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IEEE Standards documents are developed within the Technical Committees of the IEEE Societies and the Standards
Coordinating Committees of the IEEE Standards Board. Members of the committees serve voluntarily and without
compensation. They are not necessarily members of the Institute. The standards developed within IEEE represent a
consensus of the broad expertise on the subject within the Institute as well as those activities outside of IEEE which
have expressed an interest in participating in the development of the standard.

Use of an IEEE Standard is wholly voluntary. The existence of an IEEE Standard does not imply that there are no other
ways to produce, test, measure, purchase, market, or provide other goods and services related to the scope of the IEEE
Standard. Furthermore, the viewpoint expressed at the time a standard is approved and issued is subject to change
brought about through developments in the state of the art and comments received from users of the standard. 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.

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.

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 all 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 technical 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 on standards and requests for interpretations should be addressed to:

Secretary, IEEE Standards Board
445 Hoes Lane

P.O. Box 1331

Piscataway, NJ 08855-1331
USA

IEEE Standards documents are adopted by the Institute of Electrical and Electronics Engineers without regard to
whether their adoption may involve patents on articles, materials, or processes. Such adoption does npt assume
any liability to any patent owner, nor does it assume any obligation whatever to parties adopting the gtandards
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Foreword

(This Foreword is not a part of IEEE Std 421.2-1990, IEEE Guide for Identification, Testing, and Evaluation of the Dynamic
Performance of Excitation Control Systems.)

This guide presents dynamic performance criteria, definitions, and test objectives for excitation control systems as
applied by electric utilities. It should be specifically noted that the term excitation control system refers to the entire
control system including the synchronous machine and power system as well as the excitation system.

The Working Group on Excitation Control System Dynamic Performance of the Excitation Systems Subcommittee of
the Power Generation Committee adopted many definitions and performance criteria, which are common to all control
systems, and derived others specifically related to excitation control systems. In doing this, the material in IEEE Std
421.1-1986, IEEE Standard Definitions for Excitation Systems for Synchronous Machines (ANSI) and IEEE Std 100-
1988, IEEE Standard Dictionary of Electrical and Electronics Terms (ANSI) was heavily used. Efforts were made not
to conflict with existing definitions and criteria, but to clarify, supplement, and more fully define them as related
specifically to excitation control systems. Definitions from these standards, which are reproduced in this standard, are
set in italics in Section 3.

In preparing this guide, the working group recognized that both factory testing and field testing of excitation control
systems and some of their components are costly and often impractical. Alternator-rectifier excitation systems in
which the terminals of the exciter may not be available may preclude field testing of the exciter separately. Compound
source excitation systems whose power is derived from the generator currents and voltages present special difficulties.
Providing a load which reasonably duplicates the generator field characteristics so that regulation effects and proper
waveforms can be adequately simulated may not be economically justifiable. Field tests on units under normal
operating conditions are constrained to comply with the operating and security requirements of the power system,
which often prohibit large excursions of the excitation control system variables. For many applications, it is necessary
to devise practical test procedures for individual components and then by analytical means, to verify the total
excitation system performance.

The need for models that accurately simulate the operation of excitation control systems during system disturbances
demands effective test methods. However, the practical limitations on tests make it difficult to measure the parameters
required for models. One solution is the collection of more complete data during system disturbances. Present
instrumentation practices generally do not include the collection of data from enough excitation control system
variables to permit the data to be used for model refinement. Improving the quantity and quality of data collected
during system disturbances may be the only practical way to obtain the data required to significantly improve the
accuracy of large signal models.

This revision incorporates the changes in IEEE Std 421.1-1986, IEEE Standard Definitions for Excitation Systems for
Synchronous Machines (ANSI), which substituted a single definition, excitation system nominal response, for several
previous definitions that included the phrase “response ratio.” Root locus techniques applicable to excitation control
system performance evaluation are added in this revision. The material in IEEE Std 421A-1972, IEEE Guide for
Identification, Testing, and Evaluation of the Dynamic Performance of Excitation Control Systems (ANSI), pertaining
to power system stabilizers is retained. However, the IEEE Tutorial on Power System Stabilization Via Excitation
Control (81EH0175-0 PWR) provides substantial supplemental material. The previous material related to
synchronizing and damping torques is omitted.

The following members of the IEEE Power Generation Committee balloted and approved this guide for submission to
the IEEE Standards Board:

M. S. Baldwin R. W. Cantrell P. L. Dandeno
|. B. Berezowsky R. L. Castleberry P. M. Davidson
L. D. Boydstun E. F. Chelotti K. J. Dhir

G. R. Brockschink R. E. Cotta D. Diamant

J. B. Cannon M. L. Crenshaw G. Engmann
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IEEE Guide for Identification, Testing,
and Evaluation of the Dynamic
Performance of Excitation Control
Systems

1. Introduction

1.1 Scope

This guide includes criteria, definitions, and test objectives for evaluating the dynamic performance of excitation
control systems as applied by electric utilities. The term “excitation control system” (see Fig 1) is used to distinguish
the combined performance of the synchronous machine, power system, and excitation system from that of the
excitation system alone (see IEEE Std 100-1988, IEEE Standard Dictionary of Electrical and Electronics Terms
(ANSI) [1]* and IEEE Std 421.1-1986, IEEE Standard Definitions for Excitation Systems for Synchronous Machines
(ANSI) [2]). The primary purpose of this guide is to provide a basis for evaluating closed-loop performance of
excitation control systems for both large and small signal disturbances; confirming the adequacy of mathematical
models of excitation control systems for use in analytical studies of power systems; identifying objectives for tests of
excitation control systems and their components; and preparing excitation system specifications and additional
standards. Portions of this guide will also serve as educational material for people who are becoming acquainted with
excitation control systems.

Traditionally, large signal performance (see 2.1) has been more closely associated with equipment specification and
acceptance testing, while small signal performance (see 2.2) has been more closely associated with stability and model
studies. Matching actual disturbance data with model simulations requires that both large and small signal
performance criteria be considered during design specification and acceptance testing.

LIEEE publications are available from the Institute of Electrical and Electronics Engineers, IEEE Service Center, 445 HBsatavey, NJ
08855-1331. The numbers in brackets refer to the references listed in 1.2.
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Figure 1—Block Diagram of an Excitation Control System

1.2 References
This guide shall be used in conjunction with the following publications:

[1] IEEE Std 100-1988, IEEE Standard Dictionary of Electrical and Electronics Terms (ANSI).
[2] IEEE Std 421.1-1986, IEEE Standard Definitions for Excitation Systems for Synchronous Machines (ANSI).
[3] Byerly, R. T. and Kimbark, E. W., ed$tability of Large Electric Power Systeniew York: IEEE Press, 1974.

[4] Dandeno, P. L., Kundur, P., Poray, A. T., and Zein EI-Din, H. M. Adaptation and Validation of Turbogenerator
Model Parameters Through On-Line Frequency Response Measurela&tisTransactions on Power Apparatus
and Systemaol. PAS-100, no. 3, Apr. 1981, pp. 1658-1664.

[5] DeMello, F. P. and Concordia, C. Concepts of Synchronous Machine Stability as Affected by Excitation Control,
IEEE Transactions on Power Apparatus and Systewnis PAS-88, Apr. 1969, pp. 316-329.

[6] Farmer, R. G. and Agrawal, B. L. State-of-the-Art Technique for Power System Stabilizer TLEHg,
Transactions on Power Apparatus and Systamk PAS-102, Mar. 1983, pp. 699-709.

[7] Gerheart, A. D., Hillesland, T., Jr., Luini, J. F., and Rockfield, M. L., Jr. Power System Stabilizer: Field Testing and
Digital Simulation,|IEEE Transactions on Power Apparatus and Systewls PAS-90, Sept./Oct. 1971, pp. 2095-
2100.

[8] Hurley, J. D. and Baldwin, M. S. High-Response Excitation Systems on Turbine-Generators: A Stability
AssessmentEEE Transactions on Power Apparatus and SystenisPAS-101, no. 6, Nov. 1982, pp. 4211-4221.
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[9] IEEE Committee Report. Excitation System Dynamic Characteri$iEE; Transactions on Power Apparatus and
Systemsvol. PAS-92, no. 1, Jan./Feb. 1973, pp. 64-75.

[10] IEEE Committee Report. Excitation System Models for Power System Stability StiEd€s Transactions on
Power Apparatus and Systemsl. PAS-100, no. 2, Feb. 1981, pp. 494-509.

[11] IEEE Tutorial, Power System Stabilization Via Excitation Control, 81EH0175-0 PWR, 1980.

[12] Kundur, P., Lee, D. C., and Zein EI-Din, H. M. Power System Stabilizers for Thermal Units: Analytical Tests and
On-Site Validation]EEE Transactions on Power Apparatus and SystenisPAS-100, Jan. 1981, pp. 81-95.

[13] Larsen, E. V. and Swann, D. A. Applying Power System StabilifeEE€ Transactions on Power Apparatus and
Systemgsvol. PAS-100, Jun. 1981, pp. 3017-3041.

[14] Warchol, E. J., Schleif, F. R., Gish, W. B., and Church, J. R. Alignment and Modeling of Hanford Excitation
Control for System Dampingi=EE Transactions on Power Apparatus and SystenisPAS-90, Mar./Apr. 1971, pp.
714-724.

[15] Watson, W. and Coultes, M. E. Static Exciter Stabilizing Signals on Large Generators—Mechanical Problems,
IEEE Transactions on Power Apparatus and SystenisPAS-92, Jan./Feb. 1973, pp. 204-211.

1.3 Definitions
ceiling current: The maximum direct current that the excitation system is able to supply from its terminals for a
specified time.

ceiling voltage: The maximum direct voltage that the excitation system is able to supply from its terminals under
defined conditions.

system nominal responseThe rate of increase of the excitation system output voltage determined from the excitation
system voltage response curve, divided by the rated field voltage. This rate, if maintained constant, would develop the
same voltage-time area as obtained from the actual curve over the first half-second interval (unless a different time
interval is specified).

excitation system voltage response timethe time in seconds for the excitation voltage to attain 95% of the
difference between ceiling voltage and rated field voltage under specified conditions.

excitation system voltage time responsé&he excitation system output voltage expressed as a function of time under
specified conditions.

frequency-response characteristic (linear system)n a linear system, the frequency-dependent relation, in both
gain and phase difference, between steady-state sinusoidal inputs and the resultant steady-state sinusoidal outputs.

large signal performance:The response to signals that are large enough so that nonlinearities are significant.

power system stabilizer:An element or group of elements that provide an additional input to the regulator to improve
the dynamic performance of the power system.

small signal performance:The response to signals that are small enough so that nonlinearities are insignificant.

2. Dynamic Performance Classification

2.1 Large Signal Performance

Large signal performance is the response to signals that are large enough so that nonlinearities are significant.
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The purpose of large signal performance criteria is to provide a means of evaluating excitation system performance for
severe transients that may include large variations in synchronous machine stator voltages, synchronous machine
stator currents, and induced synchronous machine field currents; that is, for transients affecting system transient
stability. To assess the ability of the excitation system to improve synchronous machine performance, the criteria must

reflect the effects of operation under realistic power system disturbances. With respect to performance testing, it is

often impractical to adequately duplicate these effects. In cases where tests can only be made on individual

components and only at partial load or open-circuit, analytical means may be used to predict performance under actual
operating conditions.

The criteria that assess the large signal performance are quantities such as transient responses, ceiling currents and
voltages, voltage response times, and nominal responses derived from time responses (see IEEE Std 100-1988, IEEE
Standard Dictionary of Electrical and Electronics Terms (ANSI) [1] and IEEE Std 421.1-1986, |IEEE Standard
Definitions for Excitation Systems for Synchronous Machines (ANSI) [2]).

2.2 Small Signal Performance

Small signal performance is the response to signals which are small enough that nonlinearities are insignificant. Small
signal performance of an excitation control system or its components can be assessed from time responses, frequency
responses, or by eigenvalue analysis (see References [9], [10], and [11]).

Small signal performance criteria provide a means of evaluating the response of systems for incremental load changes,
incremental voltage changes, and the incremental changes in synchronous machine rotor speed associated with the
initial stages of dynamic instability (where oscillations are small enough so that nonlinearities are insignificant). Small
signal performance data provide a means for determining or verifying excitation system model parameters for system
studies (see References [4] and [8]). The assumption of linearity limits the application of small signal models as noted
above.

3. Large Signal Performance Criteria

3.1 General

The following large signal performance criteria relate to excitation control systems and, where applicable, their
components. To permit maximum flexibility in the design, manufacture, and application of excitation equipment,
some of the performance criteria are defined “under specified conditions.” The applicable conditions may be specified
by the manufacturer or, more usually, by the equipment purchaser.

The general nature of several of the following definitions, notably field current and field voltage, permit them to be
used to achieve different objectives in different applications. As a result, confusion can also result when they are
applied inconsistently. Care must be exercised that the “under specified conditions” clauses are interpreted in a manner
consistent with the application.

3.2 Ceiling Current

The maximum direct current which the excitation system is able to supply from its terminals for a specifezktime
IEEE Std 100-1988, IEEE Standard Dictionary of Electrical and Electronics Terms (ANSI) [1]).

When sustained overloads or prolonged disturbances are of concern, the ceiling current may be based upon the
excitation system thermal duty that identifies the maximum output current and the required time duration. For some
applications, the ceiling current will be determined by the requirement that the synchronous machine produce a
specific value of steady-state, three-phase, short-circuit current for a specified time.
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When a high value of ceiling voltage is required for forcing action, exciter current limiter control circuits may
determine the actual ceiling current.

3.3 Ceiling Voltage

The maximum direct voltage that the excitation system is able to supply from its terminals under defined conditions
(see IEEE Std 100-1988, IEEE Standard Dictionary of Electrical and Electronics Terms (ANSI) [1]).

Ceiling voltage can be used to evaluate the forcing capability of the excitation system to drive the field current toward
the ceiling current value. The ceiling voltage provides an indication of the voltage available to force the field current
from rated field current toward ceiling current. The greater the difference between the ceiling voltage and the rated
field voltage, the greater the forcing capability. Higher ceiling voltages tend to improve transient stability.

The excitation system ceiling voltage under load may be determined by either a steady-state or transient measurement.
It may be determined in a steady-state measurement with the excitation system loaded with a resistance such that
ceiling current is attained but not exceeded. It is necessary that the load have adequate inductance so that voltage drop
effects, and current and voltage waveforms are reasonably duplicated. It is determined with the exciter output current
limiter control circuits inactive. If a transient determination is made, then adequate inductance is required in the load
so that the ceiling voltage is measurable at ceiling current before any current limiters operate. The no-load ceiling
voltage is determined with the excitation system open-circuited.

For potential source and compound source excitation systems, whose supply depends on the synchronous machine
voltage and current, the nature of power system disturbances and specific design parameters of the excitation control
system influence the excitation system output. For such systems, the ceiling voltage is defined based upon a specified
supply voltage and (if applicable) current.

For excitation systems employing a rotating exciter, the ceiling voltage is determined at rated speed.
Some excitation systems will have both positive and negative values of ceiling voltage. Also, in some special

applications, the excitation system may be required to supply both positive and negative field current to the
synchronous machine.

3.4 Excitation System Voltage Time Response

The excitation system output voltage expressed as a function of time under specified c¢adéiing 2 and IEEE
Std 100-1988, IEEE Standard Dictionary of Electrical and Electronics Terms (ANSI) [1]).

3.5 Excitation System Voltage Response Time

The time in seconds for the excitation voltage to attain 95% of the difference between ceiling voltage and rated field
voltage under specified conditiofsee IEEE Std 100-1988, IEEE Standard Dictionary of Electrical and Electronics
Terms (ANSI) [1]).

3.6 High Initial Response

For those systems with very short response time relative to the generator field time constant and to power system
characteristic swings, the shape of the initial response is not of concern. Those systems whose voltage response time
0.1 second or less are termed “high initial response excitation systems.”
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3.7 Excitation System Nominal Response

The rate of increase of the excitation system output voltage determined from the excitation system voltage response
curve, divided by the rated field voltage. This rate, if maintained constant, would develop the same voltage-time area
as obtained from the actual curve over the first half-second interval (unless a different time interval is sfieedied)

IEEE Std 100-1988, IEEE Standard Dictionary of Electrical and Electronics Terms (ANSI) [1]). Nominal response is
used as a figure of merit related to the ability of an excitation system to respond to transient stability issues and to
permit comparisons of excitation systems. The basic underlying concept of nominal response, as related to power
system stability, is developed in Appendix A. The half-second interval was selected to associate the nominal response
with the excitation system contribution to stability.

The starting point for determining the nominal response is the time the disturbance is initiated; that is, the excitation
system nominal response should include any delay time that may be present. Referring to Fig 2, the excitation system
nominal response is illustrated by line ac. This line is determined by establishing area acd = area abd.

Nominal response is determined by initially operating the excitation system at rated field current of the synchronous
machine and then suddenly creating the three-phase terminal voltage input signal conditions necessary to drive the
excitation system voltage to ceiling (see IEEE Std 100-1988, IEEE Standard Dictionary of Electrical and Electronics
Terms (ANSI) [1]). If nominal response is used as a figure of merit for comparing different types of excitation systems,
misleading results may be obtained if different types of limiters or differing values of inductance are permitted.
Nominal response determinations from actual time responses obtained by recording responses during disturbances
may be misleading when compared with factory tests because of the influence of fault induced currents.
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Figure 2—EXxcitation System Nominal Response

3.8 Transient Responses

Many of the large signal performance criteria provide a single numerical value. Excitation system ceiling voltage and
nominal response are two examples. These criteria are useful for comparing performance of different systems, and
they are valuable as design criteria that can be used to verify that the manufacturer fulfilled specification requirements.
However, these single value criteria do not provide sufficient information in all instances for model parameter
selection or verification. A specific response can be achieved in models with different combinations of model
parameters. This ambiguity can be reduced by comparing model results with time responses. Although transient
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response (see 4.2) is more frequently associated with small signal analysis, it is a useful criteria for large signal
performance evaluation, especially for applications involving the refinement or validation of computer models.

Any portion of the excitation control system that is commonly represented in model studies (e.g., synchronous
machine regulator, exciter, synchronous machine, excitation system, and excitation control system) may be evaluated
using the transient response criteria.

A large signal transient response is a time response with the input and output variables of the component being tested
recorded as a function of time. Although transient response is generally associated with a step change in the input
variable, it is only necessary that the change in the input variable be large enough and fast enough that the response at
the output is classified as a large signal response for the resulting response to be useful. The change to the input
variable must be specified. A time response with several variables recorded simultaneously has considerable value in
the refinement or validation of large signal computer models.

4. Small Signal Performance Criteria

4.1 General

While the large signal performance criteria can be applied to the excitation control system, individual components of
the system, or the excitation system, the small signal performance criteria are commonly used to evaluate the
performance of closed-loop excitation control systems.

4.2 Transient Response

A typical transient response of a feedback control system is shown in Fig 3. The principal characteristics of interest are
the rise time, overshoot, and settling time as indicated.

4.3 Frequency-Response Characteristic (Linear System)

In a linear system, the frequency-dependent relation, in both gain and pifesende, between steady-state
sinusoidal inputs and the resultant steady-state sinusoidal oufpets IEEE Std 421.1-1986, IEEE Standard
Definitions for Excitation Systems for Synchronous Machines [2]). Typical opened-loop frequency response
characteristics of an excitation control system with the synchronous machine open-circuited are shown in Fig 4. The
principal characteristics of interest are the low frequency gain G, crossover frequgrnuyase marging and gain

margin G,. The corresponding closed-loop frequency response is shown in Fig 5. Here the parameters of interest are
the bandwidthwg, the peak value Mof the gain characteristic, and the frequemgyat which the peak value occurs.

Opened-loop frequency response characteristics are useful in determining gain and phase margins, both of which are
measures of relative stability. Relative stability of a closed-loop control system can be determined from the properties
of the Bode plot of the opened-loop transfer function. However, this method can be used only if the opened-loop
transfer function has no poles and zeroes in the right half S-plane (minimum phase characteristics).

Relative stability of a feedback control system is measured in terms of the gain and phase margins. For a minimum
phase system, which is stable with the feedback loop open, the gain and phase margins must be positive in order for the
system to be stable with the feedback loop closed. Negative gain and phase margins mean that the system will be
unstable with the feedback loop closed. In general, a gain margin of 6 dB or more and a phase ma&rgimod0

is recommended for most feedback control systems.
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