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Abstract: Categorizes three direct-axis and four quadrature-axis models, along with the basic transient
reactance model. Discusses some of the assumptions made in using various models and presents the
fundamental equations and concepts involved in generator/system interfacing. Covers, generally, 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 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: modeling practices, saturation practices, stability data determination and application, synchronous
generator stability models
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|EEE Standards documents are developed within the IEEE Societies and the Standards Coordinating Committees of the
IEEE Standards Association (IEEE-SA) Standards Board. The |IEEE develops its standards through a consensus develop-
ment process, approved by the American National Standards Institute, which brings together volunteers representing varied
viewpoints and interests to achieve the final product. Volunteers are not necessarily members of the Institute and serve with-
out compensation. While the |EEE administers the process and establishes rules to promote fairness in the consensus devel-
opment process, the |EEE does not independently evaluate, test, or verify the accuracy of any of the information contained
inits standards.

Use of an |IEEE Standard is wholly voluntary. The |EEE disclaims liability for any personal injury, property or other dam-
age, of any nature whatsoever, whether special, indirect, consequential, or compensatory, directly or indirectly resulting
from the publication, use of, or reliance upon this, or any other IEEE Standard document.

The IEEE does not warrant or represent the accuracy or content of the material contained herein, and expressly disclaims
any express or implied warranty, including any implied warranty of merchantability or fitness for a specific purpose, or that
the use of the material contained herein is free from patent infringement. |EEE Standards documents are supplied “AS1S.”

The existence of an |EEE 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. Every | EEE Standard is subjected to review at least every five yearsfor revi-
sion or reaffirmation. When a document is more than five years old and has not been reaffirmed, it is reasonabl e 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 publishing and making this document available, the IEEE is not suggesting or rendering professional or other services
for, or on behalf of, any person or entity. Nor is the IEEE undertaking to perform any duty owed by any other person or
entity to another. Any person utilizing this, and any other IEEE Standards document, should rely upon the advice of a com-
petent professional in determining the exercise of reasonable care in any given circumstances.

Interpretations: Occasionally questions may arise regarding the meaning of portions of standards as they relate to specific
applications. When the need for interpretations is brought to the attention of |EEE, the Institute will initiate action to prepare
appropriate responses. Since |EEE Standards represent a consensus of concerned interests, it isimportant to ensure that any
interpretation has also received the concurrence of abalance of interests. For this reason, |EEE and the members of its soci-
eties and Standards Coordinating Committees are not able to provide an instant response to interpretation requests except in
those cases where the matter has previously received formal consideration.

Comments for revision of IEEE Standards are welcome from any interested party, regardless of membership affiliation with
IEEE. Suggestions for changes in documents should be in the form of a proposed change of text, together with appropriate
supporting comments. Comments on standards and requests for interpretations should be addressed to:

Secretary, |IEEE-SA Standards Board
445 Hoes Lane

P.O. Box 1331

Piscataway, NJ 08855-1331

USA

Note: Attention is called to the possibility that implementation of this standard may reguire use of subject mat-
ter covered by patent rights. By publication of this standard, no position is taken with respect to the existence or
validity of any patent rights in connection therewith. The |EEE shall not be responsible for identifying patents
for which a license may be required by an |EEE standard or for conducting inquiries into the lega validity or
scope of those patents that are brought to its attention.

Authorization to photocopy portions of any individual standard for internal or personal use is granted by the Institute of
Electrical and Electronics Engineers, Inc., provided that the appropriate fee is paid to Copyright Clearance Center. To
arrange for payment of licensing fee, 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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Introduction

(This introduction is not part of IEEE Std 1110-2002, IEEE Guide for Synchronous Generator Modeling Practices and
Applicationsin 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 parameter s. 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 aone-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 |EEE Standards Board on December 12, 1985. This occurred at the
December 12, 1985 meeting of NesCom, and the request was issued as Projection 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-
1991).

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 W/G 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 I1.

The Synchronous Machinery Subcommittee recommended, with the publishing, especialy of Part Il of
IEEE Std 115, in 1995, that areview of the related |EEE 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 Practicesin Stability Analysis.” The new 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 “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 1110-1991 and |EEE Std 115-1995.
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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
thislatest guide in his honor.

The present Working Group (W/G 7 of Synchronous Machinery S/C) wishes to acknowledge the material
and physical inputs to the guide recently made by Ms. Patricia Doherty, administrative assistant with The
Edward S. Rogers Sr. Department of Electrical and Computer Engineering at the University of Toronto, as
she was instrumental in producing the final manuscript.

At the timethis compl ete draft was submitted by W/G 7 of the Synchronous Machinery S/C, its structure and
its membership were asfollows:

Paul L. Dandeno, Chair
Prabha S. Kundur, Co-Chair
Stephen D. Umans, Secretary

Innocent Kamwa, Co-Secretary

Haran Karmaker Sheppard Salon Manoj Shah
Ahmed El-Serdfi

The Working Group especially acknowledges the contributions of its Chair, Paul L. Dandeno, who passed
away shortly before the publication of this standard. Paul received the IEEE Power Engineering Society
(PES) Individual Service Award in 1984; the PES Outstanding Working Group Award for |EEE Std 115 in
1996; and the |IEEE Nikola Tesla Award in 1998. This standard is dedicated to his memory.

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

Paul Anderson Nirma Gha Gary Michel

William Anderson Randall Groves Daleep Mohla

Edwin Averill Adrienne Hendrickson Lon W. Montgomery

S. Cherukupadli Gary Heuston Krste Najdenkoski

Guru Dutt Dhingra Innocent Kamwa Nils E. Nilsson

Paul L. Dandeno Haran Karmaker James Ruggieri

Roger Daugherty Prabha S. Kundur Maurice Secrest

James Edmonds Jesus Martinez Ahmed El-Serafi

Franklin Emery James Michalec Gerald Vaughn
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When the |IEEE-SA Standards Board approved this guide on 11 November 2002, it had the following

membership:
James T. Carlo, Chair
JamesH. Gurney, Vice Chair
Judith Gorman, Secretary
Sid Bennett Toshio Fukuda Nader Mehravari
H. Stephen Berger Arnold M. Greenspan Daleep C. Mohla
Clyde R. Camp Raymond Hapeman William J. Moylan
Richard DeBlasio Donad M. Heirman Malcolm V. Thaden
Harold E. Epstein Richard H. Hulett Geoffrey O. Thompson
Julian Forster* Lowell G Johnson Howard L. Wolfman
Howard M. Frazier Joseph L. Koepfinger* Don Wright

Peter H. Lips
*Member Emeritus

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

Alan Cookson, NIST Representative
Satish K. Aggarwal, NRC Representative

Catherine Berger/Don Messina
IEEE Sandards Project Editors
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IEEE Guide for Synchronous Generator
Modeling Practices and 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 [B1],! Park ([B62], [B63]),
and others 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 continuesto grow at arapid 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.

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 [B6], Dandeno et al. [B12]).
Other investigators developed aternate techniques for determining machine parameters (Manchur et al.
[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. Aswill be discussed, computational capability has increased to the point that

The numbers in brackets correspond to those of the bibliography in Annex A.
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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.

1.2 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 [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]).

1.3 Overview of the guide

Clause 3 discusses the various categories of stability studies which 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 asis 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 which 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. Thisis an
areain which further investigation is clearly required.

Finally, Clause 7 discusses the techniques which have been devel oped for obtaining parameters for synchro-
nous generator models. Such parameters are found either by test, as described in IEEE Std 115™-1995, or
from calculations by manufacturers.? The issue of the translation of parameters from the inductances and
resistances of d- and g-axis models to transient and estrangement reactances and time constants or to transfer
functionsform is also discussed.

2. References

This guide shall be used in conjunction with the following publication. If the following publication is
superseded by an approved revision, the revision shall apply.

IEEE Std 115-1995, IEEE Guide: Test Procedures for Synchronous Machines, Part I—Acceptance and
Performance Testing, and Part I1|l—Test Procedures and Parameter Determination for Dynamic Analysi s34

2Information on references can be found in Clause 2.

3The | EEE standards or products referred to in Clause 2 are trademarks owned by the Institute of Electrical and Electronics Engineers,
Incorporated.

“4IEEE publications are avail able from the Institute of Electrical and Electronics Engineers, 445 Hoes L ane, PO. Box 1331, Piscataway,
NJ 08855-1331, USA (http://standards.ieee.org/).
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IEEE
AND APPLICATIONS IN POWER SYSTEM STABILITY ANALYSES Std 1110-2002

3. Classification of power system stability and synchronous machine
modeling requirements

3.1 General background

Treditionally, 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.

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 identify-
ing essentia factors that contribute to instability and devising methods of improving stable operation, is
greatly facilitated by classification into appropriate categories. 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.

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 (Kundur and Morrison
[B51], Kundur [B54]).

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 syn-
chronous machines maintain synchronism with one another is through the development of restoring torques
whenever there are forces tending to accel erate 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.

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 atransient fault on a transmission circuit, or loss of alarge generator. The resulting system
response involves large excursions of generator rotor angles and is influenced by the nonlinear
power-angle relationship of synchronous machines. Usually, the disturbance alters the system such
that the post-disturbance conditions will be different from those prior to the disturbance. Instability
isin the form of an aperiodic drift of the rotor angle due to insufficient synchronizing torque. 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
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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 3 to 5 seconds following the
disturbance.

b) Small-disturbance 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 is permissible for purposes of analysis. Small-signal anaysis 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.

In present-day power systems, the small-disturbance angle stability problem is usually one of insufficient
damping of oscillations. The stability of the following types of oscillations is of concern:

— Locd-plant-mode oscillations, associated with unitsin 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.

3.3 Voltage stability

Voltage stability is concerned with the ability of a power system to maintain steady acceptable voltages at
al buses in the system under normal operating conditions and after being subjected to a disturbance.
Instability that may result occurs in the form of aprogressive fall or rise of voltage of some buses with only
moderate excursions of generator angles. 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.

Asinthe case of angle stability, it is useful to classify voltage stability into the following two subcategories
based on the size of disturbance considered:

a) Largedisturbance voltage stability is concerned with a system’s ability to 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 under-load transformer tap changers and generator field-current
limiters. The study period may extend from afew 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 potentia 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.
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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 shiftsin 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 caseis a question
of whether or not each island will reach an acceptabl e state of equilibrium with minimum loss of load.

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 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 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 is
better to use singular perturbation techniques to separate fast and slow dynamics and appropriately
approximate the fast dynamics (Xu et a. [B82]).

Notwithstanding the above, it is important to recognize the following specia requirements in representing
synchronous machines for different categories of stability studies:

a) For large-disturbance rotor-angle stability anaysis, particularly for generators with high-initial-
response excitation systems, magnetic saturation effects should be accurately represented at flux
levels corresponding to normal operation al 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 [B56] and Taylor et al. [B74], the excitation remains at its ceiling for about two seconds
leading to very high flux levels. If saturation effects are understated, the results of analysis would be
overly optimistic.

It is 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.

b) For small-disturbance rotor-angle stability analysis, accurate representation of the field circuit as
well asthe rotor damper circuitsis 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.

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
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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.

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 a so found) and an excitation winding (known as the field wind-
ing) on therotor. 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 asin
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 anayses, 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 (g-axis).

Much of the simplification associated with such an approach stems from two key features of this analysis:

1) Under steady-state operating conditions, al 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 wind-
ings 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.

To illustrate the use of this transformation (often referred to asthe d-g-0 or Park transformation), consider a
machine consisting only of a three-phase armature winding and a cylindrical rotor with only afield 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:

Ly Lap Lap Lcosé

s Lab L, Lap meos(e—%n) —ia

NE 2| ®

¥ Loy L., L, meos(0+ ?TE) |

P It

2n 2n
L,,cosé L,,cos 0—3 Lcos| 6+ 3 L;
and the voltage equations can be written in the form:
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In these equations:

Yisthe winding flux linkage

i isthewinding current

v isthe armature-winding voltage
&g isthefield voltage

L, is the armature-phase self inductance

L4 is the armature phase-phase mutual inductance

Ly, isthe peak armature-phase to field-winding mutual inductance

L isthe field-winding self inductance

R, isthe armature phase resistance

Ryq is the field-winding resistance

@ isthe electrical angle between the magnetic axis of phase a and the magnetic axis of the field winding

N
((—29) times the mechanical angle between these axes) where N, is the number of magnetic poles.

Subscripts a, 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 has the time dependence

N
0= (—29)(914 = ot ©)
where

ap, isthe rotor mechanical angular velocity
w istherotor electrical angular velocity

With Srepresenting a variable to be transformed, the d-g-0 transformation can be written as °

w o) ol

s
e sno -sfe-2) —sfe+Z s
Sq |= 3 3 3 ||
S Sc

1 1 1
| 2 2 @

5The transformation as presented here is one of anumber of alternative forms of the dq transformation. The form presented here has the
advantage of being unitary (i.e., the transformation matrix and its inverse matrix are the transpose of each other) and it is also power-
invariant in that the total power is simply the sum of the ui products, p = V4ig + Vgig. This transformation also resultsin a symmetrical
inductance matrix of Equation (7).

Documents

Documént Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 24,2026 at 09:43:22 UTC from IEEE Xplore. Restrictions apply.

Copyright © 2003 IEEE. All rights reserved.

Full document details: IEEE 1110-2002


http://www.avadocuments.com/doc/ieee-1110-2002
http://www.avadocuments.com/doc/ieee-1110-2002

|IEEE

Std 1110-2002 IEEE GUIDE FOR SYNCHRONOUS GENERATOR MODELING PRACTICES

. 1

cosé@ —4g9né —_—

s, V2
2 o\ (. 27\ 1

S =[5 cod 0L —snfo-L) =
3 3 3| 12

Se 1
V2 |

6’+E —sin 6’+2
3 3

L

[ So

(5)

Applying this transformation to the flux-current relationship of Equation (1) gives

Yyl |La-Lep O ng ~ig
Yo |_ 0 La-Lap O 0 ||-iq
Pid \/ng Ly 0 ig
wol [0 0 Ly |l-iol

which can be rewritten in the form

¥l _ |0 Ly 0 0|,
‘{Ifd Laf 0 Lf 0 ifd

¥ 0 0 0 Lyl

Similarly, the transformed voltage equati ons® are

. N dy
Vy = —IdRa—(EP)%%+—a-f

<
1

. N dy
q —IqRa+(—§9)%%+—a-f

; dygg
= +
&g = ItgRs at
; dyp
= — R, + —
Vo loRa at

(6)

(")

(8)

(9)

(10)

(11)

In these equations subscripts d and q 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-segquence component plays a relatively minor role in stability studies (in fact, no role at

N

6When written for per-unit quantities rather than actual quantities, these equations must be modified with the terms (—29)% replaced

by (%&J where g is the synchronous mechanica angular velocity of the rotor and

synchronous e ectrica frequency.

8

d replaced by id

at aydt where g isthe
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al in studies which 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 eguations given above, modeling of a synchronous machine requires an
expression for the electromechanica torque to be used in the calculation of the machine mechanical
dynamics. In terms of dq variables, the electromechanica torque can be calculated as:

N . .
T= (—ég)(“’d'q‘%'d) (12)

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 formsis equivalent and
will give the same resullts; the choice of the representation istypically 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 been 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.

4.2 Terminology
For the purposes of thisdocument, it is helpful to specify the following terminol ogy:

— 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 structureis
characterized both by its form (e.g., lumped-parameter equivalent circuit, transfer function,
differential-eguation representation, etc.) aswell 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 dataobtained from measurements, or

2) Anaytic “data’ obtained from sophisticated analyses that simulate the detailed internal
electromagnetic phenomena which 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 aswell as the effects of eddy currents and rotor motion.
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— 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 modelswhich 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 smple
(lumped-parameter, low-order, and linear, with adjustments made to approximate the effects of
nonlinearities).

A given model can appear in various equivalent representations, e.g., in the form of an equivaent circuit or
in the form of a transfer function, among others. These representations are identical, provided that the
following conditions are met:

— Themodel parameters for each form of the model have been determined from the same set of tests or
analytically derived data.

— Theorder of each representation is the same.

— Moadificationsto 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 insure that the behavior of the
various forms of the model representation remain consi stent.

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 iswell known that damper-winding
currents (in the case of salient-pole machines) or rotor-body currents (in the case of solid-rotor machines)
play asignificant 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.

Part (a) of Figure 1 shows the equivalent-circuit representation for the direct-axis model with a single
damper winding. This equivalent circuit includes an idea transformer, representing the fact that there are
differing numbers of turns on the armature and field winding, just asis the case for the primary and second-
ary windings of atransformer. The variables €ty and i'sy correspond to the actual values of field voltage and
current that would be measured at the field-winding terminals. The variables ey and izq correspond to the
values of field voltage and current reflected to the armature winding through the field to direct-axis armature
winding turns ratio, Nasg.
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(a) D-axis equivalent circuit including ideal transformer
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(b) Per-unit d-axis equivalent circuit without ideal transformer

Figure 1—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 idea transformer may or not be required, depending upon the choice of the base for the per-
unit system. Whether in actua unitsor in per unit, theideal transformer istypically left out of the equivalent
circuit, resulting in the equivalent circuit of part (b) of Figure 1 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 actua values.
The choice of the field-winding base valuesis equivalent to selecting a turnsratio in the equivalent circuit of
part aof Figure 1.

The direct-axis equivalent circuit of part (b) of Figure 1 can be expressed in the aternate forms of a flux-
current relationship or atransfer function. The flux-current relationship is

W Ly Mgig Mg ||-g
Vid| = |Maia L11a Mgl |i1g (13)
Y Mtg Mi1g Litg | | g
where
Lg=Li+Ly (14)
Lizg = Ligt Lig * Lag (15)
Litg = Lig+ Lira  Lag (16)
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Mg1g = Lag (17)
Mg = Lag (18)
Mi1g = Lizg + Lag (19)

(Liyf1g May also be used alternatively to Mgyq)

Note that the “ differential-leakage” inductance L4 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: L4 = M¢1q — Lag. FOr turbogenerators L4 is often found to be positive while for salient-
pole machines, L4 is usualy negative. This reflects the different physical couplings between the field
circuit and the equivalent rotor body circuitsin 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
Vig = 0 = i3gRyg + ‘a\l%g (20)

where Ry 4 represents the resistance of the d-axis damper winding. Note that the d-axis damper-winding volt-
ageis 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 which
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:

Lq(s) = H

lg

. {(1 +Ty8)(1+ Tst)} (21)
(1+ T (1 + T )

€td=0

Field-to-armature-winding current transfer relation:

= SG0|: (1+ TSdS) :| (22)
(L+T349)(1+Tyys)

SG(s) = ¢
Id

€fd=0
Field-winding input impedance:
€ 14

fd

_ (L+T,49(1+T,49)
= N2 1d 2d 23
afd Rfd|: 1+To9 } (23)

¥ =0

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-termina effects are not of interest (for example, if the field winding is excited from a constant-volt-
age 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 which relate
the field winding to the armature. In such a case, the direct axis is ssimply described by the direct-axis opera-
tional inductance Ly(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 1 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 al of the parameters of the equivaent circuit, including values
for the turns ratio and the armature leakage inductance. However, thisis not the case, and in fact only seven
of the nine parameters can be determined independently.

This is similar to the issues which arise when determining the parameters for the equivalent circuit of a
transformer. It can be readily shown that, although the turnsratio is typically set equa to the nomina 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. 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 termina measurement which will uniquely determine the
proportion of leakage inductance to be allocated to the primary versus the secondary windings.

Theimplication of thisfact isthat, for the purposes of making an equivalent circuit, it is not possible to make
a st 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 equivaent circuit of part b of Figure 1). In spite of these arbitrary
choices, the resultant model will have uniquely defined terminal characteristics, an essential feature of a
useful modd.

It is common practice to choose the value of the armature leakage inductance L; as the free parameter when
making equiva ent-circuit models for synchronous machines. It is possible to choose this value totally arbi-
trarily without affecting the validity of the resultant model. The parameter-determination procedure is such
that the remaining model parameter values are caculated in a self-consistent fashion such that the termina
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).

Asisdiscussed 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 which
trandate 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 are commonly used. Tablel shows some of the most commonly used models in equivalent-
circuit form (along 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 which represents the number of
equivalent rotor windings on the direct axisand “M” is an integer which 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.

i I,
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Figure 2—Q-axis equivalent circuit including a single g-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 repre-
sented 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.

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 which includes a single damper winding in the quadrature axis,
the equivaent circuit is shown in Figure 2 and the flux-current relationship is given by

\Pl Mqlq Lllq i1
and the voltage equations consist of Equation (9) in combination with an equation for the g-axis damper
winding voltage:

A,

Vig = 0 = ij(Ryq+ s

(25)

Because the quadrature-axis network has but a single port, only a single transfer function is required.

Quadrature-axis operationa inductance:

_ ¥y (14T
L(s)=—9 =L, |—— 19 26
o« iq qu TZQSJ )

Note that thistransfer functionisfirst order in this case because thereis 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.
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4.5 Constant-voltage-behind-reactance model

The simplest model that can be used to represent a synchronous machine represents the machine by a
congtant 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 equa 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 typicaly found on manufacturer’'s data sheets, derived from
simple closed-form or finite-element analyses, or it can be obtained from tests (IEEE Std 115-1995). 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.

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 interna 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 requiresrelatively 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 Mode 1.0, exciter action cannot be represented.

4.6 Field-winding per-unit systems

Figure 1 presents two forms of the direct-axis equivalent circuit. Part (a) of Figure 1 includes an idea
transformer which represents the turns ratio between the field winding and the direct-axis equivalent
winding. In thisfigure, i'ty and €'s4 represent the actual field current and voltage applied to the field winding
while iy and ey represent the field current and voltage as referred to the direct axis through the field to
direct-axis armature winding turns ratio, N4q. Part (b) of Figure 1 shows the corresponding equivalent
circuit in per unit. Consistent with general practice, the per-unit equivalent circuit does not include an ideal
transformer. Thus, the per-unit field current and voltage in part (b) of Figure 1 are simply the referred values
of the field current and voltage of part (a) of Figure 1 divided by the base current and voltage of the armature
winding.

Based upon the equivaent circuit of part (b) of Figure 1, it is clear that the per-unit field current correspond-
ing to 1.0 per-unit direct-axis flux (and hence 1.0 per-unit open-circuit terminal voltage) is equal to 1.0/L 4
(or equivalently 1.0/X,4 since L4 and X 4 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 X4 in per unit. This choice of per-unit system
for the field current is commonly referred to as the reciprocal per-unit system (Rankin [B65]). Note that for
this choice of field-winding base current, the per-unit field voltage under normal operating conditions (equal
to ity X Ryg) isquite small since typically Ry isquite small.

Other choices of base-field current and voltage are possible. The data bases 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, excitation-systems analyses may define base field
voltage as that required to produce rated terminal voltage. 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 1 are to be used, al field-winding quantities must be expressed in terms of the reciprocal per-unit
system.
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