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Abstract: This guide is intended to provide to the specification writer the information to prepare a
specification for the purchase of an excitation system. This guide is presented in narrative form
with descriptions of functions typical of excitation systems. Narrative is provided describing types
of excitation systems and information required for sizing the excitation system.

Keywords: communications, compound exciters, digital, excitation guide, exciter types, |IEEE
421.4™ potential integral derivative (PID), potential source exciters, power system stabilizers,
redundant controllers, rotating exciters
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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://iecexplore.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.
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Introduction

This introduction is not part of IEEE Std 421.4™-2014, IEEE Guide for the Preparation of Excitation System
Specifications.

This guide is intended as resource material for writers preparing a specification for procurement of an
excitation system for a synchronous machine. It is intended that IEEE Std 421.1", IEEE Std 421.2",
IEEE Std 421.3", and IEEE Std 421.5" be used in conjunction with this guide in preparing the
specification. This guide is not intended to be a fill-in-the-blanks guide but a narrative description of items
and functions that should be considered in preparing excitation system specifications. Some of the
information presented in this guide may be unnecessary for the writer’s particular specification. One should
judge the applicability of information to be included in the writer’s specification and remove all
inapplicable portions. Some tutorial material is included for the user who may be relatively inexperienced
in selecting parameters and requirements for each particular application.

It should also be noted that this document defines an excitation control system as one that includes the
synchronous machine. The definition is included here for clarity as the term is not defined in IEEE Std
421.1™; however, it is included in IEEE 100, The Authoritative Dictionary of IEEE Standards Terms,
Seventh Edition.

Suggestions for improvement of this specification guide are welcomed. They should be sent to the
Secretary, IEEE Standards Board Institute of Electrical and Electronics Engineers, 445 Hoes Lane,
Piscataway, NJ 08854, USA.
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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.

1. Overview

1.1 Scope

This guide provides the necessary material to the specification writer in order to prepare the specification
for the procurement of an excitation system for a synchronous machine. The information presented in this
guide is given in narrative form with the descriptions and functions of particular features that should be
examined in preparing the specifications. This guide also identifies the most modernized industry functions
as it pertains to preparing specifications for the procurement.

1.2 Purpose

The specific intent of this guide is to provide the user with guidelines and background data required to
specify excitation systems. This guide will illustrate properly specified equipment used in specifying
excitation systems. The benefit is to properly specify equipment that meets end user needs.

1.3 Background

This guide is intended to provide to the specification writer the necessary material for preparing a
specification for the procurement of an excitation system for a synchronous machine. The information
presented in this guide is given in narrative form with the descriptions and functions of particular items that
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should be examined in preparing the specifications. Some information presented in this guide may be
inapplicable for a specific excitation system application, and it may be omitted in the writer’s specification.

The term excitation control system is used throughout this guide. An excitation control system is a
feedback control system that includes the synchronous machine connected to the power system. Figure 1
contains a block diagram of an excitation control system. An excitation system is the equipment providing
field current for a synchronous machine, including all power, regulating, control, and protective elements.
An exciter is the equipment that provides the field current for the excitation of a synchronous machine. A
synchronous machine regulator couples the output variables of the synchronous machine to the input of the
exciter through feedback and forward controlling elements for the purpose of regulating the synchronous
machine output variables (see IEEE Std 421. 1™)." The influence of the power system upon the operation
of the excitation control system must be considered when the synchronous machine is connected to the
utility grid.

Figure 1—Block diagram of the components 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.

ANSI C50.12, American Standard Requirements for Salient-Pole Synchronous Generators and
Generators/Motors for Hydraulic Turbine Applications.”

ANSI C50.13, American Standard Requirements for Cylindrical-Rotor Synchronous Generators.
IEEE Std 421.1™, IEEE Standard Definitions for Excitation Systems for Synchronous Machines.**

IEEE Std 421 .2™_ [EEE Guide for Identification, Testing, and Evaluation of the Dynamic Performance of
Excitation Control Systems.

! Information on references can be found in Clause 2.

2 ANSI publications are available from the Sales Department, American National Standards Institute, 25 West 43rd Street, 4th Floor,
New York, NY 10036, USA (http://www.ansi.org/).

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

* IEEE publications are available from The Institute of Electrical and Electronics Engineers, 445 Hoes Lane, Piscataway, NJ 08854,
USA (http://standards.ieee.org/).
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IEEE Std 421.3™, TEEE Standard for High-Potential Test Requirements for Excitation Systems for
Synchronous Machines.

IEEE Std 421.5™, IEEE Recommended Practice for Excitation System Models for Power System Stability
Studies.

IEEE Std C57.12.00™, IEEE Standard General Requirements for Liquid-Immersed Distribution, Power,
and Regulating Transformers.

IEEE Std C57.110™, IEEE Recommended Practice for Establishing Liquid-Filled and Dry Type Power
Transformer Capability When Supplying Non-Sinusoidal Load Currents.

IEEE Std C57.116™, IEEE Guide for Transformers Directly Connected to Generators.

IEEE Std C57.18.10™, TIEEE Standard Practice and requirement for Semiconductor Power Rectifier
Transformers.

IEEE Std C57.12.91™ TEEE Standard Test Code for Dry-Type Distribution and Power Transformers.

UL Standard 1561, Standard for Dry Type General Purpose and Power Transformer.

3. Definitions

For the purposes of this document, the following terms and definitions apply. The [EEE Standards
Dictionary Online should be consulted for terms not defined in this clause. °

digital excitation system: A common nomenclature for describing an excitation system for a synchronous
machine where some, if not all, of the functionality is implemented in a digital processor. As a minimum,
the automatic voltage regulator (AVR) control function would be expected to be implemented digitally in
such a system. It is likely that the limiter functions and optional var/power factor (pf) or power system
stabilizer (PSS) controls are also implemented in the same digital-based control.

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 system: The equipment providing field current for a synchronous machine, including all power,
regulating, control, and protective elements.

excitation system stabilizer: A function that serves to modify the voltage regulator forward signal by
either series or feedback compensation to improve the dynamic performance of the excitation control
system.

exciter: The equipment that provides the field current for the excitation of a synchronous machine. The
exciter can be rotating type ac, or dc, or a static exciter system with no moving parts. See also: static
exciter.

line drop compensator: A function that modifies the machine terminal voltage to compensate for the
voltage drop (due to external impedance) to a fixed point in the external network.

’IEEE Standards Dictionary Online subscription is available at:
http://www.ieee.org/portal/innovate/products/standard/standards_dictionary.html.
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power system stabilizer (PSS): A function that provides an additional input to the voltage regulator to
improve the damping of power system oscillations.

NOTE—A number of different quantities may be used to input to the power system stabilizer, such as shaft speed,
frequency, electric power, and so on, or a combination of these signals.®

reactive differential compensator: A function used to obtain reactive current sharing among synchronous
machines operating in parallel without causing reduction of terminal voltage. It requires interconnection of
voltage regulators or current transformers of the machines.

reactive droop compensator: A function that causes a reduction of terminal voltage proportional to
reactive current. It is generally used to obtain reactive current sharing among synchronous machines
operating in parallel.

static exciter: An exciter with no rotating parts typically consisting of a power potential transformer, a
phase-controlled rectifier bridge with automatic voltage control. It may be either potential source rectifier
or compound source rectifier type as defined in IEEE Std 421.1™,

synchronous machine regulator: A general term applied to a regulator that couples the output variables of
a synchronous machine to control the exciter output through forward and feedback elements for the purpose
of regulating the synchronous machine output variables.

voltage regulation accuracy: The band or zone, expressed in percent of the rated value of the regulated
voltage, within which the excitation system will hold the regulated voltage of the synchronous machine
during steady or gradually changing conditions, in the absence of the action of any compensators or
limiters. Unless otherwise specified, the range will be assumed from no-load to rated kilovoltampere (kVA)
and power factor.

4. Introduction

This guide applies to excitation systems using rotating and static exciters. In many cases, equipment
maintenance, associated with the older excitation systems, and obsolescence of parts may make
maintainability cumbersome and involved. Today, many older excitation systems such as rotating or pilot
exciter type are being replaced with new solid state excitation systems to improve or simplify the operation
and control of the synchronous machine. New excitation systems can enhance the performance of the
synchronous machine by eliminating dead bands and delays inherent in older type excitation systems. New
excitation systems with faster response may also improve oscillatory stability and transient stability.

4.1 Basics

The primary function of an excitation system is to provide the field current required by a synchronous
machine to meet a specified range of power system operating conditions. In addition to fulfilling this
requirement, there are a number of other factors that should be considered when writing specifications for
an excitation system. Power system stability studies have been found to be useful in identifying dynamic
performance requirements. These performance evaluations help establish the required response
characteristics and may identify the need for other control functions, e.g., a power system stabilizer.
Modern excitation systems may include various auxiliary control elements and protective devices in
addition to a basic voltage regulator. The specification should functionally identify all auxiliary excitation
control equipment (compensators, limiters, power system stabilizers, etc.) and protective equipment (V/Hz
protection, overexcitation protection, etc.), which are to be included in the excitation system.

® 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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The specification should include items relevant to the excitation system design even though they do not
directly affect the performance of the voltage regulation task. To assist the manufacturer in identifying
applicable standards and possible design constraints, a description of the type of installation should be
included, i.e., nuclear, fossil fueled, hydro turbine.

4.2 Operating modes

An important consideration in the design of an excitation system is the identification of the operating mode
or modes of the plant. The specification should clearly state all possible modes of operation, i.e.,
generation, pumped storage, synchronous condenser, and so on. The most severe duty cycle expected for
each possible mode should be provided. In addition, the specification should indicate any requirements for
unattended operation, i.e., automatic startup, remote operation, etc.

4.3 Installation

The specification for an excitation system should clearly state whether the excitation control equipment is
to be used as an outdoor or as an indoor installation. Special storage requirements for the system before
installation should be included in the specification, as well as special handling and shipping instructions. If
there is a preferred method of shipping, it should be stated in addition to all known minimum clearances
and maximum weight limitations. In addition, the specifications should state the capacity and availability of
cranes at the installation site. Where applicable, seismic withstand requirements should be specified.

4.4 Conventions

The specification for an excitation system should reference any desired conventions and applicable
standards for the system. It should include copies of all local laws and codes that apply to the design,
construction, and installation. Any desired units of measurement should be stated, and the appropriate
language, appropriate standard, and form of media information (drawings, manuals, etc.) as stipulated in
Clause 11 should be provided. The specification may also define to what extent, if any, the excitation
system should contain design, assembly, subsystems, parts, labor, and so on, of domestic origin.

4.5 Insulation systems

The specification for a rotating excitation system should specify an insulation system that meets Class 130
B, Class 155 F, or Class 180 H systems defined in ANSI C50.12 and ANSI C50.13. Withstand of the
dielectric tests in IEEE Std 421.3™ should be included.

4.6 Diodes and thyristors

For diodes and thyristors, a voltage rating equal to a multiple (not necessarily integer) of rated root mean
square (rms) input voltage should be specified, e.g., three times the rms input voltage to the rectifier bridge.
In critical applications, devices in series, each with a full withstand rating, may be specified.
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4.7 Availability

Availability is defined to be the fraction of time that a system is available for service. It can be found by
taking the ratio of the time the system is available for service to the total time. The reliability and
maintainability of the excitation system should be compatible with the required reliability and service of the
unit. Some units require maximum availability. In such applications, the use of redundant elements should
be considered. In extremely critical applications, the specification writer may wish to establish associated
excitation system requirements such as mean time to repair (MTTR), mean time between failures (MTBF),
and mean time to failure (MTTF). If that unit or plant has more scheduling flexibility, the consequences of
a failure and its associated cost may not justify the establishment and specification of MTTR, MTBF, and
MTTF.

4.8 Redundancy of equipment

In systems where reserves of machine/system capacity is available and machine startup cost is low, the
failure of an excitation device and lost generation may not compromise the required generation needed to
support the system load. For these systems, repair can often be made in a timely fashion to return the
machine back to operation without the complexity and cost of redundant excitation equipment. In other
cases, the loss of generation capacity or other economic factors may be significant. The need for equipment
redundancy is often associated with minimum downtime requirement and the critical importance of the
generation for the system load including local voltage support or water flow continuity requirements (hydro
plants). Varying degrees of redundancy in the excitation system are often available.

Some of the approaches used to increase the security of online generation in the event of a problem
involving the excitation system are described in 4.8.1 through 4.8.6.

4.8.1 Manual control as a backup

Today, manual control is used as a commissioning tool to assist startup of the excitation system or a means
to maintain excitation in the event of loss of a fuse in the instrument transformers used for voltage regulator
sensing. This feature is a standard function in most excitation systems. Where backup is required, it is best
to use redundant excitation controllers, which includes the voltage regulator. See 4.8.2.

Manual control provides the means to maintain excitation to the field of the generator as an alternative
control to the automatic voltage regulator. Transfer to manual is performed either automatically or
manually.

In some systems, a transfer to manual control automatically occurs in the event of a system abnormality
such as a blown fuse in the instrument transformer circuit to the voltage regulator. Protective functions may
be used to monitor the operating parameters of the system to determine the transfer. Where automatic
transfer to manual is used, a tracking scheme is recommended if bumpless transfer is required.

It is common today that two sets of instrument voltage sensing transformers be provided to the voltage
regulator. Should the primary voltage sensing circuit fail, a means to transfer to the backup instrument
transformers will result.

4.8.2 Redundant automatic voltage regulator

A redundant voltage regulator provides the means to maintain voltage regulation of the generator in the
event of an internal voltage regulator component failure. Redundancy can be in the form of a standby
voltage regulator monitoring the primary voltage regulator. If a detectable failure occurs, a transfer to the
standby voltage regulator will result.
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