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Abstract: Excitation system and power system stabilizer models suitable for use in large-scale
system stability studies are presented. Important excitation limiters and supplementary controls
are also included. The model structures presented are intended to facilitate the use of field test
data as a means of obtaining model parameters. The models are, however, reduced order
models and do not necessarily represent all of the control loops of any particular system. The
models are valid for frequency deviations of 5% from rated frequency and oscillation frequencies
up to 3 Hz. These models would not normally be adequate for use in studies of subsynchronous
resonance or other shaft torsional interaction behavior. Delayed protective and control features
that may come into play in long-term dynamic performance studies are not represented. A sample
set of data for each of the models, for at least one particular application, is provided.

Keywords: excitation limiter models, excitation systems models, IEEE 421.5™ power system
stability, power system stabilizer models
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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 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 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.

Copyrights

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/Xplore/ 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.iece.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
Copyright © 2016 IEEE. All rights reserved. Document Sharing Hub

Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 14:36:55 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 421.5-2016


http://ieeexplore.ieee.org/xpl/standards.jsp
http://standards.ieee.org/
http://standards.ieee.org/findstds/errata/index.html
http://standards.ieee.org/about/sasb/patcom/patents.html
http://www.avadocuments.com/doc/ieee-421-5-2016
http://www.avadocuments.com/doc/ieee-421-5-2016

Participants

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

Les Hajagos, Chair
Robert Thornton-Jones, Vice Chair
Leonardo Lima, Secretary

Matthias Baechle

Michael Basler

Michael Faltas

James Feltes

Namal Fernando

Luc Gerin-Lajoie

Alexander Glaninger-Katschnig
Joseph Hurley

Chavdar Ivanov

Kiyong Kim
Ruediger Kutzner
Eric Lambert
Shawn McMullen
Richard Mummert
Shawn Patterson
Juan Sanchez-Gasca
Richard Schaefer

Alexander Schneider
Uwe Seeger

Jay Senthil
Dinemayer Silva
Paul Smulders

Kurt Sullivan

José Taborda

David Thumser
Stephane Vignola

The following members of the individual balloting committee voted on this recommended practice.

Balloters may have voted for approval, disapproval, or abstention.

Ali Al Awazi
Eugene Asbury
Matthias Baechle
Michael Basler
Andrew Bennett
William Bloethe
Gustavo Brunello
Luis Coronado
Matthew Davis
Gary Donner
Namal Fernando
Rostyslaw Fostiak
Alexander Glaninger-Katschnig
Randall Groves
James Gurney
Les Hajagos
Werner Hoelzl
Benjamin Hynes

Relu Ilie

Richard Jackson
Innocent Kamwa
Yuri Khersonsky
Jim Kulchisky
Andreas Kunkel
Ruediger Kutzner
Michael Lauxman
Leonardo Lima
Om Malik

Shawn McMullen
Charles Morse
Arthur Neubauer
Michael Newman
Pierre Ouellette
Lorraine Padden
Eli Pajuelo
Shawn Patterson

vi

Copyright © 2016 IEEE. All rights reserved.

Howard Penrose
Christopher Petrola
Steven Sano

Richard Schaefer
Alexander Schneider
Uwe Seeger

Paul Smulders

Kurt Sullivan

José Taborda

Robert Thornton-Jones
David Thumser
James Timperley
Eric Toft

James Van De Ligt
Gerald Vaughn

John Vergis
Kenneth White

Jian Yu

Documents

Document Sharing Hub

Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 14:36:55 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 421.5-2016


http://www.avadocuments.com/doc/ieee-421-5-2016
http://www.avadocuments.com/doc/ieee-421-5-2016

When the IEEE-SA Standards Board approved this recommended practice on 15 May 2016, it had the
following membership:

Jean-Philippe Faure, Chair
Ted Burse, Vice Chair
John D. Kulick, Past Chair
Konstantinos Karachalios, Secretary

Chuck Adams Ronald W. Hotchkiss Mehmet Ulema

Masayuki Ariyoshi Michael Janezic Yingli Wen

Stephen Dukes Joseph L. Koepfinger* Howard Wolfman

Jianbin Fan Hung Ling Don Wright

J. Travis Griffith Kevin Lu Yu Yuan

Gary Hoffman Annette D. Reilly Daidi Zhong
Gary Robinson

*Member Emeritus

» Documents
Copyright © 2016 IEEE. All rights reserved. Document Sharing Hub

Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 14:36:55 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 421.5-2016


http://www.avadocuments.com/doc/ieee-421-5-2016
http://www.avadocuments.com/doc/ieee-421-5-2016

Introduction

This introduction is not part of IEEE Std 421.5™-2016, IEEE Recommended Practice for Excitation System Models
for Power System Stability Studies.

Excitation system models suitable for use in large-scale system stability studies are presented in this
recommended practice. With these models, most of the excitation systems presently in widespread use on
large, system-connected, synchronous machines in North America can be represented.

This recommended practice applies to excitation systems applied on synchronous machines, which include
synchronous generators, synchronous motors, and synchronous condensers. Since most applications of this
recommended practice involve excitation systems applied to synchronous generators, the term generator is
often used instead of synchronous machine. Unless otherwise specified, use of the term generator in this
document should be interpreted as applying to the synchronous machine in general, including motors and
synchronous condensers.

In 1968, models for the systems in use at that time were presented by the Excitation Systems Subcommittee
and were widely used by the industry. Improved models that reflected advances in equipment and better
modeling practices were developed and published in the IEEE Transactions on Power Apparatus and
Systems in 1981. These models included representation of more recently developed systems and some of
the supplementary excitation control features commonly used with them. In 1992 the 1981 models were
updated and presented in the form of the recommended practice IEEE Std 421.5. In 2005 this document
was further revised to add information on reactive differential compensation, excitation limiters, power
factor and var controllers, and new models incorporating proportional-integral-derivative (PID) control.

The model structures presented are intended to facilitate the use of field test data as a means of obtaining
model parameters. The models are, however, reduced order models and do not necessarily represent all of
the control loops of any particular system. The models are valid for frequency deviations of 5% from
rated frequency and oscillation frequencies up to 3 Hz. These models would not normally be adequate for
use in studies of subsynchronous resonance or other shaft torsional interaction behavior. Delayed protective
and control features that may come into play in long-term dynamic performance studies are not
represented. A sample set of data for each of the models, for at least one particular application, is provided.
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IEEE Recommended Practice for Excitation System Models for Power

System Stability Studies

IMPORTANT NOTICE: IEEE Standards documents are not intended to ensure safety, security,

health, or environmental protection, or ensure against interference with or from other devices or

networks. Implementers 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.

This IEEE document is made available for use subject to important notices and legal disclaimers.

These notices and disclaimers appear in all publications containing this document and may be

found under the heading “Important Notice” or “Important Notices and Disclaimers Concerning

IEEE Documents.” They can also be obtained on request from IEEE or viewed at

http://standards.ieee.org/IPR/disclaimers.html.
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1. Overview

1.1 Scope

This document provides mathematical models for computer simulation studies of excitation systems

and their associated controls for three-phase synchronous generators. The equipment modeled

includes the automatic voltage regulator (AVR) as well as supplementary controls including reactive

current compensation, power system stabilizers, overexcitation and underexcitation limiters, and

stator current limiters. This revision is an update of the recommended practice and includes models

of new devices which have become available since the previous revision, as well as updates to some

existing models.

1.2 Background

When the behavior of synchronous machines is to be simulated accurately in power system stability

studies, it is essential that the excitation systems of the synchronous machines be modeled in

sufficient detail (see Byerly and Kimbark [BZ B1], Kundur [B33]1). The desired models mustshould

be suitable for representing the actual excitation equipment performance for large, severe

disturbances as well as for small perturbations.

1 The numbers in brackets correspond to those of the bibliography in Annex J.
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A 1968 IEEE Committee Report {see{B18}) [B21] provided initial excitation system reference models.
It established a common nomenclature, presented mathematical models for excitation systems then
in common use, and defined parameters for those models. A 1981 report {see tEEE-Committee
Repert{B20})[B23] extended that work. It provided models for newer types of excitation equipment

not covered previously as well as improved models for older equipment.

This deeument; recommended practice, while based heavily on its previous version from 2005 and

the 1981 report [B23], is intended to again update the proposed models, provide models for

additional control features or new designs introduced since the previous version of the standard

was published, and formalize those models i into a recommended practice. Modeling work outside
of the IEEE is documented in IEC/TR 60034- 16-2 [B19]. Additional background is found in_the 1973
IEEE Committee Report [B22]

To provide continuity between data collected using successive editions of this standard, a suffix “A”

is used for the designation of models introduced or modified in IEEE Std 421.5-1992; a suffix “B” is

used for models introduced or modified in thistatestrecommended-practiceIEEE Std 421.5-2005;

and new models, introduced or modified in this version of the standard, are identified by the suffix

I/C 7

Where possible, the supplied models are cross-referenced to commercial equipment and vendor
names shown in Annex I. This information is given for the convenience of users of this
recommended—praetice standard and does not constitute an endorsement by the IEEE of these
products. The models thus referenced may be appropriate for egquivalent similar excitation systems
supplied by other manufacturers. A sample set of data (not necessarily typical) for each of the

models, for at least one particular application, is provided in Annex H.
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The specification of actual excitation systems should follow IEEE Std 421.4™ while the

identification, testing, and evaluation of the dynamic performance of these excitation systems are

covered in IEEE Std 421.2™. Some specific definitions applicable to excitation systems are given in

IEEE Std 421.1™.

The models presented in this recommended practice are adequate to represent excitation systems

that have been designed and commissioned per these IEEE 421 standards. On the other hand,

simulation models are often used to assess the impact of equipment that did not follow accepted

practices or requirements, so the models presented in this recommended practice might also be used

to represent equipment that does not fulfill the requirements posed by these IEEE 421 standards. It

should be recognized, though, that the models presented in this recommended practice might not be

adequate to represent equipment that is far from the requirements and recommended practices in

these IEEE 421 standards.

It should also be recognized that IEEE Std 115™, despite being a standard focusing on testing the

synchronous machine, is directly related to the excitation systems on these machines and therefore

to the models presented in this recommended practice. The dynamic response of an excitation

system cannot be properly tested and assessed without the associated model for the synchronous

machine, which is assumed in this standard to have been determined based on the tests and

methods described in IEEE Std 115.
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1.3 Limitations

Toseme-extent-The model structures presented in this deeument standard are intended to facilitate
the use of field test data as a means of obtaining model parameters. are However, The-models-these
are reduced order models ane they which do not necessarily represent all of the control loops of any
particular system. In some cases, the model used may represent a substantial reduction, resulting in

large differences between the structure of the model and the physical system.

The excitation system models presented in this standard are suitable for the analysis of transient

stability and small-signal stability (rotor angle stability), as defined by the IEEE/CIGRE Joint Task

Force [B20]. These models are also suitable for short-term simulations associated with frequency

stability and voltage stability. In particular, all these excitation system models are appropriate for

use with the generator models defined in IEEE Std 1110™ [B24].

The exeitation—systems models themselves do not allow for regulator modulation as a function of
system frequency, an inherent characteristic of some older excitation systems. The models are valid

for frequency deviations of +5% from rated frequency and oscillation frequencies up to about 3 Hz.

These models would not normally be adequate for use in studies of subsynchronous resonance, or

other shaft torsional interaction preblems behavior, as these studies would require modeling of

higher frequency phenomena beyond the 3 Hz threshold indicated above. Delayed protective and

control functions that may come into play in long-term dynamic performance studies are not

represented. See additional information in Annex F.
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These models might be a good starting point for long-term simulations, but they have not been

defined in this standard with the requirements for long-term simulations in mind. It is expected that

more detailed models might be required for long-term simulations, particularly when slower

dvnamic phenomena such as heating and temperatures might be of concern.

1.4 Summary of changes and equivalence of models

Table 1 to Table 9 summarize the evolution of the models since the 1992 edition of this

recommended practice. These tables also provide a brief description of the latest updates to these

models.

Table 1—Summary of changes in IEEE Std 421.5 Type DC models

Model name

Version of IEEE Std 421.5

2016 2005 1992

Changes

DCIC DCI1A DCI1A

Additional options for connecting OEL linuts and additional limit Vg,

DCac DC2A DC2A

Additional options for connecting OEL limits and additional limit Ve

DC3A DC3A DC3A

No changes

DC4C DC4B n/a

Additional options for connecting OEL and UEL inputs

New
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Table 2—Summary of changes in IEEE Std 421.5 Type AC models

Model name
Version of IEEE Std 421.5 Changes

2016 2005 1992
ACIC ACI1A ACI1A | Additional options for connecting OEL and UEL inputs and limits on the rotating
exciter model
AcCac AC2A AC2A | Additional options for connecting OEL and UEL inputs and lower limit on the
rotating exciter model
AC3C AC3A AC3A | Additional options for connecting OEL and UEL inputs and inclusion of a
proportional-integral-dervative (PID) controller option for the automatic voltage
regulator
AC4C AC4A AC4A | Additional options for connecting OEL and UEL inputs
ACsC ACSA ACS5A | Additional options for connecting OEL and UEL inputs and modified model for
the representation of the rotating exciter
ACeC ACBA ACG6A | Additional options for connecting OEL and UEL inputs

AcCic ACTB n/a Additional options for connecting OEL and UEL mputs, and additional flexibility
for the representation of the controlled rectifier power source

ACSBC ACSB n/a Additional options for connecting OEL and UEL mputs, and additional flexibility
for the representation of the controlled rectifier power source

AC9C n/a n/a New model

AcCl0C n'a n'a New model

ACLIC n'a n'a New model

New

Table 3—Summary of changes in IEEE Std 421.5 Type ST models

Model name
Version of IEEE Std 421.5 Changes
2016 2005 1992
STIC ST1A ST1A | Additional options for connecting OEL imput
ST2C ST2A ST2A Additional options for connecting OEL and UEL inputs, modified parameters for
the representation of the power source, and additional PI control block
ST3C ST3A ST3A Additional options for connecting OEL and UEL inputs, modified position for the
block representing the rectifier bridge dynamic response, and additional PI control
block
ST4C ST4B n'a Additional options for connecting OEL and UEL inputs and additional block with
time constant, 7;. Additional time constant, T in the feedback path with gain, K
ST5C ST5B n/a Additional options for connecting OEL and UEL inputs
STe6C ST6B n/a Additional options for connecting OEL and UEL inputs and additional block with
time constant T4
STIC ST7TB n/a Additional time constant T,
ST8C n/a n'a New model
STOC n/a n'a New model
ST10C n/a n'a New model
New
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Table 4—Summary of changes in IEEE Std 421.5 Type PSS models

Model name
Version of IEEE Std 421.5 Changes
2016 2005 1992
PSS1A PSS1A No changes
PSS2C PSS2B PSS2A | Added fourth lead-lag phase compensation block and output logic
PSS3C PSS3B n/a Added output logic
PSS4C PSS4B n/a Added fourth band, the very low-frequency band
PSS5C n/a n/a New model
PSS6C n/a n/a New model
PSSTC n/a n/a New model
New

Table 5—Summary of changes in IEEE Std 421.5 Type OEL models

Model name
Version of IEEE Std 421.5 Changes
2016 2005 1992
OEL1IB | OELI1B No changes
OEL2C n/a n/a New model
OEL3C n/a n/a New model
OELAC n/a n/a New model
OEL5C n/a n/a New model
New

Table 6 —Summary of changes in IEEE Std 421.5 Type UEL models

Model name

Version of IEEE Std 421.5 Changes
2016 2005 1992
UEL1 UEL1 No changes
UEL2C UEL2 n/a Added logic for the voltage bias, additional time constant, and ability to represent

gain adjustment as a function of generator dispatch. Removed the input signal
VFB and associated dynamic compensation parameters Kgz and Ty

New
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Table 7—Summary of changes in IEEE Std 421.5 Type PF models

Model name
Version of IEEE Std 421.5 Changes
2016 2005 1992
PF type 1 PF type 1 n/a No changes
PF type 2 PF type 2 n/a No changes

New

Table 8 —Summary of changes in IEEE Std 421.5 Type VAR models

Model name
Version of IEEE Std 421.5 Changes
2016 2005 1992
VAR type 1 VAR type 1 n/a No changes
VAR type 3 VAR type 2 n'a No changes

New

Table 9—Summary of changes in IEEE Std 421.5 Type SCL models

Model name
Version of IEEE Std 421.5 Changes
2016 2005 1992
SCL1C n/a n/a New model
SCL2C n/a n/a New model

New
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2. Normative references

The following referenced documents are indispensable for the application of this document-_(i.e.,

they must be understood and used, so each referenced document is cited in text and its relationship

to this document is explained). For dated references, only the edition cited applies. For undated

references, the latest edition of the referenced document (including any amendments or corrigenda)

applies.

IEEE Std 115™, IEEE Guide for Test Procedures for Synchronous Machines: Part I— Acceptance and

Performance Testing; and Part II—Test Procedures and Parameter Determination for Dynamic

Analysis.zu3

IEEE Std 421.1™, IEEE Standard Definitions for Excitation Systems for Synchronous Machines.

IEEE Std 421.2™, IEEE Guide for Identification, Testing, and Evaluation of the Dynamic

Performance of Excitation Control Systems.

2—IEEE publications are available from The Institute of Electrica and Electronics Engineers (http://standards.ieee.org/).

3 The IEEE standards or products referred to in this clause are trademarks of The Institute of Electrical and Electronics Engineers,

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

3. Definitions, acronyms, and abbreviations

For the purposes of this document, the excitation system definitions presented in IEEE Std 421.1

apply. The IEEE Standards Dictionary Online should be consulted for terms not defined in IEEE Std

2114

4. Representation of synchronous machine excitation systems in power

system studies

The general functional block diagram shown in Figure 1 indicates various synchronous machine
excitation subsystems. These subsystems may include a terminal voltage transducer and load
compensator, excitation control elements, an exciter, and, in many instances, a power system
stabilizer-PSS}. Supplementary discontinuous excitation control may also be employed. Models for

all of these functions are presented in this recommended practice.

4IEEE Standards Dictionary Online is available at: http://ieeexplore.ieee.org/xpls/dictionary.jsp.
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The synchronous machine terminal conditions, used as inputs to the different subsystems shown in

Figure 1 (e.g., V, I, P, Q, pf, VS]) are usually measured or calculated from the generator potential and

current transformer signals in the excitation system. In this standard, these values are considered to

be the positive sequence, fundamental frequency components (phasor measurements) associated

with these quantities.

Excitation control elements include both excitation regulating and stabilizing functions. The terms
excitation system stabilizer and transient gain reduction are used to describe circuits in several of the
models encompassed by the—"excitation control elements—shews” in Figure 3-1 that affect the

stability and response of those systems. Annex A describes nomenclature used in Figure 1.

Recently, modeling of field current limiters has become increasingly important, resulting in the

addition—to—this—recommended—practice—expansion of Clause 9 10 and Clause 11 describing

overexcitation and underexcitation limiters (OELs and UELs) respectively, and the addition of

Clause 12 describing stator current limiters (SCLs). The individual excitation system models in this

doeument recommended practice show how the output signals from such limiters (VOEL _and-,

VUEL.and VSCL) would normally be connected.

The output of the OEL and UEL models may be received as an input to the excitation system (VOEL

and VUEL) at various locations, either as a summing input or as a gated input;; but, for any one

application of the excitation system model, only one ef-these-inputs connection for the VOFEL signal

and one connection for the V{JEI. connection would be used. The selection of the connection

location for each of these signals should be independent of each other.
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Similar to the OEL and UEL models, the SCL. model may represent either a summation point or a

take-over action. But, unlike the OEL and UEL models, the SCL. model should define the signal

VSCILsum when representing a summation point action, but should define two signals, VSCJ 0el and

VSCILuel, when representing a take-over action.

In the implementation of all of the models, provision should be made for handling zero values of

parameters. For some zero values, it may be appropriate to bypass entire blocks of a model.

The per-unit(pw) system used for modeling the excitation system is described in Annex B.
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Figure 1— General Functional block diagram for synchronous machine

excitation control system

Three distinctive types of excitation systems are identified on the basis of excitation power source-as

follows:

—  Type DC excitation systems, which utilize a direct current generator with a commutator as the

source of excitation system power (see-Clause 6)

—  Type AC excitation systems, which use an alternator and either stationary or rotating rectifiers

to produce the direct current needed for the synchronous machine field (see-Clause 7)
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—  Type ST excitation systems, in which excitation power is supplied through transformers or

auxiliary generator windings and rectifiers (see-Clause 8)

The following key accessory functions common to most excitation systems are also identified and

described asfelows:

— Voltage sensing and load compensation (see Clause 5)

— Power system stabilizer (see Clause 9)

— Overexcitation limiter (see-Clause 10)

— Underexcitation limiter (see-Clause 11)

— Stator current limiter (Clause 12)

— Power factor and var control (see-Clause 13)

— Discontinuous excitation controls (see-Clause 14)
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Modern excitation systems typically offer several different limiting functions such as OELs, UELs,

stator current limiters (SCL), and volts-per-hertz (V/Hz) limiters. Previous versions of this

recommended practice included models for the OEL and UEL, and this version is introducing

models for the SCL, but not for the V/Hz limiter. This is not a reflection on the availability of V/Hz

limiters in actual field installations, but rather on the industry’s ability to develop a consensus on

standard models and block diagrams to represent them.

Therefore, it is expected that future revisions of this recommended practice might include additional

models for the SCL and possibly introduce models for the V/Hz limiter. Generally speaking, limiters

are connected to the excitation system models in one of three possible ways:

— As an additional signal added to the voltage error calculation (AVR summing input)

As a take-over signal, input to a high- or low-value logic gate in the excitation system model

— As part of an upper or lower limit in the excitation system model

Thus, it is expected that future revisions of this recommended practice might also require changes to

the existing excitation system models to clearly indicate how these SCL and V/Hz limiter models

would be connected.
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Most excitation systems represented by the Type AC and ST models allow only positive current flow
to the field winding of the machine, although some systems allow negative voltage forcing until the
current decays to zero. Special provisions are made to allow the flow of negative field current when
it is induced by the synchronous machine. Methods of accommodating this in the machine/excitation

system interface for special studies are described in Annex G.

5. Synchronous machine terminal voltage transducer and current

compensator compensation models

5.1 Terminal voltage sensing time constant

The terminal voltage of the synchronous machine is sensed and is usually reduced to a dc quantity.

While the filtering associated with the voltage transducer may be complex, it can usually be

represented, for modeling purposes, by a single equivalent time constant TR shown in Figure 2. For

many systems, this time constant is very small and provision should be made to set it to zero.

It is realized that, for some systems, there may be separate and different time constants associated

with the functions of voltage sensing and current compensation (see 5.2). This distinction does not

normally need to be considered for modeling and in this document only one equivalent time

constant, TR, is used for the combined voltage sensing and compensation signal. Single-phase

voltage and current sensing, in general, requires a longer time constant in the sensing circuitry to

eliminate ripple.
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5.2 Current compensation

Several types of compensation are available on most excitation systems. Synchronous machine active

and reactive current compensation are the most common in modern digital controllers. Either

reaetive-droop compensation and/or line drop compensation may be used, simulating an impedance

drop and effectively regulating a calculated voltage at some point other than the terminals of the

machine.

Droop compensation takes its name from the drooping (declining) voltage profile with increasing
reaetive-power output on the unit. Line-drop compensation, also referred to as transformer-drop
compensation, refers to the act of regulating voltage at a point partway within a generator’s step-up
transformer or, less frequently, somewhere along the transmission system. This form of
compensation produces a rising voltage profile at the generator terminals for increases in reaetive

output power.

A block diagram of the terminal voltage transducer and the load compensator is shown in Figure 2.
These model elements are common to all excitation system models described in this document. s

realized Note that;

this-medel-in-which-only-one_TR is used to denote the equivalent time constant,—FR-isusee for the

combined voltage sensing and compensation signal- Single-phase-voltage-and-eurrent-sensing-will;
in-generalrequire-alonger-time-eonstantin-, as described in 5.1. The terminal voltage of the sensing

sensed—and—is—usuallyreduced—to—a—dequantity- synchronous machine is sensed and is usually

reduced to a dc quantity. While the filtering associated with the voltage transducer may be complex,
it can usually be redueed approximated, for modeling purposes, to the single time constant, TR,
shown. For many systems, this time constant is very small and provision should be made to set it to

Zero.
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Figure 2 represents legacy systems described by Rubenstein and Wakley [B48] and it should be

noted that the actual implementation of current compensation in modern digital exciters might not

follow this exact phasor calculation. When current compensation is not employed (RC = XC = 0), the

block diagram reduces to a simple sensing circuit. When compensation is desired, the appropriate

values of RC and X are entered. In most cases, the value of R( is negligible, and usually neglected.

In these cases, the reactive component of current is resolved to a scalar value, as is the terminal

voltage

the-compensator-ealenlation. Care must should be taken in order to ensure-that have a consistent pu

per-unit system utilized for the compensator parameters and the synchronous machine current base.

Ve
—¥ _ ) _ Ve 1 Ve
Ves=Vr+HRe+Ke) | —
» 1+5Tx

Figure 2—Terminal voltage transducer and optional lead current-

compensation elements
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The terminal voltage transducer output, VC, is compared with a reference that represents the desired
terminal voltage setting, as shown on each of the excitation system models. The equivalent voltage
regulator reference signal, VREF, is calculated to satisfy the initial operating conditions. H—will;
Therefore take, it takes on a value unique to the synchronous machine load condition being studied.
The resulting error is amplified as described in the appropriate excitation system model to provide
the field voltage and subsequent terminal voltage to satisfy the steady-state loop equations. Without
lead current compensation, the excitation system, within its regulation characteristics, attempts to

maintain a terminal voltage determined by the reference signal.

This type of compensation is normally used in one of the following two ways:

a) Droop compensation—When synchronous machines are bused-together connected to the same

terminal bus with no impedance between them, the—cempensater droop compensation is

used to create artificial coupling impedance so that the machines will share reactive power

appropriately and is mandatory for the stable operation of these parallel units. This

corresponds to the choice of a regulating point within the synchronous machine. For this

case, XC would have be a positive values value and RC would be greater than or equal to

Zero.

b) Line drop compensation—When a single synchronous machine is connected through

significant impedance to the system, or when two or more machines are connected through
individual transformers, it may be desirable to regulate voltage at a point beyond the
machine terminals. For example, it may be desirable to compensate for a portion of the
transformer impedance and effectively regulate voltage at a point part way through the step-

up transformer. For these cases, Rc and-XC would take-en-the be an appropriate negative

valaes value, while RC would be less than or equal to zero.
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Some compensator circuits act to modify terminal voltage as a function of reactive and real power,

instead of reactive and real components of current. Although the model provided will-be in Figure 2

is equivalent to these circuits only near rated terminal voltage, more precise representation has not

been deemed worthwhile. These and other forms of compensation are described i by Rubenstein

and Wakley [B39 B48].

5.2.1 Cross-current compensation

The automatie voltageregulator {AVR) feedback signal can include inputs from other synchronous

machines when where the machines are connected together on a low-voltage bus and share a

common main output transformer. A general form of the AVR feedback signal for unit 1, V1, is

writtenas-shown in Equation (1).

Vel = ‘P_’I +(Ren + X en M + (Ren + X enn M

(1)

New

Ve = [ Vi + Ry + X oy iR e (1)

—— —

Peleted)

where

Iy

Y is the ac terminal voltage (phasor) common to both ©fthe generators

1T7i s the ac terminal current flew (phasor) flowing out of generator i
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Rcij  is the resistive component of compensation of generator i for current flow out of generator j

XCij  is the reactive component of compensation of generator i for current flow out of generator j

The subscripts identify the signals associated with each of the two generators. The first subscript
indicates the unit to which the load compensation is connected, while the second subscript indicates
the source of the current signal to the compensation. This is the general form of the single machine
compensation feund—on—all—utilitygenerators (i.e, with RC12, XC12 equal to zero). A similar
equation applies to the AVR input for the second unit with appropriate substitution of inputs and
subscripts. This can be readily extended to more generators by including additional compensation

terms.

In practice, the resistive component of compensation is rarely required on generators synchronized
to large grids over high-voltage interconnections. This component of compensation is not even
available on some manufacturer’s manufacturers’ designs. To simplify analysis, the resistive
component of compensation is assumed to be zero, and the current signals are resolved into two

components-as, shown in Equation (2).

7 i Pr—jOr _ I S e
S R T @
New
| IT - f'p— ; ———————— [2]
Peleted)
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where

|V1’| is the magnitude of the ac terminal voltage (phasor) of the generator

I; is the ac terminal current (phasor) flowing out of the generator, considering the

terminal voltage of the generator as the reference for phasor angles

5; is the complex conjugate of the ac apparent power output flowing out of the generator
Pt is the active power output flowing out of the generator
QI is the reactive power output flowing out of the generator
Ip is the active current component of the terminal current, the component in- phase with

the terminal voltage, and therefere—cerrespends thus corresponding to the active
power flowing frem out of the machine generator te—t—he—system%imi—l—a%l—y,—l@;

corresponds-to-the reactive component—of the-eurrent:

1o is the reactive current component of the terminal current, the component in quadrature

with the terminal voltage, and thus corresponding to the reactive power flowing out

of the generator
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When the current flowing frem out of the generator lags the voltage, the reactive—component—of

eurrent-synchronous machine is operating in an overexcited mode and the reactive power output of

the machine is considered positive, as shown in Equation (2). It is a common practice to consider the

reactive component of the current (I();) and the associated reactive power—Q-have (OT) both as

positive values: when terminal current lags the voltage, simply adjusting the phasor calculations as

necessary. For relatively constant terminal voltage (i.e., changes of no more than a few percent from
the nominal level), the amplitude of the active and reactive components of current will-beis equal to

the active and reactive power output of the generator when expressed in p+ per-unit.

The-original Disregarding the resistive components of the compensation eguation and using the

definition of the active and reactive components of the current from Equation (2), Equation (1) can

new-be simplified as shown in Equation (3):

Vo =|qu| + Xedor + Xa:-fg:}"' JXenlm +Xcl_‘.fp31 = |VT‘ +Xendo + Xenlgs 3)

New

(Xei1lpy +XCI2XP2}|

where all variables have been previously defined in Equation (1) and Equation (2).
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The latter approximation is based on the fact that changes in the active component of current sl

have relatively little effect on the compensated voltage amplitude. On rewer most modern digital

systems, this algebraic equation is an exact representation of the compensated voltage (V1) used as

the AVR feedbaek input signal, as the reactive component is resolved and multiplied by the

compensation and then combined with the terminal voltage signal.

Referring to Equation (3), when the selected compensation is positive and the reactive current lags

the voltage, the compensated voltage (V1 will-be) becomes greater than the magnitude of the

terminal voltage (VT). When a larger value V(7 is presented to the AVR feedback input, the result is

a reduction in excitation. Based on this, the type of compensation can be categorized as follows:

a) X(Ci11 >0, XC12 = 0 Commonly referred to as reactive droop. The generator terminal voltage

will exhibit a declining or drooping characteristic as reactive output increases.

b) XcC11 <0, XC12 = 0 Commonly referred to as transformer-drop or line-drop compensation. The

generator terminal voltage will exhibit a rising characteristic as reactive output increases.

c¢) XC11 # 0, XC12 # 0 Commonly referred te as cross-current compensation, although the
preferred terminology is reactive differential compensation. Through careful selection of the two
coefficients (e.g., XC12 =-X(11) this form of compensation can be used to offset or eliminate
the drooping voltage characteristic while enforcing reactive current sharing between

synchronous machines sharing a common low-voltage connection.
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6. Type DC—Direct current commutator exeiters rotating exciter

6.1 General

Few new synchronous machines are being equipped with Type DC exciters, which have been
superseded by type AC and ST systems, however many such systems are still in service.
Considering the dwindling percentage and importance of units equipped with these exciters, the
previously developed concept (see IEEE Committee Report—{B18, 1968 [B21]) of accounting for
loading effects on the exciter by using the loaded saturation curve (see-Annex C) is considered

adequate. Figure 3 presents the model used to represent a dc rotating The-veltageregulatoroutput;
Y Risused-to-controlthe exciter, which is used in all Type DC excitation system models, which may

be either separately excited or self-excited as discussed in the 1981 IEEE Committee Report [B20

B23]. When a self-excited shunt field is used, the value of the feedback gain KE reflects the setting of

the shunt field rheostat. In some instances, the resulting value of KE can be negative and allowance

should be made for this.
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Most of these exciters utilize self-excited shunt fields with the voltage regulator operating in a mode
commonly termed buck-boost. The majority of station operators manually track the voltage regulator
by periodically trimming the rheostat set point so as to zero the voltage regulator output. This may

be simulated by selecting the value of KE so that initial conditions are satisfied with ¥g EFE =0, as

described in the 1981 IEEE Committee Report [B26 B23]. In some programes, if KE is entered as zero,

it KE is automatically calculated by the program fer to represent a self-exeitation excited shunt field

and a trimmed rheostat as its initial condition.

If a non-zero value for KE is provided, the program should not recalculate KE, as a fixed rheostat

setting is implied. For such systems, the rheostat is frequently fixed at a value that would produce

self-excitation near rated conditions. Systems with fixed field rheostat settings are in widespread use

on units that are remotely controlled.-A—valiefor Kp =1-isused-to-represent-a—separatelyexeited

excier:

A separately-excited dc rotating exciter is represented by a value for KE =1.

The term SE(EFD) is a non-linear function with values defined at two or more chosen values of

generator field voltage EFD, as described in Annex C. The output of this saturation block VX is the

product of the input EFpD and the value of the non-linear function SE(EFD) at this exciter output

voltage.
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Figure 3 — Type DEIA DC commutator rotating exciter model
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The representation of an excitation system with a dc commutator rotating exciter is not confined to

using a Type DC model. Digitally based voltage regulators feeding dc rotating main exciters can also

be represented with a Type AC excitation system model (e.g., AC6C or AC8C) by simply setting the

parameters KC and KD in the type ac rotating exciter model to zero (see Figure 8). Also, if a more

detailed representation of a dc rotating main exciter is desired, a suitable Type AC model with

values for KD and/or KC can be applied.

The relationships between regulator limits and field voltage limits are developed in the 1981 IEEE
Committee Report {8261 [B23].

Excitation systems incorporating rotating machines produce a field voltage output (EFD) which is

proportional to the rotating speed of the machine. This effect is negligible where speed deviations

are small as is typical for dynamic studies of large, interconnected power systems. However,

introduction of a per- unit speed multiplier for field voltage might improve the simulation accuracy

of off-nominal frequency events, such as system islanding, or open-circuit operation, where the unit

speed may vary significantly.

This revision of the recommended practice does not represent the effect of speed deviations on the

output of the dc rotating exciter models, but it should be noted that provision for the speed

dependency may be found in some model implementations in commercial software.

Sample data for the models presented in this clause are presented in Annex H.
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6.2 Type DCI1A excitation system model

The DC1A excitation system model defined in the previous version of this recommended practice is

being superseded by the model DC1C shown in 6.3. Any existing excitation system represented by

the DC1A model could also be represented by the DCIC model with the same parameters, just

defining the new parameter EFDmin =—=99 pu (large negative value). The major differences between

the DC1A and DCIC models are related to additional options for the connection of OEL models,

introduced in the new DC1C model. Refer to Table 1 for a summary of the changes in the models.

6.3 Type BCIA DCIC excitation system model

This model, described by the block diagram of Figure 4, is used to represent field controlled dc

commutator exciters with continuously acting voltage regulators (especially the direct-acting

rheostatic, rotating amplifier, and magnetic amplifier types). Eigure 51 —is—usedto—represent 5

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 14:36:55 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 421.5-2016


http://www.avadocuments.com/doc/ieee-421-5-2016
http://www.avadocuments.com/doc/ieee-421-5-2016

The principal input to this model is the output ¥, from the terminal voltage transducer and load

compensator model V(C described in Clause 5. At the summing junction, the terminal voltage

transducer output V(C is subtracted from the voltage reference set point VREF. The stabilizing

feedback signal VF is subtracted and the power system stabilizer output signal Vg, if present, is

added to produce an error voltage. Similarly, limiters represented as summation point actions

(VOEL. VUEL, and/or VSCLsum) are also added to the calculation of the voltage error. In steady

state, these last signals (VF and VS, VOEL, VUEL, and VSCLsum) are zero, leaving only the terminal

voltage error signal. The resulting signal is amplified in the regulator. The major time constant TA
and gain KA associated with the voltage regulator are shown incorporating non- windup limits
typical of saturation or amplifier power supply limitations. A discussion of windup and non-
windup limits is provided in Annex E. These voltage regulators utilize power sources that are
essentially unaffected by brief transients on the synchronous machine or auxiliaries buses. The time

constants, TB and T(C, may be used to model equivalent time constants inherent in the voltage

regulator; but these time constants are frequently small enough to be neglected and provision

should be made for zero input data.
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Figure 4—Type DC1C dc commutator exciter

The voltage regulator output (or exciter field voltage, EFE), is used to control the dc rotating exciter.

A signal derived from generator field voltage is normally used to provide excitation system

stabilization (VF) via the rate feedback block with gain KF and time constant TF.

The block diagram shown in Figure 4 has been modified, as compared to the DC1A block diagram

defined in the previous version of this recommended practice, to include the appropriate

connections for summation point or take-over overexcitation limiters and the lower limit EFDmin.
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Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 14:36:55 UTC from IEEE Xplore. Restrictions apply.



http://www.avadocuments.com/doc/ieee-421-5-2016
http://www.avadocuments.com/doc/ieee-421-5-2016

6.4 Type DC2A excitation system model

The DC2A excitation system model defined in the previous version of this recommended practice is

being superseded by the model DC2C shown in 6.5. Any existing excitation system represented by

the DC2A model could also be represented by the DC2C model with the same parameters, defining

the new parameter EFDmin = -99 pu (large negative value). The major differences between the

DC2A and DC2C models are related to additional options for the connection of OEL models,

introduced in the new DC2C model. Refer to Table 1 for a summary of the changes in the models.

6.5 Type DC2C A excitation system model

The model shown in Figure 5-2 is used to represent field-controlled dc commutator exciters with
continuously acting voltage regulators having power supplies ebtained derived from the generator
or auxikiary auxiliaries bus. It differs from the Type DCIA model only in the voltage regulator

output limits, which are now proportional to terminal voltage magnitude VT.

It is representative of solid-state replacements for various forms of older mechanical and rotating

amplifier regulating equipment connected to dc commutator exciters.

The block diagram shown in Figure 5 has been modified, as compared to the DC2A block diagram

defined in previous version of this recommended practice, to include the appropriate connections

for summation point or take-over overexcitation limiters, and the addition of a lower limit EFDmin.
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Figure 5—Type DC2C A dc commutator exciter with bus-fed regulator
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