<©IEEE

IEEE Recommended Practice for
Excitation System Models for
Power System Stability Studies

IEEE Power Engineering Society

Sponsored by the
Energy Development and Power Generation Committee

IEEE IEEE Std 421.5™-2005
3 Park Avenue (Revision of
New York, NY 10016-5997, USA |EEE Std 421.5-1992)
21 April 2006
Documents

Document Sharing Hub

Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 14:36:00 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 421.5-2005


http://www.avadocuments.com/doc/ieee-421-5-2005
http://www.avadocuments.com/doc/ieee-421-5-2005

Documents

Document Sharing Hub
horized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 14:36:00 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 421.5-2005


http://www.avadocuments.com/doc/ieee-421-5-2005
http://www.avadocuments.com/doc/ieee-421-5-2005

Recognized as an IEEE Std 421.5™-2005
American National Standard (ANSI) (Revision of

IEEE Std 421.5-1992)

IEEE Recommended Practice for
Excitation System Models for
Power System Stability Studies

Sponsor

Energy Development and Power Generation Committee
of the
IEEE Power Engineering Society

Approved 29 December 2005

American National Standards Institute

Approved 25 October 2005
IEEE-SA Standards Board

Abstract: Excitation system models suitable for use in large-scale system stability studies are
presented. Important limiters and supplementary controls are also included. The model structures
presented are intended to facilitate the use of field test data as a means of obtaining model
parameters. The models are, however, reduced order models and do not represent all of the control
loops on any particular system. The models are valid for frequency deviations of +5% from rated
frequency and oscillation frequencies up to 3 Hz. These models would not normally be adequate
for use in studies of subsynchronous resonance or other shaft torsional interaction problems.
Delayed protective and control features that may come into play in long term dynamic performance
studies are not represented. A sample set of data for each of the models, for at least one particular
application, is provided.
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IEEE 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 development 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 without compensation. While the IEEE administers the process
and establishes rules to promote fairness in the consensus development process, the IEEE does not independently
evaluate, test, or verify the accuracy of any of the information contained in its standards.

Use of an IEEE Standard is wholly voluntary. The IEEE disclaims liability for any personal injury, property or
other damage, 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. IEEE Standards
documents are supplied “AS IS.”

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. Every IEEE Standard is
subjected to review at least every five years for revision or reaffirmation. When a document is more than five
years old and has not been reaffirmed, 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 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 competent 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 IEEE, the Institute will initiate
action to prepare appropriate responses. Since IEEE Standards represent a consensus of concerned interests, it is
important to ensure that any interpretation has also received 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 interpretation requests except in those cases where the matter has previously received formal
consideration. 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, explanation, or interpretation of the IEEE.

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

Piscataway, NJ 08854

USA

NOTE—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 with respect to the
existence or validity of any patent rights in connection therewith. The IEEE shall not be responsible for
identifying patents for which a license may be required by an IEEE standard or for conducting inquiries into the
legal 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 421.5-2005, IEEE Recommended Practice for Excitation System Models for
Power System Stability Studies.)

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

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

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

Notice to users

Errata

Errata, if any, for this and all other standards can be accessed at the following URL: http:/
standards.ieee.org/reading/ieee/updates/errata/index.html. Users are encouraged to check this URL for
errata periodically.

Interpretations

Current interpretations can be accessed at the following URL: http://standards.ieee.org/reading/ieee/interp/
index.html.

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 with respect to the existence or
validity of any patent rights in connection therewith. The IEEE shall not be responsible for identifying
patents or patent applications for which a license may be required to implement an IEEE standard or for
conducting inquiries into the legal validity or scope of those patents that are brought to its attention.
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IEEE Recommended Practice for
Excitation System Models for
Power System Stability Studies

1. Overview

1.1 Scope

When the behavior of synchronous machines is to be simulated accurately in power system stability studies,
it is essential that the excitation systems of the synchronous machines be modeled in sufficient detail (see
Byerly and Kimbark [B7]1). The desired models must be suitable for representing the actual excitation
equipment performance for large, severe disturbances as well as for small perturbations.

A 1968 IEEE Committee Report (see [B18]) provided initial excitation system reference models. It
established a common nomenclature, presented mathematical models for excitation systems then in common
use, and defined parameters for those models. A 1981 report (see IEEE Committee Report [B20]) extended
that work. It provided models for newer types of excitation equipment not covered previously as well as
improved models for older equipment.

This document, based heavily on the 1981 report, is intended to again update the models, provide models for
additional control features, and formalize those models in a recommended practice. To some extent, the
model structures presented in this document are intended to facilitate the use of field test data as a means of
obtaining model parameters. The models are, however, reduced order models, and they do not represent all
of the control loops on any particular system. In some cases, the model used may represent a substantial
reduction, resulting in large differences between the structure of the model and the physical system.

The excitation system models themselves do not allow for regulator modulation as a function of system
frequency, an inherent characteristic of some older excitation systems. The models are valid for frequency
deviations of £5% from rated frequency and oscillation frequencies up to about 3 Hz. These models would
not normally be adequate for use in studies of subsynchronous resonance or other shaft torsional interaction
problems. Delayed protective and control functions that may come into play in long-term dynamic
performance studies are not represented. See additional information in Annex F.

Where possible, the supplied models are referenced to commercial equipment and vendor names shown in
Annex 1. This information is given for the convenience of users of this recommended practice and does not

IThe numbers in brackets correspond to those of the bibliography in Annex J.
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constitute an endorsement by the IEEE of these products. The models thus referenced may be appropriate
for equivalent excitation systems supplied by other manufacturers.

A sample set of data (not necessarily typical) for each of the models, for at least one particular application, is
provided in Annex H. A suffix “A” is used for the designation of models introduced or modified in IEEE Std
421.5-1992, and a suffix “B” is used for models introduced or modified in this latest recommended practice,
IEEE Std 421.5-2005.

Modeling work outside of the IEEE is documented in IEC 60034-16:1991 [B17]. Additional background is
found in IEEE Committee Report [B19].

2. Normative references

The following referenced documents are indispensable for the application of this document. For dated
references, only the edition cited applies. For undated references, the latest edition of the referenced
document (including any amendments or corrigenda) applies.

ANSI C50.10 American National Standard for Rotating Electrical Machinery—Synchronous Machines.’

IEEE Std 115™, IEEE Guide: Test Procedures for Synchronous Machines—Part I: Acceptance and
Performance Testing; Part II: Test Procedures and Parameter Determination for Dynamic Analysis.3’ 4

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

IEEE Std 421.2™, TEEE Guide for Identification, Testing, and Evaluation of the Dynamic Performance of
Excitation Control Systems.

IEEE Std 421.3™, IEEE Standard for High Potential-Test Requirements for Excitation Systems for
Synchronous Machines.

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

IEEE Std C50.13™, IEEE Standard for Cylindrical-Rotor 50 Hz and 60 Hz, Synchronous Generators Rated
10 MVA and above.

3. Representation of synchronous machine excitation systems in power
system studies

The general functional block diagram shown in Figure 3-1 indicates various synchronous machine excitation
subsystems. These subsystems may include a terminal voltage transducer and load compensator, excitation
control elements, an exciter, and in many instances, a power system stabilizer (PSS). Supplementary
discontinuous excitation control may also be employed. Models for all of these functions are presented in
this recommended practice.

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

3EEE publications are available from the Institute of Electrical and Electronics Engineers, Inc., 445 Hoes Lane, Piscataway, NJ 08854,
USA (http://standards.ieee.org/).

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

FOR EXCITATION SYSTEM MODELS FOR POWER SYSTEM STABILITY STUDIES Std 421.5-2005
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SUPPLEMENTARY
DISCONTINUQUS
EXCITATION CONTROLS

Figure 3-1—General functional block diagram for synchronous machine
excitation control system

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

Recently, modeling of field current limiters has become increasingly important, resulting in the addition to
this recommended practice of Clause 9 and Clause 10 describing overexcitation and underexcitation limiters
(OELs and UELs, respectively). The individual excitation system models in this document show how the
output signals from such limiters (Vg and Vi) would normally be connected.

The output of the UEL may be received as an input to the excitation system (V) at various locations,
either as a summing input or as a gated input, but for any one application of the model, only one of these
inputs would be used.

For the OEL some models provide a gate through which the output of the overexcitation limiter or terminal
voltage limiter (V) could enter the regulator loop.

In the implementation of all of the models, provision should be made for handling zero values of parameters.
For some zero values, it may be appropriate to bypass entire blocks of a model.

The per unit (pu) system used for modeling the excitation system is described in Annex B.

Three distinctive types of excitation systems are identified on the basis of excitation power source, as
follows:

a)  Type DC excitation systems, which utilize a direct current generator with a commutator as the source
of excitation system power (see Clause 5)

b) Type AC excitation systems, which use an alternator and either stationary or rotating rectifiers to
produce the direct current needed for the synchronous machine field (see Clause 6)

c) Type ST excitation systems, in which excitation power is supplied through transformers or auxiliary
generator windings and rectifiers (see Clause 7)

The following key accessory functions common to most excitation systems are identified and described as
follows:

1)  Voltage sensing and load compensation (see Clause 4)

2)  Power system stabilizer (see Clause 8)
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3)  Overexcitation limiter (see Clause 9)
4)  Underexcitation limiter (see Clause 10)
5) Power factor and var control (see Clause 11)

6) Discontinuous excitation controls (see Clause 12)
In addition, models for some supplementary discontinuous excitation controls are provided.

Most excitation systems represented by the Type AC and ST models allow only positive current flow to the
field of the machine, although some systems allow negative voltage forcing until the current decays to zero.
Special provisions are made to allow the flow of negative field current when it is induced by the
synchronous machine. Methods of accommodating this in the machine/excitation system interface for
special studies are described in Annex G.

4. Synchronous machine terminal voltage transducer and current
compensator models

Several types of compensation are available on most excitation systems. Synchronous machine active and
reactive current compensation are the most common. Either reactive droop compensation and/or line-drop
compensation may be used, simulating an impedance drop and effectively regulating at some point other
than the terminals of the machine. The impedance or range of adjustment and type of compensation should
be specified.

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

A block diagram of the terminal voltage transducer and the load compensator is shown in Figure 4-1. These
model elements are common to all excitation system models described in this document. It is realized that,
for some systems, there may be separate and different time constants associated with the functions of
voltage sensing and load compensation. The distinction is not recognized in this model, in which only one
time constant, T, is used for the combined voltage sensing and compensation signal. Single-phase voltage
and current sensing will, in general, require a longer time constant in the sensing circuitry to eliminate

ripple.

When load compensation is not employed (R-=X-=0), the block diagram reduces to a simple sensing
circuit. The terminal voltage of the synchronous machine is sensed and is usually reduced to a dc quantity.
While the filtering associated with the voltage transducer may be complex, it can usually be reduced, for
modeling purposes, to the single time constant 7 shown. For many systems, this time constant is very small
and provision should be made to set it to zero.

Vor=|Vr + ReHXo) il P — >V
c1=IVT cTJAc) IT 1+sTr C

Vr
—>
—>

I

Figure 4-1—Terminal voltage transducer and optional load compensation elements
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The terminal voltage transducer output, ¥, is compared with a reference that represents the desired terminal
voltage setting, as shown on each of the excitation system models. The equivalent voltage regulator
reference signal, Vpgr, is calculated to satisfy the initial operating conditions. It will, therefore, take on a
value unique to the synchronous machine load condition being studied. The resulting error is amplified as
described in the appropriate excitation system model to provide the field voltage and subsequent terminal
voltage to satisfy the steady-state loop equations. Without load compensation, the excitation system, within
its regulation characteristics, attempts to maintain a terminal voltage determined by the reference signal.

When compensation is desired, the appropriate values of R~ and X are entered. In most cases, the value of
R is negligible. The input variables of synchronous machine voltage and current must be in phasor form for
the compensator calculation. Care must be taken to ensure that a consistent pu system is utilized for the
compensator parameters and the synchronous machine current base.

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

a)  When synchronous machines are bused together with no impedance between them, the compensator
is used to create artificial coupling impedance so that the machines will share reactive power appro-
priately. This corresponds to the choice of a regulating point within the synchronous machine. For
this case, R and X~ would have positive values.

b)  When a single synchronous machine is connected through significant impedance to the system, or
when two or more machines are connected through individual transformers, it may be desirable to
regulate voltage at a point beyond the machine terminals. For example, it may be desirable to com-
pensate for a portion of the transformer impedance and effectively regulate voltage at a point part
way through the step-up transformer. For these cases, R and X would take on the appropriate neg-
ative values.

Some compensator circuits act to modify terminal voltage as a function of reactive and real power, instead
of reactive and real components of current. Although the model provided will be equivalent to these circuits
only near rated terminal voltage, more precise representation has not been deemed worthwhile. These and
other forms of compensation are described in Rubenstein and Wakley [B39].

The automatic voltage regulator (AVR) feedback signal can include inputs from other synchronous
machines where the machines are connected together on a low-voltage bus and share a common main output
transformer. A general form of the AVR feedback signal for unit 1, V-, is written as shown in Equation (1):

Ver = (VT +(Ren +jXci)r + (Repp + jXCl2)1T2-‘ (M
Vr = ac voltage phasor common to both of the generators
Ir; = ac current flow out of generator i
Reyi = resistive component of compensation of generator i for current flow out of generator j
Xcij = reactive component of compensation of generator i for current flow out of generator j

The subscripts identify the signals associated with each of the two generators. The first subscript indicates
the unit to which the load compensation is connected, while the second subscript indicates the source of the
current signal to the compensation. This is the general form of the single machine compensation found on all
utility generators (i.e., with R~15, X5 to zero). A similar equation applies to the AVR input for the second
unit with appropriate substitution of inputs and subscripts. This can be readily extended to more generators
by including additional compensation terms.

In practice, the resistive component of compensation is rarely required on generators synchronized to large
grids over high-voltage interconnections. This component of compensation is not even available on some
manufacturer’s designs. To simplify analysis, the resistive component of compensation is assumed to be
zero, and the current signals are resolved into two components as shown in Equation (2):
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Iy = 1,-jl, )

Ip is the current component in-phase with the terminal voltage and therefore corresponds to the active power
flowing from the machine to the system. Similarly, 7y, corresponds to the reactive component of the current.
When the current flowing from the generator lags the voltage, the reactive component of current, /, and the
associated reactive power, O, have positive values. For relatively constant terminal voltage (i.e., changes of
no more than a few percent from the nominal level), the amplitude of the active and reactive components of
current will be equal to the active and reactive power output of the generator when expressed in pu.

The original compensation equation can now be simplified, as shown in Equation (3):
Ver = |(Vp+ Xendor +Xcalga) +i(Xendpr + Xc12Xp)| 3)
=(Vr+Xculoi+ Xcilga)

The latter approximation is based on the fact that changes in the active component of current will have little
effect on the compensated voltage amplitude. On newer systems, this algebraic equation is an exact
representation of the AVR feedback signal, as the reactive component is resolved and multiplied by the
compensation and then combined with the terminal voltage signal.

Referring to Equation (3), when the selected compensation is positive and the reactive current lags the
voltage, the compensated voltage, V-, will be greater than the terminal voltage, V7. When a larger value is
presented to the AVR feedback input, the result is a reduction in excitation. Based on this, the type of
compensation can be categorized as follows:

Xc11>0,Xc12=0 Commonly referred to as reactive droop. The generator terminal voltage will
exhibit a declining or drooping characteristic as reactive output increases.

Xc11<0,Xc12=0 Commonly referred to as transformer-drop or line-drop compensation. The
generator terminal voltage will exhibit a rising characteristic as reactive output
increases.

Xe11#=0,Xc12#0 Commonly referred to as cross-current compensation, although the preferred

terminology is reactive differential compensation. Through careful selection of
the two coefficients (e.g., Xc12 = —X11), this form of compensation can be used
to offset or eliminate the drooping voltage characteristic while enforcing reactive
current sharing between synchronous machines sharing a common low-voltage
connection.

5. Type DC—Direct current commutator exciters

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

Digitally based voltage regulators feeding dc rotating main exciters can be represented with the AC Type
AC8B model with the parameters K~ and K, set to 0.

The relationships between regulator limits and field voltage limits are developed in the IEEE Committee
Report [B20].
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5.1 Type DC1A excitation system model

This model, described by the block diagram of Figure 5-1, is used to represent field-controlled dc
commutator exciters with continuously acting voltage regulators (especially the direct-acting rheostatic,
rotating amplifier, and magnetic amplifier ‘[ypes).5 Because this model has been widely implemented by the
industry, it is sometimes used to represent other types of systems when detailed data for them are not
available or when a simplified model is required.

The principal input to this model is the output, V., from the terminal voltage transducer and load
compensator model previously described. At the summing junction, terminal voltage transducer output, ¥,
is subtracted from the set point reference, Vpgp. The stabilizing feedback, Vg, is subtracted and the power
system stabilizing signal, Vg, is added to produce an error voltage. In the steady state, these last two signals
are zero, leaving only the terminal voltage error signal. The resulting signal is amplified in the regulator. The
major time constant, 7, and gain, K, associated with the voltage regulator are shown incorporating non-
windup limits typical of saturation or amplifier power supply limitations. A discussion of windup and non-
windup limits is provided in Annex E. These voltage regulators utilize power sources that are essentially
unaffected by brief transients on the synchronous machine or auxiliary buses. The time constants, 75 and 7
may be used to model equivalent time constants inherent in the voltage regulator, but these time constants
are frequently small enough to be neglected and provision should be made for zero input data.

\'/ Y/
S (ALTElFJzﬁLATE) V?“A—Ax
>
Ve 1+sTc HV Ka 1 Erp
1+sTs GATE 1+sTa sTe o
_/
VRer  |VF VRﬁ,ﬁ
Kg [«

Vx Vx=ErpSe[Erp] [

sKr
1+sTE

Figure 5-1—Type DC1A—DC commutator exciter

The voltage regulator output, V', is used to control the exciter, which may be either separately excited or
self-excited as discussed in the IEEE Committee Report [B20]. When a self-excited shunt field is used, the
value of K, reflects the setting of the shunt field rheostat. In some instances, the resulting value of Kz can be
negative and allowance should be made for this.

Most of these exciters utilize self-excited shunt fields with the voltage regulator operating in a mode
commonly termed buck-boost. The majority of station operators manually track the voltage regulator by
periodically trimming the rheostat set point so as to zero the voltage regulator output. This may be simulated
by selecting the value of K so that initial conditions are satisfied with V' = 0, as described in the IEEE
Committee Report [B20]. In some programs, if K is entered as zero, it is automatically calculated by the
program for self-excitation.

If a nonzero value for K is provided, the program should not recalculate K, as a fixed rheostat setting is
implied. For such systems, the rheostat is frequently fixed at a value that would produce self-excitation near

5Examples of excitation systems represented by this model will be made available on the IEEE Web site. Annex I lists examples avail-
able at the time of writing this standard.
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rated conditions. Systems with fixed field rheostat settings are in widespread use on units that are remotely
controlled. A value for K = 1 is used to represent a separately excited exciter.

The term Sg[Egp] is a nonlinear function with values defined at two or more chosen values of Egp, as
described in Annex C. The output of this saturation block, VY, is the product of the input, £p, and the value
of the nonlinear function Sg[Efp] at this exciter voltage.

A signal derived from field voltage is normally used to provide excitation system stabilization, Vg, via the
rate feedback with gain, K, and time constant, 7.

5.2 Type DC2A excitation system model

The model shown in Figure 5-2 is used to represent field-controlled dc commutator exciters with
continuously acting voltage regulators having supplies obtained from the generator or auxiliary bus. It
differs from the Type DC1A model only in the voltage regulator output limits, which are now proportional
to terminal voltage V.

It is representative of solid-state replacements for various forms of older mechanical and rotating amplifier
regulating equipment connected to dc commutator exciters.

\"J V
S (ALTElFJ{Ell»_ATE) VTy_FSMAX
!
Ve 1+sTc HV Ka 1 Erp
1+sTs GATE 14sTa sTe o
7 ~
Veer  [Vr V1VRMIN
Kg [«
Vx Vx=ErpSe[Erp] ¢
sKr
1+sTE

Figure 5-2Type DC2A—DC commutator exciter with bus-fed regulator

5.3 Type DC3A excitation system model

The systems discussed in the previous subclauses are representative of the first generation of high gain, fast-
acting excitation sources. The Type DC3A model is used to represent older systems, in particular those dc
commutator exciters with non-continuously acting regulators that were commonly used before the
development of the continuously acting varieties.

These systems respond at basically two different rates, depending upon the magnitude of voltage error. For
small errors, adjustment is made periodically with a signal to a motor-operated rheostat. Larger errors cause
resistors to be quickly shorted or inserted and a strong forcing signal applied to the exciter. Continuous
motion of the motor-operated rheostat occurs for these larger error signals, even though it is bypassed by
contactor action. Figure 5-3 illustrates this control action.

The exciter representation is similar to that of systems described previously. Note that no excitation system
stabilizer is represented.
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Depending upon the magnitude of voltage error, Vggr — Vi, different regulator modes come into play. If the
voltage error is larger than the fast raise/lower contact setting, K (typically 5%), Vparax Or Veray is applied
to the exciter, depending upon the sign of the voltage error. For an absolute value of voltage error less than
Ky, the exciter input equals the rheostat setting Vpp. The rheostat setting is notched up or down, depending
upon the sign of the error. The travel time representing continuous motion of the rheostat drive motor is Tpp.
A non-windup limit (see Annex E) is shown around this block, to represent the fact that when the rheostat
reaches either limit, it is ready to come off the limit immediately when the input signal reverses. Additional
refinements, such as dead band for small errors, have been considered, but were not deemed justified for the
relatively few older machines using these voltage regulators.

Kv VRmax

Ve
Ve . 3 VERR .| Vemax - VRuin  |VRrH

" s Kv Tru
+ _/

Ky VRMIN

VREF
L IF Verr>Ky, VrR=VRMAX
1 Erp
| IF [Verr | <Ky, VR=VRH oTe >
> s
IF Verr<-Ky, VR=VRmIN £
_/
Ke |«

Vx Vx=ErpSe[Erp] [+

Figure 5-3—Type DC3A—DC commutator exciter with non-continuously acting regulators

The model assumes that the quick raise/lower limits are the same as the rheostat limits. It does not account
for time constant changes in the exciter field as a result of changes in field resistance (as a result of rheostat
movement and operation of quick action contacts).

5.4 Type DC4B excitation system model

These excitation systems utilize a field-controlled dc commutator exciter with a continuously acting voltage
regulator having supplies obtained from the generator or auxiliary bus. The replacement of the controls only
as an upgrade (retaining the dc commutator exciter) has resulted in a new model. The block diagram of this
model is shown in Figure 5-4. This excitation system typically includes a proportional, integral, and
differential (PID) generator voltage regulator (AVR). An alternative rate feedback loop (Kp, TF) for
stabilization is also shown in the model if the AVR does not include a derivative term. If a PSS control is
supplied, the appropriate model is the Type PSS2B model.
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Figure 5-4—Type DC4B—DC commutator exciter with PID style regulator

6. Type AC—Alternator-supplied rectifier excitation systems

These excitation systems use an ac alternator and either stationary or rotating rectifiers to produce the dc
field requirements. Loading effects on such exciters are significant, and the use of generator field current as
an input to the models allows these effects to be represented accurately. These systems do not allow the
supply of negative field current, and only the Type AC4A model allows negative field voltage forcing.
Modeling considerations for induced negative field currents are discussed in Annex G. If these models are
being used to design phase lead networks for PSSs, and the local mode is close to 3 Hz or higher, a more
detailed treatment of the ac machine may be needed. However, the models will be satisfactory for large-
scale simulations.

In these models, a signal, Vg, proportional to exciter field current is derived from the summation of signals
from exciter output voltage, Vg, multiplied by K + Sg[Vg], (Where Sg[ V] represents saturation as described
in Annex C) and /g multiplied by the demagnetization term, K. In some of the models, the exciter field
current signal, V' is used as the input to the excitation system stabilizing block with output, V.

6.1 Type AC1A excitation system model

The model shown in Figure 6-1 represents the field-controlled alternator-rectifier excitation systems
designated Type AC1A. These excitation systems consist of an alternator main exciter with non-controlled
rectifiers. The exciter does not employ self-excitation, and the voltage regulator power is taken from a
source that is not affected by external transients. The diode characteristic in the exciter output imposes a
lower limit of zero on the exciter output voltage, as shown in Figure 6-1.
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Figure 6-1—Type AC1A—Alternator-rectifier excitation system with non-controlled
rectifiers and feedback from exciter field current

For large power system stability studies, the exciter alternator synchronous machine can be represented by
the simplified model shown in Figure 6-1. The demagnetizing effect of load current, I, on the exciter
alternator output voltage, Vg, is accounted for in the feedback path that includes the constant, K. This
constant is a function of the exciter alternator synchronous and transient reactances, see Ferguson, Herbst,
and Miller [B12] and Gayek [B13].

Exciter output voltage drop due to rectifier regulation is simulated by inclusion of the constant K~ (which is
a function of commutating reactance) and the rectifier regulation curve, Fgy, as described in Annex D.

6.2 Type AC2A excitation system model

The model shown in Figure 6-2, designated as Type AC2A, represents a high initial response field-
controlled alternator-rectifier excitation system. The alternator main exciter is used with non-controlled
rectifiers. The Type AC2A model is similar to that of Type AC1A except for the inclusion of exciter time
constant compensation and exciter field current limiting elements.

The exciter time constant compensation consists essentially of a direct negative feedback, V', around the
exciter field time constant, reducing its effective value and thereby increasing the small signal response
bandwidth of the excitation system. The time constant is reduced by a factor proportional to the product of
gains, Kp and K, of the compensation loop and is normally more than an order of magnitude lower than the
time constant without compensation.

To obtain high initial response with this system, a very high forcing voltage, V)4 x- i applied to the exciter
field. A limiter sensing exciter field current serves to allow high forcing but limit the current. By limiting the
exciter field current, exciter output voltage, Vg, is limited to a selected value, which is usually determined by
the specified excitation system nominal response. Although this limit is realized physically by a feedback
loop as described in Annex F, the time constants associated with the loop can be extremely small and can
cause computational problems. For this reason, the limiter is shown in the model as a positive limit on
exciter voltage back of commutating reactance, which is in turn a function of generator field current. For
small limiter loop time constants, this has the same effect, but it circumvents the computational problem
associated with the high gain, low time constant loop.

The limits on V', are used to represent the effects of feedback limiter operation, as described in Annex F.
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Figure 6-2—Type AC2A—High initial response alternator-rectifier excitation system with
non-controlled rectifiers and feedback from exciter field current

6.3 Type AC3A excitation system model

The model shown in Figure 6-3, represents the field-controlled alternator-rectifier excitation systems
designated Type AC3A. These excitation systems include an alternator main exciter with non-controlled
rectifiers. The exciter employs self-excitation, and the voltage regulator power is derived from the exciter
output voltage. Therefore, this system has an additional nonlinearity, simulated by the use of a multiplier
whose inputs are the voltage regulator command signal, ¥, and the exciter output voltage, Epp, times Kp.
This model is applicable to excitation systems employing static voltage regulators.

For large power system stability studies, the exciter alternator synchronous machine model is simplified.

The demagnetizing effect of load current (/rp) on the dynamics of the exciter alternator output voltage, Vg,
is accounted for. The feedback path includes the constant K, which is a function of the exciter alternator
synchronous and transient reactances.
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Figure 6-3—Type AC3A—Alternator-rectifier exciter with alternator field current limiter
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Exciter output voltage drop due to rectifier regulation is simulated by inclusion of the constant, K~ (which is
a function of commutating reactance), and the regulation curve, Fy, as described in Annex D.

The excitation system stabilizer in this model has a nonlinear characteristic. The gain is Kz with exciter
output voltage less than Expy. When exciter output exceeds Erpy, the value of this gain becomes K.

The limits on Vg are used to represent the effects of feedback limiter operation, as described in Annex F.

6.4 Type AC4A excitation system model

The Type AC4A alternator-supplied controlled-rectifier excitation system illustrated in Figure 6-4 is quite
different from the other type ac systems. This high initial response excitation system utilizes a full thyristor
bridge in the exciter output circuit.

Vs Vinax Vel Vinax-Kelrp
Ve 1+sT¢ HV Kk,
T+sTy | |GATE 1+5T4 Erp
_/
Virin VEMN

Vrer

Figure 6-4—Type AC4A alternator-supplied controlled-rectifier exciter

The voltage regulator controls the firing of the thyristor bridges. The exciter alternator uses an independent
voltage regulator to control its output voltage to a constant value. These effects are not modeled; however,
transient loading effects on the exciter alternator are included. Exciter loading is confined to the region
described as mode 1 in Annex D, and loading effects can be accounted for by using the exciter load current
and commutating reactance to modify excitation limits. The excitation system stabilization is frequently
accomplished in thyristor systems by a series lag-lead network rather than through rate feedback. The time
constants, Tp and T, allow simulation of this control function. The overall equivalent gain and the time
constant associated with the regulator and/or firing of the thyristors are simulated by K, and T,
respectively.

6.5 Type AC5A excitation system model

The model shown in Figure 6-5, designated as Type ACS5A, is a simplified model for brushless excitation
systems. The regulator is supplied from a source, such as a permanent magnet generator, which is not
affected by system disturbances.
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Figure 6-5—Type AC5A—Simplified rotating rectifier excitation system representa-
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Unlike other ac models, this model uses loaded rather than open circuit exciter saturation data in the same
way as it is used for the dc models (Annex C).

Because the model has been widely implemented by the industry, it is sometimes used to represent other
types of systems when either detailed data for them are not available or simplified models are required.

6.6 Type ACG6A excitation system model

The model shown in Figure 6-6 is used to represent field-controlled alternator-rectifier excitation systems
with system-supplied electronic voltage regulators. The maximum output of the regulator, V' is a function
of terminal voltage, V7. The field current limiter included in the original model AC6A remains in the 2005
update of this document, although overexcitation and underexcitation limiters are now described more fully
in Clause 9 and Clause 10 respectively.

Vs vieL Vamax VTVermax

Ko (14sT) | | 1#sTc
145 Ty 14T
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14sT,
14+ TH

Figure 6-6—Type AC6A—Alternator-rectifier excitation system with non-controlled
rectifiers and system-supplied electronic voltage regulator

6.7 Type AC7B excitation system model

These excitation systems consist of an ac alternator with either stationary or rotating rectifiers to produce the
dc field requirements. Upgrades to earlier ac excitation systems, which replace only the controls but retain
the ac alternator and diode rectifier bridge, have resulted in this new model, as shown in Figure 6-7. Some of
the features of this excitation system include a high bandwidth inner loop regulating generator field voltage
or exciter current (K, Kr), a fast exciter current limit, Vg z4x, to protect the field of the ac alternator, and
the PID generator voltage regulator (AVR). An alternative rate feedback loop (Kp, TF) is provided for
stabilization if the AVR does not include a derivative term. If a PSS control is supplied, the Type PSS2B or
PSS3B models are appropriate.

6.8 Type AC8B excitation system model

The block diagram of the AC8B model is shown in Figure 6-8. The AVR in this model consists of PID
control, with separate constants for the proportional (Kpg), integral (K;z), and derivative (Kpg) gains. The
values for the constants are chosen for best performance for each particular generator excitation system. The
representation of the brushless exciter (7, Kg, Sg, K¢, Kp) is similar to the model Type AC2A. Sample data
for this model is shown in Annex H. The Type AC8B model can be used to represent static voltage
regulators applied to brushless excitation systems. Digitally based voltage regulators feeding dc rotating
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main exciters can be represented with the AC Type AC8B model with the parameters K~ and K set to 0.
For thyristor power stages fed from the generator terminals, the limits Vg, 4y and Vpygy should be a
function of terminal voltage: Vy x Vppax and Vy x Veagn- This may be accommodated in simulation
programs using an additional logic state to identify bus or PMG fed systems from terminal fed systems.

The limits on Vg are used to represent the effects of feedback limiter operation, as described in Annex F.
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Figure 6-7—Type AC7B—Alternator-rectifier excitation system
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Figure 6-8—Type AC8B—Alternator-rectifier excitation system

7. Type ST—Static excitation systems

In these excitation systems, voltage (and also current in compounded systems) is transformed to an
appropriate level. Rectifiers, either controlled or non-controlled, provide the necessary direct current for the
generator field.
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While many of these systems allow negative field voltage forcing, most do not supply negative field current.
For specialized studies where negative field current must be accommodated, more detailed modeling is
required, as discussed in Annex G.

For many of the static systems, exciter ceiling voltage is very high. For such systems, additional field current
limiter circuits may be used to protect the exciter and the generator rotor. These frequently include both
instantaneous and time delayed elements, but only the instantaneous limits are included here, and these only
for the STIA and ST6B models. The original ST1A model remains unchanged including an exciter field
current limiter but limiters are now described more fully in Clause 9 and Clause 10 of this document.

7.1 Type ST1A excitation system model

The computer model of the Type ST1A potential-source controlled-rectifier excitation system shown in
Figure 7-1 is intended to represent systems in which excitation power is supplied through a transformer from
the generator terminals (or the unit’s auxiliary bus) and is regulated by a controlled rectifier. The maximum
exciter voltage available from such systems is directly related to the generator terminal voltage (except as
noted, as follows).

In this type of system, the inherent exciter time constants are very small, and exciter stabilization may not be
required. On the other hand, it may be desirable to reduce the transient gain of these systems for other
reasons. The model shown is sufficiently versatile to represent transient gain reduction implemented either
in the forward path via time constants, 7 and T~ (in which case K would normally be set to zero), or in the
feedback path by suitable choice of rate feedback parameters, Ky and Tr. Voltage regulator gain and any
inherent excitation system time constant are represented by K, and 74, respectively.

The time constants, 7~ and T, allow for the possibility of representing transient gain increase, in which
case T would be greater than Tg.

The way in which the firing angle for the bridge rectifiers is derived affects the input-output relationship,
which is assumed to be linear in the model by choice of a simple gain, K. For many systems a truly linear
relationship applies. In a few systems, the bridge relationship is not linearized, leaving this nominally linear
gain a sinusoidal function, the amplitude of which may be dependent on the supply voltage. As the gain is
normally set very high, a linearization of this characteristic is normally satisfactory for modeling purposes.
The representation of the ceiling is the same whether the characteristic is linear or sinusoidal.
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Figure 7-1—Type ST1A—Potential-source, controlled-rectifier exciter
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In many cases, the internal limits on V; can be neglected. The field voltage limits that are functions of both
terminal voltage and synchronous machine field current should be modeled. The representation of the field
voltage positive limit as a linear function of synchronous machine field current is possible because operation
of the rectifier bridge in such systems is confined to the mode 1 region as described in Annex D. The
negative limit would have a similar current-dependent characteristic, but the sign of the term could be either
positive or negative depending upon whether a constant firing angle or constant extinction angle is chosen
for the limit. As field current is normally low under this condition, the term is not included in the model.

As a result of the very high forcing capability of these systems, a field current limiter is sometimes
employed to protect the generator rotor and exciter. The limit start setting is defined by /; ; and the gain is
represented by K; p. To permit this limit to be ignored, provision should be made to allow K p to be set to
zero. This limiter is described here to maintain consistency with the original ST1A model. However, this
document describes overexcitation and underexcitation limiters more fully in Clause 9 and Clause 10,
respectively.

While for the majority of these excitation systems, a fully controlled bridge is employed, the model is also
applicable to systems in which only half of the bridge is controlled, in which case the negative field voltage
limit is set to zero (Vgpy = 0).

7.2 Type ST2A excitation system model

Some static systems utilize both current and voltage sources (generator terminal quantities) to comprise the
power source. These compound-source rectifier excitation systems are designated Type ST2A and are
modeled as shown in Figure 7-2. It is necessary to form a model of the exciter power source utilizing a
phasor combination of terminal voltage, V7, and terminal current, /7. Rectifier loading and commutation
effects are accounted for as described in Annex D. Erp,x represents the limit on the exciter voltage due to
saturation of the magnetic components. The regulator controls the exciter output through controlled
saturation of the power transformer components. 7% is a time constant associated with the inductance of the
control windings.
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Figure 7-2—Type ST2A—Compound-source rectifier exciter
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7.3 Type ST3A excitation system model

Some static systems utilize a field voltage control loop to linearize the exciter control characteristic as
shown in Figure 7-3. This also makes the output independent of supply source variations until supply
limitations are reached.

These systems utilize a variety of controlled-rectifier designs: full thyristor complements or hybrid bridges
in either series or shunt configurations. The power source may consist of only a potential source, either fed
from the machine terminals or from internal windings. Some designs may have compound power sources
utilizing both machine potential and current. These power sources are represented as phasor combinations of
machine terminal current and voltage and are accommodated by suitable parameters in the model shown.

The excitation system stabilizer for these systems is provided by a series lag-lead element in the voltage
regulator, represented by the time constants 7 and 7. The inner loop field voltage regulator is comprised
of the gains K, and K; and the time constant 7},. This loop has a wide bandwidth compared with the upper
limit of 3 Hz for the models described in this recommended practice. The time constant 7, may be increased
for study purposes, eliminating the need for excessively short computing increments while still retaining the
required accuracy at 3 Hz. Rectifier loading and commutation effects are accounted for as discussed in
Annex D. The limit, Vg4 y, is determined by the saturation level of power components.
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Figure 7-3—Type ST3A—Potential- or compound-source controlled-rectifier exciter
with field voltage control loop

7.4 Type ST4B excitation system model

This model is a variation of the Type ST3A model, with a proportional plus integral (PI) regulator block
replacing the lag-lead regulator characteristic that was in the ST3A model. Both potential- and compound-
source rectifier excitation systems are modeled as shown in Figure 7-4. The PI regulator blocks have non-
windup limits that are represented as described in Annex A. The voltage regulator of this model is typically
implemented digitally, so the model is identified with the suffix “B.”
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Figure 7-4—Type ST4B—Potential- or compound-source controlled-rectifier exciter

The other features of the regulator are a low value gate for the OEL limit function, and the UEL and V/Hz
control are summed into the input to the regulator. This means that on a unit with PSS control, the PSS will
be active if the unit goes into UEL limit control, unlike some previous designs that had take-over type
limiters. The description of rectifier regulation, Fgy, may be found in Annex D. There is flexibility in the
power component model to represent bus-fed exciters (K; and X; both equal to zero), compound static
systems (X; = 0), and potential- and compound-source systems where X; is not zero. The appropriate PSS
model to use with the ST4B excitation model is Type PSS2B.

7.5 Type ST5B excitation system model

The Type ST5B excitation system shown in Figure 7-5 is a variation of the Type STI1A model, with
alternative overexcitation and underexcitation inputs and additional limits. The corresponding stabilizer
models that can be used with these models are the Type PSS2B, PSS3B, or PSS4B. Sample data for the
model is provided in Annex H.

7.6 Type ST6B excitation system model

The AVR shown in Figure 7-6 consists of a PI voltage regulator with an inner loop field voltage regulator
and pre-control. The field voltage regulator implements a proportional control. The pre-control and the delay
in the feedback circuit increase the dynamic response. If the field voltage regulator is not implemented, the
corresponding parameters Kpr and K are set to 0. Vp represents the limits of the power rectifier. The
ceiling current /rp limitation is included in this model. The power for the rectifier, V', may be supplied from
the generator terminals or from an independent source. Inputs are provided for external models of the
overexcitation limiter (Vgy), underexcitation limiter (Vyg7), and PSS (V). Sample data for the model is
provided in Annex H.
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