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Foreword

(This Foreword is not a part of ANSI/IEEE Std 421.1-1986, IEEE Standard Definitions for Excitation Systems for Synchronous
Machines.)

This standard defines elements and commonly used components in excitation systems and contains definitions for
excitation systems applied to synchronous machines, for general requirements of a synchronous machine refer to
ANSI C50.10-1977.

A synchronous machine excitation control system operating under automatic control is a feedback control system.
Thus, the working group Terminology of the Excitation Subcommittee of the Power Generation Committee adopted
definitions that had common basis to excitation systems. Efforts were made not to conflict terms found in ANSI/IEEE
Std 100-1984 , IEEE Standard Dictionary of Electrical and Electronics Terms, but to clarify or more fully define terms
as related specifically to excitation of synchronous machines.

The task of the working group can be divided into two areas:

1) To gather all the existing definitions applicable to the field of excitation systems, and from these definitions
to extract those definitions of value.
2) To formulate new definitions where these are needed.

Three definitions to classify exciters are now established:

1) dc generator — commutator exciter
2) alternator — rectifier exciter
3) static — rectifier exciter

It is thought that these types of exciters cover most if not all of the types used in modern excitation systems for large
synchronous machines. The commutator exciter can have a continuous or noncontinuous acting regulator, and the
rectifier exciter can have controlled or noncontrolled rectifiers.

This standard would also like to draw particular attention to three other recent excitation system documents:

1) ANSIIEEE Std 421A-1978 . This guide presents dynamic performance criteria, definitions and test
procedures for excitation control systems as applied by electric utilities.

2) ANSUIEEE Std 421B-1979 !. This standard applies to high-potential testing of complete excitation systems
and their components for synchronous machines.

3) IEEE Committee Report, Excitation System Models for Power System Stability Studies. This paper presents
excitation system models suitable for use in large-scale system stability studies. With these models, most of
the excitation systems currently in widespread use on large, system-connected generators in North America
can be represented. This paper replaces a similar committee report dated 1968.

IEEE Std 421-1972 was a definitions standard that is referenced in many other IEEE standards, papers, committee
reports, etcetera. The changes being made in this revision do not invalidate any standard, paper, report, etcetera, that
used IEEE Std 421-1972 as a reference document.

Previous definitions which included a phrase response ratio have been deleted. Only a single definition, excitation

system nominal response, encompassing the overall performance of the excitation system is presented. Unique
conditions for various excitation systems as related to this performance parameter are identified.

'When the documents ANSI/IEEE Std 421A-1978 and ANSI/IEEE Std 421B-1979 are superseded by a revision, the revisions will be redesignated
as ANSI/IEEE Std 421.2 and ANSI/IEEE Std 421.3 , respectively.
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This revision has deleted a few basic terms, such as amplifier, drift, error, and input signal. These terms are taken care
of in the IEEE Standard Dictionary. A few additional terms have been added. Table 1 of this revision shows a detailed
correlation between the various excitation systems and the appropriate computer model type as described in the IEEE
committee report on computer modeling of excitation systems.

Members of the Working Group of the Excitation Systems Subcommittee of the Power Generation Committee of the
IEEE Power Engineering Society, which formulated the 1972 standard, were as follows:
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An American National Standard
IEEE Standard Definitions for Excitation
Systems for Synchronous Machines

1. Scope

This standard defines elements and commonly used components in excitation control systems and contains definitions
for excitation systems as applied to synchronous machines. The primary purpose is to provide a vocabulary for

1)  Writing excitation systems specifications

2) Evaluating excitation system performance

3)  Specifying methods for excitation system tests

4) Preparing excitation system standards

5) Serving as an educational means for those becoming acquainted with excitation systems

2. Excitation System Definitions

accuracy: The degree of correspondence between the controlled variable and the desired value under specified
conditions such as load changes, ambient temperature, humidity, frequency, and supply voltage variations.
Quantitatively, it is expressed as the ratio of difference between the controlled variable and the desired value to the
desired value.

air gap field voltage: The synchronous machine field voltage required to produce rated voltage on the air-gap line of
the synchronous machine with its field winding at (1) 75 °C for field windings designed to operate at rating with a
temperature rise of 60 °C or less; or (2) 100 °C for field windings designed to operate at rating with a temperature rise
greater than 60 °C. Note. This defines one per unit excitation system voltage for use in computer representation of
excitation systems.

air-gap line: The extended straight line part of the no-load saturation curve of the synchronous machine.

alternator-rectifier exciter: An exciter whose energy is derived from an alternator and converted to direct current by
rectifiers. The exciter includes an alternator and power rectifiers which may be either noncontrolled or controlled,
including gate circuitry. It is exclusive of input control elements. The alternator may be driven by a motor, prime
mover, or by the shaft of the synchronous machine. The rectifiers may be stationary or rotating with the alternator
shaft.

Copyright © 1986 IEEE All Rights Reserved 1
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automatic control: In excitation control system usage, automatic control refers to maintaining synchronous machine
terminal voltage without operator action, over the operating range of the synchronous machine within its capabilities.
Note: Voltage regulation under automatic control may be modified by the action of reactive or active load
compensators or by var control elements; or may be constrained by the action of various limiters included in the
excitation system.

band of regulated voltage: The band or zone, expressed in percent of the rated value of the regulated voltage, within
which the excitation system will hold the regulated voltage of an electric machine during steady or gradually changing
conditions over a specified range of load.

brushless exciter: An alternator-rectifier exciter employing rotating rectifiers with a direct connection to the
synchronous machine field thus eliminating the need for field brushes, see Fig 7.

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

ceiling voltage: The maximum direct voltage which the excitation system is able to supply from its terminals under
defined conditions. Notes: (1) The no-load ceiling voltage is determined with the excitation system supplying no
current. (2) The ceiling voltage under load is determined with the excitation system supplying ceiling current. (3) For
excitation system whose supply depends on the synchronous machine voltage and (if applicable) current, the nature of
power system disturbance and specific design parameters of the excitation system and the synchronous machine
influence the excitation system output. For such systems, the ceiling voltage is determined considering an appropriate
voltage drop and (if applicable) current increase. (4) For excitation systems employing a rotating exciter, the ceiling
voltage is determined at rated speed.

compound source-rectifier exciter: An exciter whose energy is derived from the currents and potentials of the ac
terminals of the synchronous machine and converted to direct current by rectifiers. The exciter includes the power
transformers (current and potential), reactors, and rectifiers which may be either noncontrolled or controlled, including
gate circuitry. It is exclusive of input control elements.

continuously acting regulator: A regulator that initiates a corrective action for a sustained infinitesimal change in the
controlled variable.

current compensator: An element of the excitation system that acts to compensate for synchronous machine load
current effects. Notes: (1) Examples are reactive current compensator and active current compensator. A reactive
current compensator is a compensator that acts to modify the regulated voltage in accordance with reactive current. An
active current compensator is a compensator that acts to modify the regulated voltage in accordance with active
current. (2) Historically, terms such as equalizing reactor and cross current compensator have been used to describe the
function of a reactive compensator. These terms are deprecated. (3) Reactive compensators are generally applied with
synchronous machine voltage regulators to obtain reactive current sharing among synchronous machines operating in
parallel. They function in the following two ways: (a) Reactive droop compensation is the more common method. It
creates a droop in synchronous machine terminal voltage proportional to reactive current and equivalent to that which
would be produced by the insertion of a reactor between the synchronous machine terminals and the paralleling point.
(b) Reactive differential compensation is used where droop in synchronous machine voltage is not wanted. It is
obtained by a series differential connection of the various synchronous machine, current transformer secondaries, and
reactive compensators. The difference current for any synchronous machine from the common series current creates a
compensating voltage in the input to the particular synchronous machine voltage regulator which acts to modify the
synchronous machine excitation to reduce to minimum (zero) its differential reactive current. (4) Line drop
compensators modify synchronous machine terminal voltage by regulator action to compensate for the impedance
drop from the machine terminals to a fixed point in the external circuit. Action is accomplished by insertion within the
regulator input circuit, a voltage equivalent to the impedance drop. The voltage drops of the resistance and reactance
portions of the impedance are obtained, respectively, by an active compensator and a reactive compensator.

dc generator-commutator exciter: An exciter whose energy is derived from a dc generator. The exciter includes a dc
generator with its commutator and brushes. It is exclusive of input control elements. The exciter may be driven by a
motor, prime mover, or by the shaft of the synchronous machine.
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EXCITATION SYSTEMS FOR SYNCHRONOUS MACHINES IEEE Std 421.1-1986

de-excitation: The removal of the excitation of a synchronous machine, main exciter, or pilot exciter. Note. De-
excitation may be accomplished by various means, such as a dc field breaker, ac supply breaker, static switches, phase-
back control of controlled rectifiers, or a combination of these.

discharge resistor: A resistor that, upon interruption of excitation source current, is connected across the field
windings of a synchronous machine or an exciter to limit the transient voltage in the field circuit and to hasten the
decay of field current of the machine.

error signal: In a control system the error signal is the difference between a sensing signal and a constant reference
signal. Note: In excitation control systems sensing signals may be proportional to synchronous machine terminal
voltage, the ratio of terminal voltage to frequency, active or reactive armature current, active or reactive power, power
factor, terminal frequency, shaft speed, generator field voltage or field current, and exciter field voltage or field current.

excitation power current transformer: The elements in a compound source-rectifier excitation system which
transfer electrical energy from the synchronous machine armature current to the excitation system at a magnitude and
phase relationship required by the excitation system.

excitation power potential transformer: The element or elements in a compound source-rectifier excitation system
which transfer electrical energy from the synchronous machine armature terminals to the excitation system at a
magnitude and phase relationship required in the excitation system. Also, the element or elements in a potential
source-rectifier excitation system which transfer electrical energy either from the machine terminals or from an
auxiliary bus to the excitation system at a magnitude level required by the excitation system.

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

excitation system duty cycle: An initial operating condition and a subsequent sequence of events of specified
duration to which the excitation system will be exposed. Note: The duty cycle usually involves a three-phase fault of
specified duration which is located electrically close to the synchronous machine. Its primary purpose is to specify the
duty that the excitation system components can withstand without incurring maloperation or damage.

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 specified). Refer to Fig 1. Notes: (1) The excitation system nominal response shall be
determined with the excitation system voltage initially equal to the rated field voltage of the synchronous machine,
after which the excitation system ceiling voltage is rapidly attained by introducing a specified voltage error step. (2)
The excitation system nominal response shall be determined with the excitation system loaded with a resistance equal
to the field resistance under rated load conditions and adequate inductance so that voltage drop effects and current and
voltage waveforms are reasonably duplicated. (3) For excitation systems whose supply depends on the synchronous
machine voltage and (if applicable) current, the nature of the power system disturbance and specific design parameters
of the excitation system and the synchronous machine influence the excitation system output. For such systems, the
excitation system nominal response shall be determined considering an appropriate voltage drop and (if applicable)
current increase. (4) If, for practical considerations, tests can only be made on individual components or the entire
excitation system but only at partial or no-load, analytical methods may be used to predict performance under the
loading conditions of Note 2. (5) For excitation systems employing a rotating exciter, the excitation system nominal
response shall be determined at rated speed.

Copyright © 1986 IEEE All Rights Reserved 3
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Figure 1—Excitation System Nominal Response

excitation system output terminals: The place of output from the equipment comprising the excitation system. These
terminals may be identical with the field winding terminals.

excitation system rated current: The direct current at the excitation system output terminals which the excitation
system can supply under defined conditions of its operation. This current is at least that value required by the
synchronous machine under the most demanding continuous operating conditions (generally resulting from
synchronous machine voltage frequency variations and power factor variations).

excitation system rated voltage: The direct voltage at the excitation system output terminals which the excitation
system can provide when delivering excitation system rated current under rated continuous load conditions of the
synchronous machine with its field winding at (1) 75 °C for field windings designed to operate at rating with a
temperature rise of 60 °C or less; or (2) 100 °C for field windings designed to operate at rating with a temperature rise
greater than 60 °C.

excitation system stabilizer: An element or group of elements that modify the forward signal by either series or
feedback compensation to improve the dynamic performance of the excitation control system.

excitation system voltage response time: The time in seconds for the excitation voltage to attain 95% of the
difference between ceiling voltage and rated load field voltage under specific conditions.

excitation system voltage time response: The excitation system output voltage expressed as a function of time, under
specified conditions. Note: A similar definition can be applied to the excitation system major components, the exciter
and regulator, separately.

exciter: The equipment providing the field current for the excitation of a synchronous machine.

field discharge circuit breaker: A circuit breaker having main contacts for energizing and deenergizing the field of a
synchronous machine or rotating exciter and having discharge contacts for short-circuiting the field through the
discharge resistor prior to the opening of the circuit breaker main contacts. The discharge contacts also disconnect the
field from the discharge resistor following the closing of the main contacts. Notes: (1) When used in the main field of
a synchronous machine the circuit breaker is designated as a main field discharge circuit breaker. (2) When used in the
field circuit of a rotating exciter of the main machine, the circuit breaker is designated as an exciter field discharge
circuit breaker.
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field forcing: A control function that rapidly drives the field current of a synchronous machine in the positive or in the
negative direction.

field winding: A winding on either the stationary or the rotating part of a synchronous machine whose sole purpose is
the production of the main electromagnetic field of the machine.

field winding terminals: The place of input to the field winding of the synchronous machine. If there are brushes and
sliprings these are considered to be part of the field winding.

high initial response: An excitation system capable of attaining 95% of the difference between ceiling voltage and
rated-load field voltage in 0.1 s or less under specified conditions.

large signal performance: Response of an excitation control system, excitation system, or elements of an excitation
system to signals which are large enough that nonlinearities must be included in the analysis of the response to obtain
realistic results.

limiter: An element of the excitation system which acts to limit a variable by modifying or replacing the functions
of the primary detector element when predetermined conditions have been reached. Notes: Examples: (1) An under
excitation limiter prevents the voltage regulator from lowering the excitation of the synchronous machine below a
prescribed level. (2) An over excitation limiter prevents the voltage regulator from raising the excitation of the
synchronous machine above a level which would cause a thermal overload in the machine field; refer to ANSI
C50.13-1977 [2].! (3) A volts per hertz limiter acts, through the voltage regulator to correct for a machine terminal
voltage to frequency ratio that is considered abnormal. (4) Other types of limiters may be used to control various
quantities, such as, rotor angle, excitation output, etcetera.

manual control: In excitation control system usage, manual control refers to maintaining synchronous machine
terminal voltage by operator action. Note: Manual control means may include an exciter field rheostat, controlled
rectifiers, or a dc regulator controlling either exciter field current or exciter output voltage, or other means that do not
include regulation of synchronous machine terminal voltage.

no-load field current: The direct current in the field winding of synchronous machine required to produce rated
voltage at no-load and rated speed.

no-load field voltage: The voltage required across the terminals of the field winding of the synchronous machine
under conditions of no-load, rated speed, and rated terminal voltage, and with the field winding at 25 °C.

noncontinuously acting regulator: A regulator that requires a sustained finite change in the controlled variable to
initiate corrective action.

pilot exciter: The equipment providing the field current for the excitation of another exciter.

potential source-rectifier exciter: An exciter whose energy is derived from a stationary ac potential source and
converted to direct current by rectifiers. The exciter includes the power potential transformers and power rectifiers
which may be either noncontrolled or controlled, including gate circuitry. It is exclusive of input control elements. The
source of ac power may come from the machine terminals or from a station auxiliary bus or a separate winding within
the synchronous machine.

power system stabilizer: An element or group of elements that provide an additional input to the regulator to improve
power system performance. Note: A number of different quantities may be used as input to the power system stabilizer,
such as, shaft speed, frequency, synchronous machine electrical power, etcetera.

rated field current: The direct current in the field winding of the synchronous machine when operating at rated
voltage, current, power factor, and speed.

rated field voltage: The voltage required across the terminals of the field winding of the synchronous machine under
rated continuous load conditions of the synchronous machine with its field winding at (1) 75 °C for field windings
designed to operate at rating with a temperature rise of 60 °C or less; or (2) 100 °C for field windings designed to
operate at rating with a temperature rise greater than 60 °C.

'Numbers in brackets correspond to those of the references in Section 3. of this standard; when preceded by B, they correspond to the bibliography
in Section 5 of this standard.
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rotating amplifier: An electric machine in which a small energy change in the field is amplified to a large energy
change at the armature terminals.

small signal performance: The response of an excitation control system, excitation system, or elements of an
excitation system to signals which are small enough that nonlinearities can be disregarded in the analysis of the
response, and operation can be considered to be linear.

synchronous machine regulator: A regulator that couples the output variables of the synchronous machine to the
input of the exciter through feedback and forward controlling elements for the purpose of regulating the synchronous
machine output variables.

voltage regulating adjuster: A device associated with a synchronous machine voltage regulator by which adjustment
of the synchronous machine terminal voltage can be made.

voltage regulator: A synchronous machine regulator that functions to maintain the terminal voltage of a synchronous
machine at a predetermined value, or to vary it according to a predetermined plan. Note: Historical term, included for
reference only. The preferred term is synchronous machine regulator.

3. References

[1] ANSI C50.10-1977, American National Standard General Requirements for Synchronous Machines.?

[2] ANSI C50.13-1977, American National Standard Requirements for Combustion Gas Turbine Driven Cylindrical
Rotor Synchronous Generators.

[3] ANSI/IEEE Std 100-1984, IEEE Standard Dictionary of Electrical and Electronics Terms.>

[4] ANSI/IEEE Std 421A-1978, IEEE Guide for Identification, Testing, and Evaluation of the Dynamic Performance
of Excitation Control Systems.*

[5] ANSI/IEEE Std 421B-1979 (R 1984), IEEE Standard for High-Potential-Test Requirements for Excitation
Systems for Synchronous Machines.

4. Typical Elements and Components of Excitation Control Systems

The following figures are included only to aid in the understanding of the excitation control system.

Figure 2 is a generalized block diagram identifying excitation system control and protective elements. The symbols
used in Fig 2 are taken directly from [B1] and are defined in Table 1.

Table 2 shows the correlation between the diagrams of this standard and the excitation model types used in [B1]. Table
2 also shows a further breakdown of the three basic exciter types as well as the source of exciter power.

Figures 3 through 14 (except for Fig 6) show typical configurations of the principal excitation systems currently being
supplied. These single line diagrams identify the source of the excitation power with control circuits shown for clarity
and general understanding.

Figure 15 represents the typical three phase rectifier bridge circuits that may be used in excitation control systems. The
rectifier bridge circuit is shown in Figs 4 and 7 through 14 as a lone rectifier in a block. These rectifiers are the main
source of the field current for an exciter or generator main field.

2 ANSI documents are available from the Sales Department, American National Standards Institute, 1430 Broadway, New York, NY 10018.
3 When the documents ANSI/IEEE Std 421A-1978 and ANSI/IEEE Std 421B-1979 are superseded by a revision, the revisions will be redesignated
as ANSI/IEEE Std 421.2 and ANSI/IEEE Std 421.3, respectively.
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The potential source and compound source systems have power PT’s and power CT’s. These transformers supply
power to the rectifier bridge circuits; they should not be confused with the instrument transformers supplying

intelligence to the automatic control circuit.

Table 1—Nomenclature for Fig 2

Erp —  Exciter output voltage (generator field

voltage)
Irp —  Exciter output current (generator field

current)
VEE —  Signal proportional to exciter field current
VL —  Limiters and protective elements feedback
Vr —  Regulator output
Vs —  Power system stabilizer output
Vsi —  Power system stabilizer inputs (shaft

speed, frequency, synchronous machine

electric power, and others)
Vi, It —  Generator terminal voltage and current,

respectively
f —  Generator terminal frequency
VREE —  Voltage regulator reference voltage

POWER
Vi SYSTEM Eep, o
STABILIZER or Vie
r—- Vyor Vg
Erp LIMITING AND [ Vr
or PROTECTIVE
Vee ELEMENTS je—— 11
IL acarw
TT contacrs
Vs v,

CONTROL ELEMENTS FOR SENSING, D —
Va4————  LOAD COMPENSATION, SIGNAL MIXING.

STABILIZING AND AMPLIFYING ¢ Iy

‘ﬁ VOLTAGE
NOTE: See Table 1 for nomenclature. Vegs ADJUSTER

Figure 2— Automatic Control Elements
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Table 2—Excitation System Characteristics

Computer
Exciter Type of Exciter High Initial Model
Category Exciter Power Source Figure Response Type*
dc dc generator commutator motor-generator set or 3,5 no del
exciter synchronous machine shaft
4 no dc2
6 no dc3
ac alternator-stationary synchronous machine shaft 8 no ac3
noncontrolled rectifier
alternator-rotating synchronous machine shaft 7 no acl
noncontrolled rectifier yes ac2
(brushless)
alternator-stationary synchronous machine shaft 9 yes ac4
controlled rectifier
st potential source controlled synchronous machine voltage or 10 yes stl
rectifier auxiliary bus voltage 14 yes st3
compound source synchronous machine voltage and 11 no st2
noncontrolled rectifier current
compound source controlled synchronous machine voltage and 12, 13 yes st3
rectifier current

*See [B1].
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Figure 3—DC Generator-Commutator Exciter with Rotating Amplifier
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Figure 6—DC Generator-Commutator Exciter Separately Excited with Noncontinuously Acting
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Figure 7— Alternator-Rectifier Exciter Employing Rotating Noncontrolled Rectifiers (Brushless)
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Figure 8— Alternator-Rectifier Exciter Employing Stationary Noncontrolled Rectifiers
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Figure 9— Alternator-Rectifier Exciter Employing Controlled Rectifiers
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Figure 10—Potential Source-Rectifier Exciter Employing Controlled Rectifiers
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Figure 11—Potential Source-Rectifier Exciter Employing Controlled Rectifiers
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Figure 12—Compound Source-Rectifier Exciter Employing Noncontrolled Rectifiers
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Figure 13—Compound Source-Rectifier Exciter Employing Controlled Rectifiers
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Figure 14—Compound Source-Rectifier Exciter Employing Shunt Controlled Rectifiers
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Figure 15A—Three-Phase Full-Wave Diode Bridge (Noncontrolled Rectifier)
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Figure 15B—Three-Phase Full-Wave Thyristor Bridge (Controlled Rectifier)
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Figure 15C—Three-Phase Full-Wave Bridge with Diodes and Thyristors (Hybrid Controlled
Rectifier)
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Figure 15D—Three-Phase Full-Wave Diode Bridge with Shunt Thyristors (Shunt Controlled
Rectifier)
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