et al.

B41]) References{4}-and{8}. The assumption of linearity limits the application of small signal

models as noted above.
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4.4 Effects of excitation limiters

A modern excitation system used on a synchronous machine may have sufficient excess

capability to supply excitation under all operating conditions. The voltage regulator utilizes various

auxiliary control and limiting functions that are designed to enhance power system performance

and reliability while protecting both the excitation system and the synchronous machine. These

limiting functions generally have no effect on the excitation output during normal operating

conditions, but protect the exciter and machine during severe unit or power system disturbances in

which the excitation system is pushed near or beyond defined operating limits (see Carleton, Bobo,

and Burt [B40], Eberly and Schaefer [B42], Overexcitation Limiting Devices [B43], Underexcitation

Limiter Models [B44], Nagy [B46], Ribeiro [B47], Rubenstein and Temoshok [B48]).

Typical excitation limiters include overvoltage, volts/hertz, overexcitation (both instantaneous and

timed), underexcitation, and stator current limiters. These limiters may act to either decrease or

increase the excitation level of the synchronous machine, depending on the type of limiter and the

power system circumstances. Where a power system stabilizer (PSS) is applied, limiters should

coordinate with PSS functions, and preferably not block the stabilizing signal. (This is more critical

for underexcitation limiters as instabilities develop more readily at reduced levels of machine field

current.)

5. Large signal performance criteria

5.1 General

The following large signal performance criteria relate to excitation control systems and, where

applicable, their components.
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To permit maximum flexibility in the design, manufacture, and application of excitation systems
eguipment, some of the performance criteria are defined under “specified conditions.” The
applicable conditions may be specified by the manufacturer or, more usually, by the equipment

purchaser to meet applicable reliability or interconnection requirements The—general nature—of

result—when—they—are-appliedinconsistently. Care must be exercised that the “under specified

conditions” clauses are interpreted in a manner consistent with the application.

It should be noted that some of the criteria discussed below cannot be directly tested and, thus,

might depend on a combination of testing and simulation techniques to be verified.

When specified in per unit (pu), the base value (1 pu) of synchronous machine field current is

normally considered to be the current required to produce rated terminal voltage on the air-gap line

(see the annex in IEEE Std 421.5 on per unit system). The corresponding value of synchronous

machine base field voltage is the air-gap field voltage as defined in Clause 3 and IEEE Std 421.1.

Sometimes, the requirements for ceiling current and ceiling voltage may be specified in multiples of

the values that produce rated terminal voltage on the synchronous machine open-circuit saturation

curve, or in percent above the values required when the synchronous machine is loaded at rated

conditions. These values should not be confused with the defined bases for field current and

voltage; hence specification of ceiling current and ceiling voltage in this way is discouraged.

When performing simulations to match dynamic responses obtained with the synchronous machine

field at temperatures other than the values given in the definitions in Clause 3, it may be necessary

to use different values of base field voltage to get the correct excitation system pu gains. However,

all performance measures are based on the use of the specified field winding temperatures. Some

simulations may include a field winding temperature (resistance) factor that can be adjusted to

match responses obtained under various conditions.
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5.2 Ceiling current

For some systems, the ability to attain ceiling current is important when the power system is

operating at reduced voltage levels or under fault conditions to achieve maximum benefit to power

system transient stability. In these cases ceiling current requirements with reduced excitation

system supply voltage may need to be specified.

When sustained overloads or prolonged disturbances are of concern, the ceiling current may be

based upon the excitation system thermal duty that identifies the maximum output current and the

required time duration.
For some applications, the ceiling current will be determined by the requirement that the
synchronous machine produces a specific value of steady-state, three-phase, short-circuit armature

current for a specified time.

In some excitation systems (especially those that require When a high valueof ceiling voltage is

required for forcing action), exciter current limiter control functions eirewits may determine the

actual ceiling current. There may be separate requirements for short-term, mid-term, and

sustained ceiling current for some excitation systems. The overexcitation limiter (OEL) and

exciter or generator field overcurrent protection should be coordinated with these requirements (see

IEEE Std C50.13™).

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 14:29:32 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 421.2-2014


http://www.avadocuments.com/doc/ieee-421-2-2014
http://www.avadocuments.com/doc/ieee-421-2-2014

Also, in some special applications, the excitation system may be required to supply both positive

and negative field current to the synchronous machine. Negative field current can be used in a

salient pole synchronous machine, operating as a condenser, to increase the reactive power

absorption. This can be useful near high-voltage direct current (HVDC) stations or long

transmission lines where extra reactive power absorption is required. A dedicated thyristor bridge

connected anti-parallel to the positive field current bridge is necessary to supply the negative field

current. The negative field current ceiling requirement will normally be smaller than the positive

ceiling value.

5.3 Ceiling voltage

field—eurrenttoward—the—eeiling—eurrent—value: The ceiling voltage provides an indication of the

voltage available to force the field current from rated field current toward ceiling current. A greater

the difference between the ceiling voltage and the rated field voltage indicates the greater the

forcing capability. Higher ceiling voltages tend to improve power system transient stability.

The no-load ceiling voltage is determined with the excitation system open-circuited (or with a

high impedance load so minimal current will flow).
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The excitation system ceiling voltage under load may be determined, as described in 8.2, by either a

steady-state or transient measurement. The ceiling voltage is determined considering a specified

supply voltage (usually rated voltage) and (if applicable) synchronous machine current H—may—be

For potential source and compound source excitation systems, whose supply depends on the

synchronous machine voltage and current, the nature of power system disturbances and specific
design parameters of the excitation control system influence the excitation system output. For such
systems, the ceiling voltage is defined based upon a specified supply voltage and (if applicable)

current. If testing is performed with a different supply voltage and (if applicable) current, analytical

means may be used to predict the ceiling voltage with the specified supply.

Some excitation systems will have both positive and negative values of ceiling voltage. Positive

ceiling voltage provides an indication of the voltage available to force the field current from rated

field current toward ceiling current, while negative ceiling voltage provides an indication of the

voltage available to force the field current to zero. Thus, large negative ceiling voltage aids in

rapidly demagnetizing the synchronous machine.

For excitation systems employing a rotating exciter, the ceiling voltage is determined at rated speed.
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5.4 Excitation System Voltage Response Time

The excitation system voltage response time is the primary means for determining if an excitation

system can be classified as high initial response. The voltage response time under load can only be

determined by a transient measurement. The time measurement begins at the time the disturbance is

initiated and ends when the dynamic response reaches 95% of the difference between ceiling

voltage and rated field voltage. Adequate inductance is required in the load so that the time to

reach 95% of the difference between ceiling voltage and rated voltage is measurable before the

current begins to increase significantly above rated current and before any current limiters operate.

The required load characteristics may not be practical to achieve in factory tests.

5.5 High initial response (HIR)

For excitation these systems with very short response time relative to the generator field time
constant and to power system characteristic swings, the shape of the initial response is not of
concern. Those systems whose voltage response time is 0.1 second or less are termed high

initial response (HIR) excitation systems. The large signal response characteristics of these systems

can be completely described by the ceiling voltage, voltage response time, and ceiling current.
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5.6 Excitation system nominal response

Eleetronies—Terms{(ANSH{1H). The nominal response is used as a figure of merit for non-HIR

excitation systems to permit comparisons of excitation systems. It is related to the ability of an

excitation system to respond to transient stability events issues—and—to—permit—comparisons—of
exeitation-systems. The basic underlying concept of nominal response, as related to power system

stability, is developed in Annex B. The half second interval was selected to associate the

nominal response with the excitation system contribution to power system transient stability.

The starting point for determining the nominal response is the time at which the disturbance is
initiated; that is, the excitation system nominal response should include any delay time that

may be present. Referring to Figure 2, the excitation system nominal response is illustrated by

line ac. This line is determined by establishing area acd = area abd. Typical values of nominal

response range from 0.2 to 2.0 pu/s with higher numbers representing more contribution to power

system transient stability.
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Figure 2 —Excitation system nominal response
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Nominal response is determined by initially operating the excitation system at rated field current of
the synchronous machine and then suddenly creating the three-phase terminal voltage input signal
conditions necessary to drive the excitation system voltage to ceiling (see IEEE Std 421.1 1080-
1988, 1EEL Standard Dictionary —of Electrical and Electronics Terms (ANSH [1}). If nominal
response is used as a figure of merit for comparing different types of excitation systems, misleading
results may be obtained if different types of limiters or differing values of inductance are permitted.
Nominal response determinations from actual dynamic timme responses obtained by recording
responses during disturbances may be misleading when compared with factory tests because of the

influence of fault induced currents in the generator field winding.

5.7 Large signal dynamic Fransient response

Many of the large signal performance criteria provide a single numerical value. Excitation system
ceiling voltage and nominal response are two examples. These criteria are useful for comparing
performance of different systems and they are valuable as design criteria that can be used to verify

that the manufacturer fulfilled specification requirements.

However, these single value criteria do not provide sufficient information in all instances for model

parameter selection or verification. A match of these values speeifieresponse can be achieved using
in models with different combinations of model parameters. This—ambiguity-can—be—reduced-by

Comparing model results with dynamic e responses can reduce this ambiguity. Thus, dynamic

Although—transient response, also {see—4-2)—is—more—frequently associated with small signal

analysis, it is a useful tool eriteria for large signal performance evaluation, especially for

applications involving the refinement or validation of computer models.
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A large signal dynamic ransient response is a time response with the input and output variables of
the component being tested, recorded as a function of time. Although dynamic ransient response is
generally associated with a step change in the input variable, it is only necessary that the change in
the input variable be large enough and fast enough that the response at the output is classified as a
large signal response for the result respense to be useful. The change to the input variable must be
specified. Any portion of the excitation control system that is commonly represented in model
studies (e.g., synchronous machine regulator, exciter, synchronous machine, excitation system, and
excitation control system) may be evaluated using the dynamic #ransient response criteria. A
dynamic timeresponse with several variables recorded simultaneously has considerable value in

the refinement or validation of large signal computer models.

6. Small signal performance criteria

6.1 General

While the large signal performance criteria can be applied to the overall excitation control system,
the excitation system, or individual components of the system, the small signal performance

criteria are commonly used to evaluate the performance of closed-loop excitation control systems.

6.2 Small signal dynamic Transient response

A typical dynamic #ransient response (to a step input) of a feedback control system is shown in

Figure 3. The principal characteristics of interest are the 10% to 90% rise time, overshoot, peak time,

and settling time as indicated.
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Figure 3 —Typical dynamic response of a feedback control system

to a step change in input

6.3 Frequency response characteristic (linear system)

In a linear system, the frequency dependent relation, in both gain and phase difference, between

steady-state sinusoidal inputs and the resultant steady-state sinusoidal outputs is called a frequency

response. Both open-loop and closed-loop frequency responses are useful for assessing the

performance of feedback control systems. For excitation systems, frequency responses of the

automatic voltage regulator control loop are of primary interest. {see JEEE-Std-42111986,1EEE

6.3.1 Open-loop frequency response
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Typical open-loop frequency response characteristics of an excitation control system with the
synchronous machine open-circuited (off-line) are shown in Figure 4. The principal characteristics of
interest are the low frequency gain, G, gain crossover frequency, w. phase margin, ¢m, and gain

margin, Gm.

It is usually not practical to measure the open-loop frequency response characteristics of excitation

control systems directly during field testing; however, many analysis techniques and instruments

provide the tools for developing the open-loop transfer function of an excitation system from closed-

1OOD measurements.

Open-loop frequency response characteristics are useful in determining gain margin and phase
margin, both of which are measures of relative stability. Relative stability of a closed-loop control
system can be determined from the properties of the Bode plot of the open-loop transfer function.
However, this method can be used only if the open-loop transfer function does not have any poles

and/or zeros in the right half s plane (minimum phase characteristics).
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Figure 4 —Typical open-loop frequency response of an excitation

control system with the synchronous machine open-circuited

Relative stability of a feedback control system is measured in terms of the gain and phase margins.
For a minimum phase system, which is stable with the feedback loop open, the gain and phase
margins must be positive in order for the system to be stable with the feedback loop closed.
Negative gain and phase margins mean that the system will be unstable with the feedback loop
closed. In general, a gain margin of 6 dB or more and a phase margin of 40° or more is

recommended for most feedback control systems.

The process of determining stability of non-minimum phase (poles and /or zeros in the right half s
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