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Abstract: Categorized in this guide are three direct-axis and four quadrature-axis models, along
with the basic transient reactance model. Also discussed are some of the assumptions made in
using various models. The fundamental equations and concepts involved in generator/system
interfacing are presented. Covered, generally, are the various attributes of power system stability,
recognizing two basic approaches. The first is categorized under large disturbance nonlinear
analysis; the second approach considers small disturbances, where the corresponding dynamic
equations are linearized. Applications of a range of generator models are discussed and treated.
The manner in which generator saturation is treated in stability studies, both in the initialization
process as well as during large or small disturbance stability analysis procedures is addressed.
Saturation functions that are derived, whether from test data or by the methods, of finite elements
are developed. Different saturation algorithms for calculating values of excitation and internal
power angle depending upon generator terminal conditions are compared. The question of
parameter determination or verification is covered. Two approaches in accounting for generator
field and excitation system base quantities are identified. Conversion factors are given for
transferring field parameters from one base to another for correct generator/excitation system
interface modeling, Suggestions for modeling of negative field currents and other field circuit
discontinuities are included.

Keywords: IEEE 1110™, modeling practices, saturation practices, stability data determination
and application, synchronous generator stability 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 Notices and Disclaimers Concerning IEEE Standards Documents.” They can also be
obtained on request from IEEE or viewed at http://standards.ieee.org/ipr/disclaimers.html.

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. IEEE
Standards are documents developed through scientific, academic, and industry-based technical working
groups. Volunteers in IEEE working groups 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 Standards do not guarantee or ensure safety, security, health, or environmental protection, or ensure
against interference with or from other devices or networks. Implementers and users of IEEE Standards
documents are responsible for determining and complying with all appropriate safety, security,
environmental, health, and interference protection practices and all applicable laws and regulations.

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.
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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.

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.
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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.

Updating of IEEE Standards documents

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

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

In order to determine whether a given document is the current edition and whether it has been amended
through the issuance of amendments, corrigenda, or errata, visit IEEE Xplore at http://ieeexplore.ieee.org/
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 IEEE standards can be accessed via https://standards.ieee.org/standard/index.html. Search
for standard number and year of approval to access the web page of the published standard. Errata links are
located under the Additional Resources Details section. Errata are also available in IEEE Xplore:
https://ieeexplore.ieee.org/browse/standards/collection/ieee/. Users are encouraged to periodically check for
errata.

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 https://standards.ieee.org/about/sasb/patcom/patents.html. Letters of Assurance may
indicate whether the Submitter is willing or unwilling to grant licenses under patent rights without
compensation or under reasonable rates, with reasonable terms and conditions that are demonstrably free of
any unfair discrimination to applicants desiring to obtain such licenses.

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

This introduction is not part of IEEE Std 1110-2019, IEEE Guide for Synchronous Generator Modeling Practices and
Parameter Verification with Applications in Power System Stability Analyses.

The Joint Working Group on Determination and Application of Synchronous Machine Models for Stability
Studies was formed in 1973. The scope of the Working Group was updated in 1986 and its purpose was
stated:

“Define synchronous machine models, particularly for solid iron rotor machines, for use in stability
studies, and recommend standard methods for determining the values of parameters for use in these models
by calculation and/or test. Assess the effect of magnetic saturation on these parameters. Devise and
recommend analytical methods for incorporating such machine models, including representation of
saturation, into stability programs.”

The Joint Working Group was responsible for two particular IEEE Committee Reports on the subject of
machine modeling. The first was published in PA&S in 1980. In 1983, the Working Group (W/G)
organized a one-day symposium on the subject of machine modeling and generator stability data
acquisition at the IEEE PES Winter Power Meeting. Following publication of our second IEEE committee
report in March 1986 (vol. EC-1), the group and the two committees to whom we then reported (PSE and
Electric Machinery) suggested that application be made to the New Standards Committee (NesCom) of the
Standards Board for permission to publish a guide outlining the work which we had sponsored over the past
ten to fifteen years. A Project Authorization Request was made through the Power System Engineering
Committee, which was approved by the IEEE Standards Board on 12 December 1985. This occurred at the
12 December 1985 meeting of NesCom, and the request was issued as Project Authorization Request
(PAR) number P1110.

The membership of the Joint Working Group remained essentially unchanged between 1986 and 1991,
when the complete document was approved as a guide by the IEEE Standards Board in 1991
(IEEE Std 1110).

With the publication of IEEE Std 1110 in 1991, the Joint Working Group had discharged its original
mandate and so was disbanded. Its principal thrust was then subsequently organized under the PES Electric
Machinery Committee (EMC). One of the newer working groups in the EMC also involved a merging of
IEEE Std 115™ and IEEE Std 115A™, which related to test procedures for synchronous machines. This
second WG project was completed in 1995 and this new standard consists of two portions. The first portion
was subtitled “Acceptance and Performance Testing.” The second portion included a lengthy example
consisting of the many steps followed in parameter determination for machine stability analysis. Both
sudden short-circuit test data and test data from frequency response measurements were used in Part II.

The Synchronous Machinery Subcommittee recommended, with the publishing, especially of Part II of
IEEE Std 115, in 1995, that a review of the related IEEE Std 1110 was very much in order.

In 1996 a new PAR was approved. Its form and outline are about the same as the 1991 document, but many
clauses have been completely rewritten. The older (1991) document had the title “IEEE Guide for
Synchronous Generator Modeling Practices in Stability Analysis.” The 2002 guide has the title “IEEE
Guide for Synchronous Generator Modeling Practices and Applications in Power System Stability
Analyses.”

It should be noted that one of the Joint Working Group members, Charles Concordia, had made an
interesting prediction in the discussion of his 1960 paper on solid cylindrical rotor synchronous machines.
This prediction stated that “by a more detailed consideration of actual rotor configurations, equations
amenable to attack by frequency response techniques may be obtained.” This prediction has been verified
in the two standards produced, namely IEEE Std 1110-2019 and IEEE Std 115-2019.

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 24,2026 at 09:44:14 UTC from IEEE Xplore. Restrictions apply.

vii
Copyright © 2020 IEEE. All rights reserved.

Full document details: IEEE 1110-2019


http://www.avadocuments.com/doc/ieee-1110-2019
http://www.avadocuments.com/doc/ieee-1110-2019

Charles Concordia was a key member of the Working Group, which produced the 1991 IEEE Std 1110
document. He also was involved prior to 1991 in suggested improvements in the “first” guide after it was
published. Therefore, the current Working Group wishes to highlight his many contributions by dedicating
this latest guide in his honor.
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IEEE Guide for Synchronous Generator Modeling Practices and

Parameter Verification with Applications in Power System Stability

Analyses

1. Overview-and-objectives

1.1 Introduction

The basic techniques for studying the stability of interconnections of synchronous generators stem
from the late nineteenth century and the early years of last century. The key concept of transforming

stator variables into quantities rotating in synchronism with the rotor was developed by Blondel [B2

Bﬂl],1 Park ([B65], [B66 B62}{B63]), and others [B9] and remains the basis for synchronous machine

analysis to this day.

To some extent, the techniques developed in those early years remained relatively untouched until
the last three or four decades of the twentieth century. Although it was in theory possible to develop
relatively complex generator models prior to this time, limited computational capability meant that
such models were impractical for use in large-scale stability studies. However, with the advent of
the digital computer, the picture changed significantly and computational capability continues to
grow at a rapid rate. In addition, the growing complexity of electric power systems combined with
the advent of more sophisticated generator and system controls, such as high-speed, solid-state

excitation systems, greatly increased the demands on stability programs.

1 The numbers in brackets correspond to those of the bibliography in Annex A.
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In response, the latter part of the twentieth century saw an increased interest in synchronous
generator modeling. This interest took many forms. For example, initial investigations attempted to
correlate the performance of synchronous machine models with the measured performance of
specific machines following transient disturbances on a power system (Chorlton and Shackshaft [B7
B6], Dandeno et al. [B13 B12]). Other investigators developed alternate techniques for determining
machine parameters (Manchur et al. [B58 B57]). The objective of this and related work, which
continues to this day, is to improve the existing capability to analyze and predict the dynamic
behavior of electric power systems. This work becomes increasingly important with the ever-
increasing demands being placed on power systems as they continue to grow in size and complexity

and as deregulation significantly modifies the way these systems are operated and controlled.

The objective of this guide is to summarize available practices in synchronous machine models used
in power system stability studies. As will be discussed, computational capability has increased to the
point that it is possible to model generators (along with their excitation systems and other controls)
with a significant level of detail, subject to the availability of the appropriate data from which to

form the model.
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1.2 Scope

This guide contains instructions for modeling synchronous machines in direct-and quadrature-axis

equivalent circuits, along with the basic transient and subtransient reactance/time-constants model

in view of stability studies. It discusses assumptions made in using various models and presents the

fundamental equations and concepts involved in generator/system interfacing. The manner in which

generator saturation is treated in network studies, both in the initialization process as well as during

large or small disturbance stability analysis procedures is addressed. Approaches for improving the

accuracy of field and excitation system quantities are identified and conversion factors are given for

transferring field parameters from one base to another for correct generator/excitation system

interface modeling. Parameter determination and translation from equivalent-circuits to operational

impedances or vice-versa is covered. Data analysis methods for obtaining these parameters using

measurements from field tests or finite-element computations are explained and illustrated with a

wide range of generator and test data. However, this guide refers to applicable standards (such as

IEEE Std 115) or contract specification for scheduling such tests. Also, this guide does not attempt to

recommend specific procedures for machine representation in non-standard or atypical cases such

as generator tripping and overspeed operation or models for harmonics or unbalanced operation.

1.3 Purpose

The modeling of synchronous machines for stability studies and analyses is subject to continuing

review and possible improvements. The guide addresses both parameter identification for static and

dyvnamic_stability analyses while accounting for generator saturation. Emphasis is placed on

discussing various aspects of synchronous generator/power system interactions in steady and

dynamic operation modes.
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1.4 Specialized problems in stability not discussed in this guide

This guide does not attempt to recommend specific procedures for machine representation in non-
standard or atypical cases such as generator tripping and overspeed operation or models for
harmonics or unbalanced operation. Similarly, modeling suggestions for subsynchronous resonance
(SSR) studies are documented in Dandeno and Iravani [B10 B9] and IEEE [B35]. Recent
investigations have shown that models developed from small-signal analyses, based on standstill-
frequency-response data, are also adequate for SSR investigations. This applies to situations where
third-order models have been found to be necessary to cover the frequency spectrum from 15 Hz to

50 Hz (IEEE [B35]).
1.5 Overview of the guide

Clause 3 discusses the various categories of stability studies that whieh are commonly performed
during power system studies and the corresponding synchronous generator modeling requirements.
Clause 4 then reviews some of the basic principles of synchronous generator modeling and discusses
the range of models which can be used in the study of synchronous generator dynamic behavior as
is summarized in Table 1 of Clause 4. This clause emphasizes the point that a model is uniquely
determined only when both its structure (e.g., the number of assumed conducting paths in the rotor)
and its parameters (as obtained from test data or analytical techniques) are specified. Clause 5 next
presents guidelines as to how the various models discussed in Clause 4 can be applied to the various

types of stability studies that whieh are discussed in Clause 3.

Clause 6 then discusses the effects of saturation on the performance of synchronous machines and
various techniques which have been developed for incorporating these effects in synchronous
generator models. Included in Annex D is the development of direct-and quadrature-axis saturation
functions. Because saturation is an inherently nonlinear phenomenon while the commonly-used
generator models are linear, the techniques used for incorporating saturation effects into generator

models are somewhat ad hoc. This is an area in which further investigation is clearly required.
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Finally, Clause 7 discusses the techniques that whieh have been developed for obtaining parameters

for synchronous generator models. Such parameters are found either by test, as described in IEEE

Std 115™-1995, or from calculations by manufacturers.2 The issue of the translation of parameters
from the inductances and resistances of d-and g-axis models to transient and subtransient

estrangement reactances and time constants or to transfer functions form is also discussed.

1.6 Word usage

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

standard and from which no deviation is permitted (shall equals is required to).?"4

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

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

not necessarily required (should equals is recommended that).

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

(may equals is permitted to).

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

causal (can equals is able to).

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.
2 Information on references can be found in Clause 2.

3 The use of the word must is deprecated and shall not be used when stating mandatory requirements, must is used only to describe

unavoidable situations.

4 The use of will is deprecated and shall not be used when stating mandatory requirements, will is only used in statements of fact.
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IEEE Std 115™,-1995; IEEE Guide: Test Procedures for Synchronous Machines, Part I —Acceptance

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

56 34

Analysis.

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

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

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

Rated 10 MV A and Above.

3. Classification of power system stability and synchronous machine

modeling requirements

3.1 General background

Traditionally, power system stability studies focused on the system’s ability to maintain
synchronous operation following a severe disturbance. However, with continuing growth in
interconnections, more use of new technologies, and the increased need to operate power systems in
highly stressed conditions, other forms of stability have emerged as greater sources of concern than

in the past.

53The IEEE standards or products referred to in Clause 2 are trademarks owned by The Institute of Electrical and Electronics

Engineers, Incorporated.

O4EEE publications are available from The Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P-O-—Bex—3331;
Piscataway, NJ 08854 688554331, USA (http://standards.ieee.orgy/).
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Clearly, instability in a power system may be manifested in many different ways depending on the
system configuration, operating mode, and form of disturbance. Analysis of stability problems,
including identifying essential factors that contribute to instability and devising methods of

improving stable operation, is greatly facilitated by classification into appropriate categories.

The problem of defining and classifying power system stability is an old one, and there have been

several previous reports on the subject by CIGRE and IEEE Task Forces. One effort from a Joint

CIGRE/IEEE Task Force [B34] documents many of these past efforts and offers a thorough review of

definitions and the classification of power system stability problems.

The classification of stability problems is usually These-are based on the following considerations:

— The physical nature of the resulting instability, i.e., the main system parameters in which

instability can be observed;

— The size of disturbance considered, impacting on the applicable method of analysis;

— The devices, processes, and the time span that must be taken into consideration in order to

assess stability.

Based on the physical nature of the phenomena, power system stability may be classified into three
main categories: (a) rotor-angle stability, (b) voltage stability, and (c) frequency stability (Joint
CIGRE/IEEE TF Kundurand Mezrrison [B34 B51], Kundur [B54]).

The classification shown in Figure 1, to a great extent, is related to the tools, methods, and models

that are necessary to properly investigate these phenomena.
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Figure 1—Classification of power system stability [B34]

3.2 Rotor-angle stability

Rotor-angle stability (or angle stability) is concerned with the ability of interconnected
synchronous machines of a power system to remain in synchronism under normal operating
conditions and after being subjected to a disturbance. A fundamental factor in this aspect of stability
is the manner in which the torque or power outputs of the synchronous machines vary as their
rotors oscillate. The mechanism by which synchronous machines maintain synchronism with one
another is through the development of restoring torques whenever there are forces tending to

accelerate or decelerate the machines with respect to each other.

The change in electromagnetic torque of a synchronous machine following a perturbation can be
resolved into two components: (i) a synchronizing torque component, in phase with the rotor-angle
deviation, and (ii) a damping torque component, in phase with the speed deviation. Lack of
sufficient synchronizing torque results in aperiodic instability, whereas lack of damping torque
results in oscillatory instability. Loss of synchronism can occur between one machine and the rest of
the system, or between groups of machines, possibly with synchronism maintained within each

group after separating from each other.
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For convenience in analysis and for gaining insight into the nature of stability problems, it is useful
to characterize angle stability into the following subcategories based on the size of disturbance

considered:

a) Large-disturbance angle stability, commonly referred to as transient stability, is concerned
with the ability of the power system to maintain synchronism when subjected to a severe
disturbance, such as a short circuit transientfault on a transmission circuit-erless-ofalarse
generator. The resulting system response involves large excursions of generator rotor angles
and is influenced by the nonlinear power-angle relationship—efsynchroneus—machines.
Usually, the disturbance alters the system such that the post-disturbance conditions will be

different from those prior to the disturbance. Instability is usually in the form of an aperiodic

drift of the rotor angle due to insufficient synchronizing torque, but could also be the result

of lack of damping torque in the post-fault system configuration. In large power systems,

transient instability may not always occur as first swing instability associated with a single
mode; it could be the result of increased peak deviation caused by superposition of_several
modes of oscillation causing large excursions of rotor angle beyond the first swing. The
period of interest in transient stability is usually limited to about 3s 3 to 5 s seconds

following the disturbance, but may extend to 10s to 20 s for very large systems with

dominant low-frequency inter-area oscillation modes.

b) Small-disturbance_(or small-signal) angle stability is concerned with the ability of the

power system to maintain synchronism under small disturbances such as those that
continually occur in the normal operation of the power system. The disturbances are
considered to be sufficiently small that linearization of system equations around an

equilibrium point is permissible for purposes of analysis. Small-signal analysis using linear

techniques provides valuable information about the inherent dynamic characteristics of the
power system. Instability that may result can be of two forms: (i) increase in rotor angle
through a non-oscillatory or aperiodic mode due to lack of synchronizing torque, or (ii) rotor

oscillations of increasing amplitude due to lack of sufficient damping torque.
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In present-day power systems, the small-disturbance angle stability problem is usually one of

insufficient damping of oscillations. The aperiodic instability problem, that is sometimes called

steady-state stability, has been largely eliminated by use of continuously acting generator voltage

regulators (AVR) controlling the excitation systems of synchronous machines. The aperiodic

instability problem might still be a concern for operation of large synchronous generators on manual

excitation control. The stability of the following types of oscillations is of concern:

— Local-plant-mode oscillations, associated with units in a power plant swinging against the rest

of the power system.

— Inter-area-mode oscillations, associated with the swinging of a group of generators in one area

against a group of generators in another area.

— Torsional-mode oscillations, associated with the turbine-generator shaft system rotational

components of individual generators.

The case of multigenerator plant (such as a large hydropower plant with 3 units or 20 units) is

special because while all generators oscillate coherently in the plant mode and in any inter-area

modes, there are intra-plant electromechanical modes in which the generators in the same plant

oscillate against each other. The frequencies of the intra-plant modes are generally higher than that

of the coherent mode, and the intra-plant modes may be destabilized by a power system stabilizer

designed to stabilize the plant mode [B29].

3.3 Voltage stability

Voltage stability is concerned with the ability of a power system to maintain steady acceptable

voltages at all buses in the system under normal operating conditions and restoring and maintaining

normal voltages after being subjected to a disturbance. Instability that may result occurs in the form

of a progressive fall or rise of voltage of some buses with only moderate excursions of generator

angles- or from an inability to restore normal voltages after a fault, usually associated with induction
motor loads. The main factor causing voltage instability is the inability of the power system to
maintain a proper balance of reactive power throughout the system. This is significantly influenced
by the characteristics of system loads and voltage control devices, including generators and their

excitation system.
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As in the case of angle stability, it is useful to classify voltage stability into the following two

subcategories based on the size of disturbance considered:

a) Large-disturbance voltage stability is concerned with a system’s ability to recover and
maintain steady voltages following severe disturbances. The evaluation of stability usually

requires the examination of the dynamic performance of the power system over a period of

time sufficient to capture the interactions of such devices as induction motors, under-load
transformer tap changers and generator field-current limiters. The study period may extend

from a few seconds to several minutes.

b) Small-disturbance voltage stability is concerned with a system’s ability to maintain steady
voltages following small perturbations, such as incremental changes in load. Small
disturbance analysis using linear techniques gives valuable voltage-stability related
information from a system-wide perspective and clearly identifies areas that have potential

problems.
3.4 Frequency stability

Frequency stability is concerned with the ability of a power system to maintain the frequency
within a nominal range following a severe system upset, which may or may not result in the system
being divided into subsystems (electrical islands). It depends on the ability to restore balance

between system generation and load with minimum loss of load.

Analysis of frequency stability is carried out using time-domain simulations that include all
appropriate fast and slow dynamics sufficient for modeling the control and protective systems that
respond to large frequency excursions as well as the accompanying large shifts in voltages and other
system variables. In the case of large interconnected power systems, simulations required may
include severe disturbances beyond the normal design criteria, which result in cascading and
splitting of the power system into a number of separate islands with generators in each island
remaining in synchronism. Stability in this case is a question of whether or not each island will reach

an acceptable state of equilibrium with minimum loss of load.
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Over the course of a disturbance that results in frequency instability, the characteristic times of the
processes and devices that are activated by the large shifts in frequency and other system variables
will range from a few seconds, corresponding to the responses of devices such as generator controls,

to several minutes, corresponding to the responses of devices such as prime mover energy supply

systems, automatic generation control (AGC), and load voltage regulators.
3.5 Modeling requirements for synchronous machines

Synchronous machines may be modeled in as much detail as possible in the study of most categories
of power system stability. This includes appropriate representation (subject to the availability of
data) of the dynamics of the field circuit, excitation system, and rotor damper circuits (Kundur
[B54]). With today’s computing tools, there is no pressing need to simplify models for specific types
of studies. In addition, experience has shown that critical problems may be masked by the use of
simplified models that which are sometimes perceived to be acceptable for a particular type of

study.

For the analysis of many voltage-stability and frequency-stability problems using time-domain
simulations, the study periods are in the range of tens of seconds to several minutes. To improve
computational efficiency of such long-term dynamic simulations, instead of simplifying the models
by neglecting fast dynamics, it might be is better to use singular perturbation techniques to separate

fast and slow dynamics and appropriately approximate the fast dynamics (Xu et al. [B91 B82]).

Notwithstanding the above, it is important to recognize the following special requirements in

representing synchronous machines for different categories of stability studies:
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a) For large-disturbance rotor-angle stability analysis, particularly for generators with high-
initial-response excitation systems_([B38]), magnetic saturation effects should be accurately
represented at flux levels corresponding to normal operation all the way up to the highest
values experienced with the excitation at its ceiling. With discontinuous excitation controls,
such as those described in Lee and Kundur [B54 B56] and Taylor et al. [B81 B74], the

excitation remains at its ceiling for about two seconds leading to very high flux levels. ¥

particularly important to represent the dynamics of the field circuit, as it has a significant

influence on the effectiveness of excitation system in enhancing large-disturbance rotor-angle

stability._If saturation effects are understated, the results of analysis would be overly

optimistic.

b) For small-disturbance rotor-angle stability analysis, accurate representation of the field circuit

as well as the rotor damper circuits is important.

c) For voltage stability studies, the voltage control and reactive power supply capabilities of
generators are of prime importance. During conditions of low system voltages, the reactive
power demand on generators may exceed their field-current limits. In such situations, usually
the generator field currents are automatically limited by overexcitation limiters, further
aggravating the situation and possibly leading to voltage instability (Kundur [B54]).
Therefore, the generator models should be capable of accurately determining the transient

field currents and accounting for the actions of field-current limiters.
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d) Frequency stability problems are generally associated with inadequacies in equipment
response and poor coordination of control and protection equipment. Stability is determined
by the overall response of the system as evidenced by its mean frequency, rather than relative
motions of machines. The generator models used should be capable of accurately
representing, under conditions of large variations in voltage and frequency, the responses of

control and protective devices, such as the voltage regulator, power system stabilizer, V/Hz

limiter and protection, and over-excitation and under-excitation limiters. But the proper

representation of the turbine/speed governor control is arguably the most important aspect of

the dynamic modeling of generator, for the analysis of frequency stability problems. Then, the

correct representation of the acceleration equations (using torque instead of simplifving it by

using power) and the correct representation of the speed effect on induced voltages in the

generator model are very important.

4. Types of models available

4.1 Introduction

Synchronous generators are most commonly constructed with a three-phase armature winding on
the stator (although other polyphase arrangements are also found) and an excitation winding
(known as the field winding) on the rotor_[B57]. In addition, synchronous generator rotors include
other conducting paths in which currents can be induced during a transient. In some cases, these
conducting paths are intentionally included by the designer; e.g., pole-face damper windings. In
other cases, they are inherent to the machine design, such as in the case of the currents which can be

induced in the rotor body of a solid-rotor turbogenerator.

Early on in the process of developing techniques for the analysis of synchronous machines, it was
recognized that analyses can be greatly simplified if they are performed in a reference frame rotating
with the rotor. For such analyses, the armature currents and voltages are transformed into two sets
of orthogonal variables, one set aligned with the magnetic axis of the field winding, known as the
rotor direct axis (d-axis), and a second set aligned along the rotor at a position 90 electrical degrees
from the field-winding magnetic axis. This second axis is known as the rotor quadrature axis (q-

axis).
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Much of the simplification associated with such an approach stems from three twe key features of

this analysis:

1) Under steady-state operating conditions, all of the currents and fluxes, including both
those of rotor windings and the transformed armature windings, have constant (dc)

values.

2) By choosing the two axes 90 electrical degrees apart, fluxes produced by currents in the
windings on one axis do not produce flux linkages in the windings on the other axis. Thus,
these sets of windings are orthogonal. This greatly simplifies the flux-current relationship
of the model and gives rise to a model structure consisting of two independent networks,

one for the direct axis and one for the quadrature axis.

3) Saturation must be neglected to achieve a decomposition of the fluxes into the d-and g-

axes as described in item 2).

To illustrate the use of this transformation (often referred to as the d-q-O or Park transformation),
consider a machine consisting only of a three-phase armature winding and a cylindrical rotor with
only a field winding. Using generator notation, in which the reference direction for terminal current
is chosen to be out of the machine terminals, the flux-current relations for this machine can be

written in the form:

L L, L, L cosé
- 2y .
¥, L, I L, L cos 3——5 —i,
|w, R E A
lv.|7| L, I, I, Ihm=|.5~+"T""|: i M
IEP"“’ ( i i - . i.u |
! I cosé I."{:n:||5'—:TE| L cos I‘.;—ETITE- L | !

and the voltage equations can be written in the form:

vl (R, O 0 0— W,
¥, 0 R, 0 —i, | d|w
[v.[Tlo o R, of-i|Ta&|w @
|£a 0 0 0 -Ru'_l ig W
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In these equations:

efd

is the winding flux linkage

is the winding current

is the armature-winding voltage

is the field voltage

is the armature-phase self inductance

is the armature phase-phase mutual inductance

is the peak armature-phase to field-winding mutual inductance

is the field-winding self inductance

is the armature phase resistance

is the field-winding resistance

is the electrical angle between the magnetic axis of phase a and the magnetic axis of the field

winding [(Np/2) times the mechanical angle between these axes] ) where Np is the number of

magnetic poles.

Subscripts 4, b, ¢, and fd refer to the three armature phases and the field winding respectively.

The time dependence of the inductance matrix of Equation (1) can be clearly seen when one

substitutes the fact that under steady-state operating conditions the rotor angle 0 has the time

dependence.

(N ]
f=|—L|a t=mwr
| .}
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where
wyy  is the rotor mechanical angular velocity
(& is the rotor electrical angular velocity

With S representing a variable to be transformed, the d-q-0 transformation can be written as®

locosf  cos ﬂ—l—xt -:ns||5'+2—xt
¢ | 3) | 3)
g 1 e o ¢ o a
15, =2 \~sin6 —sinlo-F| —sino+TIs, @
ls | | | s
D 1 1 ’
| 2 2 2
New
{4}
cos & —sin & 1
Is. P b 4
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Where Li=Lg+2Lgpis the armature-winding leakage inductance.
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6

Similarly, the transformed voltage equations® are

. 5 i

1“=_3R’_Tjiﬂ"w £ &r.f I:\S'J
N dyr.

v, =—i K, _!T L —d—!‘ (5

dyr

6y =—i R, + ';r" (10)

v, =—iR, + 3% (1)
T dr

*When written for per-unit quantities rather than actual quantities, these equations must be

Foar %

modified with the terms |=%|@,  replaced by ;;J" | where @m0 is the synchronous
mechanical angular velocity of the rotor and :;‘i replacedby 14  where w (o is the
't a, dt

synchronous electrical frequency.

In these equations, subscripts d and g refer to the direct-and quadrature-axis equivalent armature
windings respectively. Note the presence of an additional term, known as the zero-sequence
component and indicated by the subscript 0. This term is analogous to the zero-sequence term in
symmetrical-component analyses. The zero-sequence component plays a relatively minor role in
stability studies (in fact, no role at all in studies that whieh assume balanced operating conditions)

and hence is neglected in most introductory discussions of stability analyses.

Note that, as is discussed above, there is no time dependence in the transformed inductance matrix.
In addition, it can be clearly seen that the two axes are decoupled; currents in the direct axis produce

only direct-axis fluxes and quadrature-axis currents produce only quadrature-axis fluxes.

In addition to the electrical equations given above, modeling of a synchronous machine requires an
expression for the electromechanical torque to be used in the calculation of the machine mechanical

dynamics. In terms of dq variables, the electromechanical torque can be calculated as:

o
T =_f_ 2w, —w ) (12)
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(Peleted)

This modeling concept forms the basis for all but the simplest of synchronous machine models.

Hence, most of the models discussed in this clause, and indeed in this guide, are based upon direct-
and quadrature-axis representations of the synchronous machine. These representations may take a
number of forms: equivalent circuits, transfer functions, flux-current and voltage relationships, etc.
Each of these forms is equivalent and will give the same results; the choice of the representation is

typically based upon user preference.

Note that the direct-and quadrature-axis models presented here represent the direct and quadrature
axes as being magnetically uncoupled [as can be beer seen from the inductance matrices of Equation
(6) and Equation (7)]. This representation is based upon the assumption that currents in one axis do
not produce flux in the other axis (or produce any changes in the flux in the other axis). In reality,
magnetic nonlinearities (magnetic saturation) will produce some degree of coupling between the
axes. Although models that neglect this coupling have been found to be adequate for many studies,
work is currently underway to develop techniques for incorporating the effects of magnetic

nonlinearities in both steady-state and transient analyses.

Finally, as will be discussed later in this clause, in addition to the field winding, it is common to
represent other current paths in the rotor, such as damper windings, both on the direct and
quadrature axes. It will be shown that the equations presented here can readily be extended to

include these additional windings.
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4.2 Terminology

For the purposes of this document, it is helpful to specify the following terminology:

— Model structure: The basic form or configuration of a model constitutes its structure. This
structure can be combined with model parameters whose values are initially unspecified. A
model structure is characterized both by its form (e.g., lumped-parameter equivalent circuit,
transfer function, differential-equation representation, etc.) as well as by its order (i.e., the

number of equivalent rotor windings).

— Model parameter values: Synchronous-machine-model parameter values are derived from the
characteristics of actual machine behavior. Although these characteristics may take many

forms, the following two basic categories are common:
1) Test data obtained from measurements, or

2) Analytic “data” obtained from sophisticated analyses that simulate the detailed internal
electromagnetic phenomena that whieh occur in the machine. A common technique for
performing such analyses is that of the finite-element method. Using this technique, it is
possible to solve for the details of the magnetic flux distributions within synchronous
machines, including the nonlinear effects of magnetic saturation as well as the effects of

eddy currents and rotor motion.

— Model: A complete synchronous-machine model consists of the combination of a model
structure and a set of parameter values. Thus, for example, the same model structure in
combination with parameter values obtained by different test methods and under different
machine operating conditions could yield models which differ sufficiently that the machine
behavior predicted by these models could be noticeably different. This is due to the fact that
synchronous machines are inherently complex (nonlinear, high-order, etc.) and the
conventional models are relatively simple (lumped-parameter, low-order, and linear, with

adjustments made to approximate the effects of nonlinearities).

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 24,2026 at 09:44:14 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 1110-2019


http://www.avadocuments.com/doc/ieee-1110-2019
http://www.avadocuments.com/doc/ieee-1110-2019

A given model can appear in various equivalent representations, e.g., in the form of an equivalent
circuit or in the form of a transfer function, among others. These representations are identical,

provided that the following conditions are met:

— The model parameters for each form of the model have been determined from the same set of

tests or analytically derived data.
— The order of each representation is the same.

— Modifications to the element/parameter values to account for nonlinearities such as saturation
effects are typically made after the nominal values for each of the model parameters have
been determined. These saturation modifications must be made in such a fashion as to ensure

insure that the behavior of the various forms of the model representation remain consistent.

This clause discusses the various model structures that are commonly used to represent
synchronous machines in stability analyses. Later clauses discuss the various methods that can be

used to derive parameter values for these model structures.

4.3 Direct-axis model structures

The direct axis of a synchronous machine includes two terminal pairs (ports). These correspond to
the direct-axis equivalent armature winding and the field winding. An accurate representation of the

direct axis must fully account for the characteristics of both of these terminals.

The simplest direct-axis representation assumes that there are no other current paths in the direct
axis other than the direct-axis armature winding and the field winding. However, it is well known
that damper-winding currents (in the case of salient-pole machines) or rotor-body currents (in the
case of solid-rotor machines) play a significant role in determining the characteristics of the direct
axis. Hence, the most common direct-axis model includes an additional winding, known as the

direct-axis damper winding.
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Part (a) of Figure 2 + shows the equivalent-circuit representation for the direct-axis model with a
single damper winding. This equivalent circuit includes an ideal transformer, representing the fact
that there are differing numbers of turns on the armature and field winding, just as is the case for the
primary and secondary windings of a transformer. The variables e’fd and i’fd correspond to the
actual values of field voltage and current that would be measured at the field-winding terminals.
The variables efd and ifd correspond to the values of field voltage and current reflected to the

armature winding through the field to direct-axis armature winding turns ratio, Nafd.
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{a) d-axis equivalent circuit including ideal transformer
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(b} Per-unit d-axls eqgulvalent circuit without ideal transformer
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(b) Per-unit d-axis equivalent circuit without ideal transformer

Figure 2—D-axis equivalent circuits including a single d-axis damper

winding

It is common to represent synchronous machines using a per-unit representation, rather than actual

units, in which case an ideal transformer may or not be required, depending upon the choice of the

base for the per-unit system. Whether in actual units or in per unit, the ideal transformer is typically

left out of the equivalent circuit, resulting in the equivalent circuit of part (b) of Figure 2 + in which

the field voltage and current are as reflected to the armature winding. Care must be taken to relate

these reflected values to the actual values. The choice of the field-winding base values is equivalent

to selecting a turns ratio in the equivalent circuit of part (a) of Figure 2 1.

The direct-axis equivalent circuit of part (b) of Figure 2 + can be expressed in the alternate forms of a

flux-current relationship or a transfer function. The flux-current relationship is

lr, M, M, J-i]
;-lffd‘ lllﬂ '1I_II£-!.£
(Mg M, Lgl|iif

(13)
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where
L,=L+I, (14)
Lu=L,+L+L, (1%
Lg=Lg+L,:+L, (1&)
M,,=L, an
M,=1L_, (18)
M, =L +L, (19)
[ ¥ to Mg
Hoolkateds

Note that the “differential-leakage” inductance Lfl1d accounts for the fact that the mutual inductance
between the field winding and the armature winding is not necessarily equal to that between the
field winding and the damper winding: Lf 1d=M f1d= Lgq . For turbogenerators Lfld is often found
to be positive while for salient-pole machines, Lfl1d is usually negative. This reflects the different
physical couplings between the field circuit and the equivalent rotor body circuits in

turbogenerators as compared to hydrogenerators.

The corresponding voltage equations will be those of Equation (8), Equation (9), and Equation (10),

with the addition of an equation for the d-axis damper winding.

d "
v, =0=i,R,+2H (20)
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Where R1d represents the resistance of the d-axis damper winding. Note that the d-axis damper-

winding voltage is equal to zero because the damper winding is an internally shorted winding with

no external terminals.

Note also that the torque of Equation (12) remains unchanged independent of the number of damper

windings included in the representation.

The transfer function representation for this model structure consists of a set of three Laplace
transforms relating the terminal quantities of the d-axis two-port network. The choice of the three
transforms that whieh define the properties of the network is not unique and many choices are

possible. However, common practice has settled on the following three transfer functions:

Direct-axis operational inductance:

0y 14+ ,s)14+T,,5)
Liz=——= =L |— = 21
=L :l—i'.,::--:l—!:,::-] @b
Field-to-armature-winding current transfer relation:
i [ (1+T..5) ]
sG(5)=—= =G| ———— | (22
© T{# : i +Ts )1+ T,s)|

Field-winding input impedance:

fu|  _ e p [(14T55)(14Ts)] i
E_u(:jE—H{*- =NgR; lTI (23

g =i

Note that the second and third of these transfer functions have been defined in terms of actual field

quantities rather than referred quantities, although this choice is not required.
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If field-terminal effects are not of interest (e.g. fer—example, if the field winding is excited from a
constant-voltage source) or if it is not possible to make measurements at the field-winding terminals,
the direct axis can be considered to be a single-port network and it is not necessary to determine
transfer functions that which relate the field winding to the armature. In such a case, the direct axis

is simply described by the direct-axis operational inductance Ld(s). This in fact was the basis for the

traditional approach in which generator models were developed based upon armature-terminal
open-and short-circuit tests. It must be understood that although direct-axis models developed
under such conditions include a representation for the field-winding, there is no reason to expect
that the model will properly represent the effects of changes in the field voltage or current on the

machine behavior.

In the equivalent-circuit representation of part (a) of Figure 2 * there are eight unknown parameters.
On the other hand, in the transfer function representation of Equation (21), Equation (22), and
Equation (23), there are nine measurable parameters; six time constants, and three coefficients. Thus,
it would appear that by external measurements, one could determine all of the parameters of the
equivalent circuit, including values for the turns ratio and the armature leakage inductance.
However, this is not the case, and in fact only seven of the nine parameters can be determined

independently.

This is similar to the issues that which arise when determining the parameters for the equivalent
circuit of a transformer. It can be readily shown that, although the turns ratio is typically set equal to
the nominal voltage ratio of the transformer (or perhaps the voltage ratio as measured under open
circuit conditions), this choice is arbitrary and in fact, any ratio can be selected [B50]. The terminal
characteristics of the transformer equivalent circuit, based upon any particular choice of turns ratio
in combination with a self-consistent set of the remaining equivalent-circuit parameters, will be
indistinguishable for those of any other choice of turns ratio. Similarly, it is not possible to make a
terminal measurement that whieh will uniquely determine the proportion of leakage inductance to

be allocated to the primary versus the secondary windings_(Kirley [B50], Kamwa and Viarouge

B37]).
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The implication of this fact is that, for the purposes of making an equivalent circuit, it is not possible
to make a set of measurements at the generator terminals that will uniquely determine all of the
values of the equivalent-circuit parameters. One is always free to pick two parameter values
arbitrarily (one parameter plus the field-winding base current for the equivalent circuit of part (b) of
Figure 2 1). In spite of these arbitrary choices, the resultant model will have uniquely defined

terminal characteristics, an essential feature of a useful model.

It is common practice to choose the value of the armature leakage inductance L] as the free

parameter when making equivalent-circuit models for synchronous machines. It is possible to
choose this value totally arbitrarily without affecting the validity of the resultant model. The
parameter-determination procedure is such that the remaining model parameter values are
calculated in a self-consistent fashion such that the terminal behavior of the model will be the same,
independent of the choice of the value of the armature leakage inductance. However, it is common
(and indeed recommended) practice to choose a value equal to or close to the manufacturer-
supplied leakage-inductance value (which is often based upon an analysis of the flux distribution

within the machine when it is operating under rated operating conditions).

As is discussed in 4.2, the various representations presented here for the direct-axis model are
equivalent and can be used interchangeably. This fact is reinforced in 7.4 which presents some of the

equations that which translate model parameters from one form to another.

In addition to the d-axis model discussed above, other models with varying numbers of damper

windings on the direct axis have been are-commenty used by IEEE Std 115 Part II and others ([B3],
B1], [B52]). Table 1 shows seme-of-the most-commonlty—used-models in equivalent-circuit form,

recommended by an IEEE committee on generator modelling ([B36], Kundur and Dandeno [B52],

Canay [B3]) (eleng-with-commonly-used-quadrature-axis-models). The model-numbering scheme for
the various models is of the form “MODEL N.M,” where “N” is an integer that whieh represents the

number of equivalent rotor windings on the direct axis and “M” is an integer that whieh represents
the number of equivalent rotor windings on the quadrature axis. Thus Model 2.1 represents the
direct axis of the rotor with two windings (the field winding and a direct-axis damper winding) and

the quadrature axis with a single damper winding.
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These models range from a “first-order” representation, which includes only the field winding on
the rotor direct axis, to a “third-order” representation which includes the field winding and two
equivalent damper-winding circuits. Their equivalent forms, flux-current and voltage relationships
and transfer-function representations, are similar to those presented for the second-order, single-
damper-winding model which has been discussed in some detail in this clause and hence they will

not be presented here.

Figure 3—Q-axis equivalent circuit including a single q-axis damper

winding
4.4 Quadrature-axis model structures

Because there is no rotor winding with terminals on the quadrature axis, the quadrature axis need be
represented only as a single-port network. In addition to the quadrature-axis armature winding,
varying numbers of damper windings can be included in the quadrature-axis model. Table 1 shows

some of the commonly used quadrature-axis model structures.
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The flux-current relations for the quadrature-axis models are directly analogous to those presented
earlier for the direct-axis. For example, for the model that whiehk includes a single damper winding

in the quadrature axis, the equivalent circuit is shown in Figure 3 2 and the flux-current relationship

is given by
fw,] [ L M-, 2
'_E.-'f"u-l_lMal; I"II; l'_i; l (_4:1
where
L=I_+I
'.:Ifﬂlﬂ = L‘ﬂ
L,=L,+L,
New

and the voltage equations consist of Equation (9) in combination with an equation for the g-axis

damper winding voltage:

daw,
v, =0=j R +—1 (25
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Table 1—Selection of generator models of varying degrees of complexity
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Note that this transfer function is first order in this case because there is but a single damper

winding on the quadrature axis in this form of the model.

The representations for the various forms of the quadrature-axis models found in Table 1 are
sufficiently similar that there is no need to present a detailed discussion here. They can be derived in
analogous form; simply by changing the number of equivalent damper windings included in the

representation.
4.5 Constant-voltage-behind-reactance model

The simplest model that can be used to represent a synchronous machine represents the machine by
a constant voltage and a single series reactance. In the steady state, this representation includes the
synchronous reactance and the “voltage behind synchronous reactance,” which is proportional to
the field current supplied to the generator. In this representation, saliency is neglected and the

synchronous reactance is set equal to the direct-axis synchronous reactance of the machine.

Similar models can be made for transient (and subtransient) conditions. The transient model consists
of the transient reactance (saliency is again neglected) and the “voltage behind transient reactance,”
which is assumed to remain constant for the duration of any transient under study. This reactance,
along with open-circuit and short-circuit time constants, is typically found on manufacturer’s data
sheets, derived from simple closed-form or finite-element analyses, or it can be obtained from tests
(IEEE Std 115-4995). A transient model of this type is assumed to be valid for the initial time period
of an electromechanical transient and can be used to roughly estimate the first-swing stability of a

synchronous machine.
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Since the voltages and currents of these models are not resolved into direct-and quadrature-axis
components, this model structure is placed outside the matrix of Table 1. During a transient
simulation, the magnitude of the model’s internal voltage is kept constant, but the internal angle is
changed corresponding to the rotational dynamics of the generator rotor. Advantages of this simple
model are that the interfacing of the generator and network equations can be accomplished more
quickly during transient simulations and that it requires relatively little data. Thus, this “constant-
voltage-behind-transient-reactance” model has virtually replaced Model 1.0 of Table 1 in cases
where simple generator models are accepted. However, unlike the case with Model 1.0, exciter

action cannot be represented.
4.6 Field-winding per-unit systems

Figure 2 1 presents two forms of the direct-axis equivalent circuit. Part (a) of Figure 2 + includes an
ideal transformer which represents the turns ratio between the field winding and the direct-axis
equivalent winding. In this figure, i'47 and e’fj represent the actual field current and voltage applied
to the field winding while ifd and efd represent the field current and voltage as referred to the direct
axis through the field to direct-axis armature winding turns ratio, Nafd. Part (b) of Figure 2 1 shows
the corresponding equivalent circuit in per unit. Consistent with general practice_(Kamwa and

Virouge [B43], and Kundur [B53]), proper selection of; the per unit bases allow the elimination of the

ideal transformer from the equivalent circuit, when it is expressed in per unit.-dees-notinclidean

ideal-transformer: Thus, the per-unit field current and voltage in part (b) of Figure 2 1 are simply the
referred values of the field current and voltage of part (a) of Figure 2 + divided by the base current

and voltage of the armature winding.
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Based upon the equivalent circuit of part (b) of Figure 2 and the associated flux-current relationships

in Equation (13) 4, it is clear that the per-unit field current corresponding to 1.0 per-unit direct-axis

flux in steady-state open-circuit conditions (and hence 1.0 per-unit open-circuit terminal voltage) is

equal to 1.0 / L,g (or equivalently 1.0 / X4 since Lad and Xad are equal in per unit). In other words,
1.0 per-unit field current will produce an open-circuit per-unit terminal voltage equal to Xad in per
unit. This choice of per-unit system for the field current is called eemmonly—referredto—as—the
reciprocal per-unit system (Rankin [B68 B65]). Note that for this choice of field-winding base current,
the per-unit field voltage under normal operating conditions (equal to iff X Rfj ) is quite small since

typically Rfd is quite small.

Other choices of base-field current and voltage are possible. The databases of many computer
programs define base-field current as that required to produce rated open-circuit terminal voltage
on the air-gap line. This is known as the non-reciprocal base. Similarly, the non-reciprocal per unit

system used in IEEE Std 115 and IEEE Std 421.5 defines exeitation-systems-analyses-may-define base

field current (1.0 pu field current) veltage as the current that required to produce rated terminal

voltage at the air gap line of the open circuit saturation curve of the machine. As is always the case
when interconnecting components whose per-unit parameter values are determined on different
bases, the user must be careful to perform the appropriate per-unit system conversion. Clearly, for
example, if models of the form of part (b) of Figure 2  are to be used, all field-winding quantities

must be expressed in terms of the reciprocal per-unit system. Equivalently, circuit of part (b) of

Figure 2 can also be converted from the reciprocal per unit base to the non-reciprocal per unit base.

As long as the conversion of bases is done correctly, the results are identical (cf. Annex G).

4.7 Generator to power system interfacing

Methods of interfacing the generator and network equations are not presented in this guide in any
detail. Kundur and Dandeno [B52 B50] describe one possible approach that permits incorporation of
any of the generator stability models discussed in this clause into network computations. Refer to

Figure 4 3.
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In a typical multi-machine power system stability analysis—pregram, the network is referred to a

synchronous reference frame_common to the whole interconnected system. The initial angular

position for this synchronous reference frame is arbitrary, but usually is tied to the initial (steady

state) bus voltage angle of forthenetworkisselected,typicallyatthe so-called “swing” or reference

bus in the power flow (steady state) solution. This synchronous frame of reference will maintain a

constant angular speed/frequency independently of the simulated dynamic conditions in the system.

The network equations are solved by load-flow methods, assuming that the voltages at the machine
buses are known. At any given time step, the fluxes within the machine and its rotor angle are
assumed to remain constant and the machine terminal voltages must be found consistently with the
internal conditions of the machine (as represented by one of the various models described in this
clause). Often this process requires some iteration between the network equations and the machine
representation._Once a consistent solution has been found, new values for the machine terminal
currents and output power can be determined. These then can be used to solve the machine
differential conditions for the rotor angle and fluxes for the next time step, and the process is

repeated until the simulation is complete.

The above approach is called alternate solution (alternate network vs. dynamic equations solutions),

in _contrast with the simultaneous approach which solves the generator differential equations

simultaneously in time with the network algebraic equations using an implicit integration methods
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