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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 that have expressed an interest in partici-
pating 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, mar-
ket, 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 com-
ments 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 docu-
ments 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 appro-
priate responses. Since IEEE Standards represent a consensus of all concerned inter-
ests, 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 com-
mittees 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 not assume any liability to any patent
owner, nor does it assume any obligation whatever to parties adopting the standards
documents.
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Introduction

(This introduction is not part of IEEE Std C37.102-1995, IEEE Guide for AC Generator Protection.)

IEEE Std C37.102 was initially published in 1987. It was subsequently reaffirmed in 1990. The guide is
designed for the protection of typical stream, hydraulic, and combustion-turbine generators. Any scheme
that is judged to be a good alternative practice for generator protection is included in the guide. New
schemes that have gained acceptance and usage have been added to the guide.

In the revision of IEEE Std C37.102-1987, several areas were improved. Among the most notable are as
follows:

— The protection of generators for inadvertent energizing has been updated and includes new, widely
used schemes.

— The voltage transformers clause has been changed to improve the description of ferroresonance pre-
vention and the addition of two schemes that use current limiting resistors.

— A gas turbine protection scheme and power transformer protection through mechanical fault detec-
tion have been added to the guide.

— The guide has been revised to align with IEEE Std C37.101-1993, IEEE Guide for Generator Ground
Protection.

— The tripping modes described in clause 6 have been rewritten to reflect the current industry practices.

— The references and bibliography have been updated. Text and figures have been generally revised for
improved readability and technical enhancement.

— The generator motoring protection has been revised to remove those devices used for control logic
purposes rather than protection purposes.

— The synchronizing subclause has been expanded to include more details on acceptable synchronizing
limits.

At the time this guide was completed, the Revision of AC Generator Protection Guide Working Group had
the following membership:

William P. Waudby, Chair
Hardy J. King, Vice Chair

T. R. Beckwith R. W. Haas G. R. Nail

W. A. Elmore W. Hartmann A. C. Pierce

E. C. Fennell R. Hedding P. W. Powell

D. J. Finley J. Horwath V. Rebbapragada
J. D. Gardell K. C. Kozminski D. W. Smaha

M. R. Gonzalez S. Mazumdar C. L. Wagner

C. H. Griffin C.J. Mozina M. Yalla
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IEEE Guide for AC Generator Protection

1. Overview
1.1 Scope

This application guide for the relay protection of synchronous generators presents a review of the generally
accepted forms of protection for the generator and its excitation system. It summarizes the use of relays and
devices, and serves as a guide for the selection of equipment to obtain adequate protection. The guide is
primarily concerned with protection against faults and abnormal operating conditions for large hydraulic,
steam, and combustion-turbine generators. Basing generator protection on machine size is difficult because
the desired protection may be determined more by the importance of the generator to the power system than
by the size of the generator.

The recommendations made pertain to typical generator installations. However, sufficient background
information relating to protection requirements, applications, and setting philosophy is given to enable the
reader to evaluate the need to select and apply suitable protection for most situations.

The protective functions discussed in this guide may be implemented with a multi-functional microprocessor-
based protection system (digital system). The protection philosophy, practices, and limits are essentially
identical to those of the implementation using discrete component relays. The algorithms used to perform
some of the protection functions may be different, but should produce equal or better protection. However, the
performance and capability may be superior using the digital systems such as improved frequency response
(bandwidth) and thresholds (pickup settings). Other additional features that enhance the functionality may
be available from these digital systems.

This guide does not purport to detail the protective requirements of all generators in every situation. Standby
and emergency use generators are specifically excluded.

1.2 Description of the guide

Clause3: Description of generators, excitation systems, and generating station arrange@iemis.3
presents a brief description of typical generator design and connections, generator grounding practices,
excitation systems design, and generating station arrangements. The intent of this clause is to present
information that affects the protection arrangement and selection of protective relays.

A discussion of auxiliary system transfer and the possible negative impacts of misoperation and faults on these
systems is not included in this clause.

The methods employed for grounding and fusing the secondary circuits of voltage transformers and the
methods for grounding current-transformer secondary circuits are not generally the same for all installations.
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For this reason, no secondary fuses or ground points are indicated in the figures throughout this guide.
However, all current and voltage transformer secondary circuits should be grounded in accordance with IEEE
Std C57.13.3-1983.!

Clause4: Protection requirement€lause 4 briefly describes the damaging effects of faults and abnormal
operating conditions and the type of devices and their settings commonly used to detect these conditions. A
clear understanding of the effects of abnormalities on generators will assist the reader in evaluating the need
for, and the means of, obtaining adequate generator protection in any specific situation.

Clauseb5: Other protective considerationSlause 5 presents a discussion of other forms of protection and
factors that may be considered in the generator zone.

Clause 6: Protection specificationSlause 6 presents detailed tabulations and diagrams that are classified
according to the method by which the generator is connected to the system. These tables and diagrams show
the combination of relays (and their control function) often applied for generator and excitation system
protection in accordance with good engineering practices. These tables and diagrams also consider the
protective devices on other equipment in or adjacent to the generating station that are connected to trip or shut
down the generator.

2. References

This standard shall be used in conjunction with the following publications. When the following standards are
superseded by an approved revision, the revision shall apply.

ANSI C50.12-1982 (Reaff 1989), American National Standard Requirement for Salient-Pole Synchronous
Generators and Generator/Motors for Hydraulic Turbine Applications.?

ANSI C50.13-1989, American National Standard Requirement for Rotating Electrical Machin-
ery—Cylindrical Rotor Synchronous Generators.

IEEE Std 67-1990, IEEE Guide for Operation and Maintenance of Turbine Generators (ANSI).?

IEEE Std 142-1991, IEEE Recommended Practice for Grounding of Industrial and Commercial Power
Systems (ANSI).

IEEE Std 502-1985 (Reaff 1992), IEEE Guide for Protection, Interlocking, and Control of Fossil-Fueled Unit-
Connected Steam Stations (ANSI).

IEEE Std C37.101-1993, IEEE Guide for Generator Ground Protection (ANSI).

IEEE Std C37.106-1987 (Reaff 1992), IEEE Guide for Abnormal-Frequency Protection for Power Generating
Plants (ANSI).

IEEE Std C57.13-1993, IEEE Standard Requirements for Instrument Transformers (ANSI).

'For information on references, see clause 2.

2ANSI publications are available from the Sales Department, American National Standards Institute, 11 West 42nd Street,
13th Floor, New York, NY 10036, USA.

SIEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box
1331, Piscataway, NJ 08855-1331, USA.
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IEEE Std C57.13.3-1983 (Reaff 1991), IEEE Guide for the Grounding of Instrument Transformer Secondary
Circuits and Cases (ANSI).

IEEE Std C62.92.2-1989, IEEE Guide for the Application of Neutral Grounding in Electrical Utility Systems,
Part [I—Grounding of Synchronous Generator Systems (ANSI).

3. Description of generators, excitation systems, and generating station
arrangements

3.1 Generator winding design and arrangements

The stator windings of a three-phase synchronous generator consist of a number of single-turn or multi-turn
coils that are connected in a series to form a single-phase circuit. One of these circuits or several circuits
connected in parallel are used to form a complete phase winding. The phase windings are normally connected
in wye with the neutral grounded through some external impedance. Delta-connected phase windings are used
occasionally but this is not a common connection. Figure 3.1 illustrates the possible winding arrangements
and connections.

The winding arrangements shown in figures 3.1a) and b) are the configurations most commonly used for all
types of generators. When more than one circuit is used per phase as shown in figure 3.1b), these circuits will
be connected in parallel inside the machine with two leads being brought out to external connections. In
general, up to three current transformers can be provided at each end of the phase winding for relaying and
instrumentation purposes.

In some hydrogenerator designs, there may be a number of circuits per phase and each circuit may consist of
a number of multi-turn coils connected in series. In these machines, the parallel-connected circuits may be
formed into two groups that are paralleled with only two leads being brought out to external connections.
There may be an equal or unequal number of circuits in each group. In this design, current transformers can
be provided in each phase group and in the leads to the external connections.

Figure 3.1c) illustrates the wye-connected double-winding construction sometimes used in large steam-turbine
generators. Each phase has two separate windings that are connected externally to form two wye connections.
The high-voltage terminals of each phase are connected in parallel to form a single three-phase output.
Separate wye connections are formed on the neutral end of each winding. These neutrals may be physically
at opposite ends of the machine. This arrangement is sometimes referred to as the double-ended, twelve-
bushing machine and is used where the total full-load phase current exceeds the current carrying capability
of a single bushing. The bushings at each end of the winding can accommodate three current transformers.

In the delta-connected generator, there may be one or more paralleled circuits per phase with two leads
brought out to external connections. Current transformers can be provided inside the delta, at the ends of each
winding, or outside the delta, or both.

3.2 Generator grounding

It is common practice to ground all types of generators through some form of external impedance. The
purpose of this grounding is to limit the mechanical stresses and fault damage in the machine, to limit
transient voltages during faults, and to provide a means for detecting ground faults within the machine. A
complete discussion of all grounding and ground protection methods may be found in IEEE Std C62.92.2-
1989 and IEEE Std C37.101-1993.
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Figure 3.1—Winding configurations

The methods most commonly used for generator grounding will be discussed in this guide. They are listed
in the following four broad categories:

a)
b)
c)
d)

4

High-impedance grounding
Low-resistance grounding
Reactance grounding
Grounding-transformer grounding
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Solid grounding of a generator neutral is not generally used since this practice can result in high mechanical
stresses and excessive fault damage in the machine. According to ANSI C50.13-1989, the maximum stresses
that a generator is normally designed to withstand is that associated with the currents of a three-phase fault
at the machine terminals. Because of the relatively low zero-sequence impedance inherent in most
synchronous generators, a solid phase-to-ground fault at the machine terminals will produce winding currents
that are higher than those for a three-phase fault. Therefore, to comply with this guide, generators shall be
grounded in such a manner to limit the maximum phase-to-ground fault current to a magnitude equal to, or
less than, the three-phase fault current.

Generators are not often operated ungrounded. While this approach greatly limits the phase-to-ground fault
currents, and consequently limits damage to the machine, it can produce high transient overvoltages during
faults and also makes the fault location difficult to determine.

The following subclauses provide a very brief description and typical applications of the above grounding
methods.

3.2.1 High impedance grounding
Two types of high-impedance grounding are in common use today as discussed in 3.2.1.1 and 3.2.1.2.
3.2.1.1 High-resistance grounding

In this method, a distribution transformer is connected between the generator neutral and ground, and a
resistor is connected across the secondary. The primary voltage rating of the distribution transformer is usually
equal to, or greater than, rated generator line-to-neutral voltage, while the secondary winding rating is 120
V or 240 V. The secondary resistor is selected so that for a single-phase-to-ground fault at the generator
terminals, the power dissipated in the resistor is equal to, or greater than, three times the zero-sequence
capacitive kVA to ground of the generator windings, and of all other equipment that may be connected to the
machine terminals. With this resistor rating, the transient overvoltages during faults will be kept to safe
values. This arrangement is considered high-resistance grounding. For a single-phase-to-ground fault at the
machine terminals, the primary fault current will be limited to a value in the range of about 3 A to 25 A. If
possible, the ground fault current level should be chosen to coordinate with the primary fuses (when used) of
wye-wye connected voltage transformers with grounded neutrals. Note that distribution transformers with
internal fuses or circuit breakers should not be used, as they could inadvertently be open and the grounding
and protection scheme could be inoperative at the time of fault.

In some cases, the distribution transformer is omitted and a high value of resistance is connected directly
between the generator neutral and ground. The resistor size is selected to limit ground-fault current to the
range of 3-25 A. While this method of grounding is used in Europe, the physical size of the resistors, the
required resistor insulation level, and the cost may preclude the use of this method.

3.2.1.2 Ground fault neutralizer grounding (tuned inductive reactor)

In this grounding method, a distribution-type transformer with a ratio selected as above is used with a
secondary tunable reactor. The ohmic value of this secondary reactor is selected so that, when reflected into
the primary circuit, its reactance is equal to one-third of the zero-sequence capacitive reactance of the
generator and all equipment connected to the generator terminals up to and including the delta-connected
windings of the main step-up and station service transformers. This type of grounding limits the single-phase-
to-ground fault current to 1 A or less. This low fault current will not sustain an arc or cause damage to the
generator stator iron. Ground fault neutralizer grounding can be used with all unit-system installations where
a single generator is connected through its individual grounded wye-delta step-up transformer (or
transformers) to the system.
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Also, ground fault neutralizer grounding can detect much higher impedance grounds than is possible with
high- resistance grounding. For example, the calculated maximum detectable fault impedance for a typical
nuclear unit of 975 MVA is 3 574 000 S for ground fault neutralizer grounding. Calculated maximum stator
fault current for a typical 975 MVA nuclear unit is 0.45 A. This contrasts with a high-resistance grounding,
the maximum fault impedance that can be detected is 66 900 S.

If protection from iron burning and greater sensitivity of detecting incipient faults is deemed desirable (e.g.,
an existing older generator equipped with high-resistance grounding), retrofitting with ground-fault
neutralizer grounding can be done by replacing the resistor with a reactor.

Along with these desirable features are several that may be considered undesirable as follows:

a) If automatic tripping is used, coordination with generator vt fuses may not be possible. VT secondary
wiring faults may cause ground indications where wye-wye connected generator vts are used.
Coordination can be achieved by various methods (see IEEE Committee Report [B19].*

b) High zero sequence voltages on the generator system are possible if too high a reactor coil constant
is selected for the neutralizer.

c) If surge-protective equipment is used on the generator, it should be selected on the basis of possible
higher temporary overvoltages during ground faults. Voltages can be kept to within reasonable limits
by selecting a reactor coil constant in a range from 10 to 50 without reducing sensitivity of the fault
detection system.

3.2.2 Low-resistance grounding

In this method, a resistor is connected directly between the generator neutral and ground. The resistor is
selected to provide sufficient current for selective ground relaying of several machines, feeders, or both. In
general, the grounding resistor is selected to limit the generator’s contribution to a single-phase-to-ground
fault at its terminals to a value in the range of 200 A up to 150% of rated full-load current. Resistor cost and
size usually preclude the use of resistors to limit the current below 200 A or to permit currents above machine
rated current.

This method of grounding is generally used where two or more generators are bussed at generator voltage and
connected to a system through one step-up transformer or where the generator is connected directly to a
distribution system having a low-impedance grounding source on the generator bus.

3.2.3 Reactance grounding

This method uses an inductive reactance between the generator neutral and ground. The inductive reactance
is selected to produce an Xy/X; ratio at the machine terminals in the range of 1 to 10. Common practice is to
maintain an effectively grounded system by keeping the Xy/X; ratio at 3 or less. This method of grounding
produces relatively high levels of phase-to-ground fault currents ranging from approximately 25% to 100%
of the three-phase fault current.

This grounding method is generally used where the generator is connected directly to a solidly grounded
distribution system.

“The numbers in brackets correspond to those bibliographical items listed in annex B.
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3.2.4 Grounding-transformer grounding

This method involves the use of a grounding transformer connected to the machine terminals or to the
generator bus. The grounding may be provided by a zig zag transformer or a grounded wye-delta transformer,
or by a grounded wye-broken delta transformer with a resistor connected across a corner of the broken delta.
When a zig zag or a grounded wye-delta transformer is used, the effective grounding impedance is selected
to provide sufficient current for selective ground relaying.

The grounded wye-broken delta transformer with a resistance in the corner of the broken delta is generally
a high-resistance grounded system. The resistance would be selected in the same manner as for the
distribution transformer with secondary resistor. This method limits the single-phase-to-ground fault current
to a range of 3-25 primary A.

A zig zag or grounded wye-delta transformer may be used as an alternate grounding source when a generator
with neutral reactor grounding is connected directly to a distribution system. This approach can also be used
where several ungrounded-wye or delta-connected generators are bussed at generator voltage.

A grounded wye-broken delta transformer with a resistor across the corner of the broken delta may be used
to provide a means for detecting ground faults in ungrounded-wye or delta-connected generators.

3.3 Excitation systems
The following four basic types of excitation systems used to control the output of ac machines:

— the dc generator commutator exciter
— the alternator rectifier exciter with stationary rectifier system
— the alternator rectifier exciter with rotating rectifier system

— the static excitation system

In terms of response times, excitation systems fall into the following two categories—rotating and static.
Rotating exciters respond slower than static exciters. The speed of response of the excitation system is
commonly expressed in terms of the “response ratio,” which indicates the speed of response during a period
of 0.5 s after a sudden 20% reduction in generator terminal voltage. Rotating exciters have a response ratios
in the range of 0.5 to 1.0 per unit exciter volts per second. Static exciters have response ratios in the range
of 2.5 to 3.5 per unit exciter volts per second. The detailed effects of the excitation system response ratio on
the fault current characteristics of the generator is beyond the scope of this guide but is well documented in
[B17]. While a detailed description of these systems is beyond the scope of this standard, their general
characteristics will be briefly described in the following subclauses.

3.3.1 System with dc generator-commutator exciter

Figure 3.3.1 shows a schematic of the primary elements of this system. Not shown on this diagram and the
succeeding figures 3.3.2 through 3.3.5 are the power supplies, such as pilot exciters, the current and potential
intelligence inputs to the excitation control, etc., since they are essentially functionally the same for all
systems.
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Figure 3.3.1—System with dc generator commutator exciter

In this system, a dc control signal is fed from the excitation control to the stationary field of the dc exciter.
The rotating element of the exciter then supplies a direct current through a field breaker to the field winding
of the main ac generator. The rotating armature of the dc exciter is either driven from the same shaft as the
rotating main field of the generator or can be on a separate motor-driven shaft. In either case, a dc
commutator is required on the exciter, and brushes and collector rings are required on the rotating generator
field to transmit the main generator field current. This system is used only on the smaller or older machines.

3.3.2 System with alternator rectifier exciter and stationary rectifiers

To eliminate the problems of high-current commutation for medium and large machines, the dc exciter is
replaced by an alternator. The system of figure 3.3.2 uses an alternator with a rotating dc field winding driven
from the shaft of the main ac generator. Current for this field winding is obtained from the excitation controls
through brushes and collector rings. The three-phase ac output of the alternator is rectified through a
stationary three-phase diode bridge, and the direct-current output is fed to the field winding of the generator
through brushes and collector rings.

ROTATING
EXCITER ELEMENTS
COLLECTOR
I‘_———|/ \r ="
‘ % ' RECTIFIER : '
Loooa ___J
MAIN GENERATOR
COLLECTOR
EXCITATION
CONTROLS

Figure 3.3.2—System with alternator rectifier
exciter and stationary exciter and stationary rectifier

3.3.3 System with alternator rectifier exciter and rotating rectifiers (brushless exciters)

The system of figure 3.3.3 again uses an alternator, but by mounting the dc field winding on the stator of the
exciter and the ac armature winding on the rotor, all brushes and commutators have been eliminated. In this
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system, the ac armature of the exciter, the rotating three-phase diode bridge rectifier, and the main field of
the ac generator are all mounted on the same rotating shaft system. All electrical connections are made along
or through the center of this shaft.

ROTATING ELEMENTS

e N RECTIFIEER  _ |
| A C N % !
L LEXCIT A 3 |
I I
I I
L e D D e e e e e e e e - - J
EXCITATION

CONTROLS

Figure 3.3.3—System with alternator
rectifier exciter and rotating rectifiers

3.3.4 System with static exciter

The preceding schemes utilize the energy directly from the prime-mover shaft to obtain the required excitation
power. Static excitation systems obtain this power from the electrical output of the generator or the connected
system. In figure 3.3.4, external power current transformers or power voltage transformers (or both) feed
rectifiers in the regulating system which, in turn, supply direct current to the main field winding of the
generator through brushes and collector rings.

MAIN
GENERATOR
TOR
COLLECTOR  RoTaTING POWER
ELEMENTS CURRENT
r----A TRANSFORMER
1 1
i AC AN
, ! GEN. VA
Lol POWER
UL VOLTAGE
TRANSFORMER
EXITATION
CONTROLS

Figure 3.3.4—System with static exciter

Some systems use only potential transformers as input power, while some use additional current transformers
to boost the input during fault conditions when the terminal voltage is reduced. During close-in faults,
excitation systems using only potential transformers as input power may be unable to sustain fault currents
long enough for the protective relaying to operate [B17].

In figure 3.3.5 the excitation power is provided from a voltage and current source within the main generator.
The voltage source is a set of three-phase windings mounted in three generator stator winding slots (P bars).
These potential windings are connected to each phase of an ungrounded-wye excitation transformer.
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Figure 3.3.5—Static excitation system with internal supply

The current source is achieved by passing each of the three stator main winding leads through a window in
each phase excitation transformer.

The output windings of the three single-phase excitation transformers are connected in delta to supply the
external bridge rectifier circuits. As indicated in figure 3.3.5, the potential windings in the stator are
connected in wye through linear reactors. The neutral is high-resistance grounded through a distribution
transformer, thereby providing a means for detecting possible ground faults in the potential windings and
excitation transformer.

3.4 Generating station arrangements

The selection and arrangement of protection for generators is influenced to some degree by the method in
which the generators are connected to the system and by the overall generating station arrangement. For
purposes of this guide, the following generator connections and station arrangements will be considered:

a)  Unit generator-transformer configuration

b)  Unit generator-transformer configuration with generator breaker
¢) Cross-compound generators

d)  Generators sharing a unit transformer

e) Generators connected directly to a distribution system
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For the most part, the configurations represent the most widely used generating station arrangements.
3.4.1 Unit generator-transformer configuration
In this arrangement, a generator and its transformer (unit transformer) are connected as a unit to the system
as shown in figure 3.4.1. The generator is usually wye-connected and high-resistance grounded through a

distribution transformer. The unit transformer is most commonly a grounded wye-delta connection.

In some large steam turbine generator installations, the generator may be connected to the system through two
parallel connected unit transformers, each transformer having one-half the total generator rating.

HIGH-VOLTAGE SYSTEM

UNIT ~
TRANSFORMER V

UNIT

AUXILIARIES
_V< TRANSFORMER

)3

Figure 3.4.1—Unit generator-transformer configuration

umm—{oaﬁgma

There may be one or two unit auxiliaries transformers. These may be two-winding or three-winding
transformers, depending upon the size of the generator unit. In most instances the unit auxiliaries
transformer(s) is connected delta-wye with the neutral of the wye connected to ground through some
impedance.

3.4.2 Unit generator-transformer configuration with generator breakers

This arrangement, illustrated in figure 3.4.2, has been used with some large generators. The generator is wye-
connected and high-resistance grounded through a distribution transformer. Two half-size grounded wye-delta
connected unit transformers are used to connect the generator to the system. As shown in this figure, two unit
auxiliaries transformers are used in this arrangement.
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Figure 3.4.2—Unit generator-transformer
configuration with generator breakers

3.4.3 Cross-compound generators

The most common method for connecting a cross-compound generator to a system is shown in figure 3.4.3.
The low-pressure and the high-pressure units are bussed at generator voltage and connected to the system
through a grounded wye-delta unit transformer. Both the low- and the high-pressure units are usually wye-
connected, and it is recommended practice to ground only one of the neutrals. High-resistance grounding

through a distribution transformer is commonly used.
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Figure 3.4.3—Cross-compound generators
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3.4.4 Generators sharing a unit transformer

Figure 3.4.4 illustrates two methods for connecting two or more generators to a system using one step-up
transformer. In figure 3.4.4a), two or more generators are bussed at generator voltage and a two-winding
grounded wye-delta unit transformer is used to connect the machines to the system. In figure 3.4.4b), a
number of generators are connected to the system through a three-winding grounded wye-delta-delta
transformer. Either of these approaches may be used with small hydro or combustion-turbine generators.

In either approach, neutral-resistor grounding of the generators would be used in order to achieve selective
ground-fault protection for the machines. In some instances, the generators may be high-resistance grounded
through a distribution transformer in order to minimize damage due to phase-to-ground faults. However, this
grounding method has the disadvantage that it may not provide sufficient current for selective relaying.
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Figure 3.4.4—Generators sharing a transformer
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3.4.5 Generators connected directly to a distribution system

Figure 3.4.5 shows a typical installation where generators are connected directly to a distribution system. If
the system is effectively grounded (X/X, # 3, Ry/X, # 1), the generator neutral, or the neutral of the bus
grounding transformer if the generator neutral is isolated (as noted in 3.2.4), will be grounded with a neutral
inductive reactance. If the system is not effectively grounded, as for some three-wire distribution systems, the
generator neutral or grounding transformer neutral will generally be grounded through a low ohmic value

Al
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UNIT
AUXILIARIES
TRANSFORMER

REACTOR / ; \

OR
RESISTOR

Figure 3.4.5—Generator connected
directly to a distribution system

4. Protection requirements
4.1 Generator stator thermal protection

Thermal protection for the generator stator core and windings may be provided for the following
contingencies:

a)  Generator overload
b)  Failure of cooling systems

¢) Localized hot spots caused by core lamination insulation failures or by localized or rapidly developing
winding failures

4.1.1 Generator overload

The continuous output capability of a generator is expressed in kilovolt-amperes (kVA) available at the
terminal at a specified frequency, voltage, and power factor. For hydrogen-cooled generators, the output rating
is usually given at the maximum and several lesser hydrogen pressures. For combustion-turbine generators,
this capability is given at an inlet air temperature of 15"NC at sea level. In general, generators can operate
successfully at rated kVA, frequency, and power factor for a voltage variation of 5% above or below rated
voltage.

Under emergency conditions, it is permissible to exceed the continuous output capability for a short time. In
accordance with ANSI C50.13-1989, the armature winding short-time thermal capability is given by the

following:
Time (seconds) 10 30 60 120
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Armature current (percent) 226 154 130 116

where
100% current is the rated current of the machine at maximum hydrogen pressure
A plot of this short-time capability is shown in figure 4.1.1. Protective schemes to prevent thermal damage

to the stator winding utilize winding temperature detectors or relays having time-current characteristics that
conform to the short-time capability curve.
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Figure 4.1.1—Turbine-generator short-time thermal
capability for balanced three-phase loading
(values for figure taken from ANSI C50.13-1989)

4.1.1.1 Winding-temperature protection

Most generators are supplied with a number of temperature sensors to monitor the stator windings. These
sensors are usually resistance temperature detectors (RTDs) and thermocouples (TCs). As the name implies,
the RTD detects temperature by the change in resistance of the sensor. A TC detects temperature by the
change in thermoelectric voltage induced at the TC junction.

These sensors are used to continuously monitor the stator winding. In attended generating stations, the sensors
may be connected to a data acquisition system for recording or alarm purposes.

In unattended stations, the sensors may be used with a relay to alarm, to initiate corrective action, or to trip
the unit if preset temperatures limits are exceeded.

For generators with conventional (indirectly-cooled) stator windings, RTDs embedded between the top and
bottom bars are used to monitor winding temperatures. For generators with inner-cooled (directly-cooled)
stator windings, the stator bar coolant discharge temperature is used along with the embedded RTDs to
monitor the winding temperature. The generator manufacturer should be consulted for specific recommenda-
tions on the preferred method of monitoring these sensors and temperature limits for alarm and trip purposes.
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4.1.1.2 Overcurrent protection

In some instances, generator overload protection can be provided through the use of a torque controlled
overcurrent relay that is coordinated with the ANSI C50.13-1989 short-time capability curve of figure 4.1.1.
This relay consists of an instantaneous overcurrent unit and a time overcurrent unit having an extremely
inverse characteristic. The instantaneous unit is set to pick up at 115% of full-load current and is used to
torque control the time overcurrent unit. The instantaneous unit dropout should be 95% or higher of pickup
setting.

The time overcurrent unit is set to pick up at 75-100% of full-load current and a time setting is chosen so that
the relay operating time is 7.0 s at 226% of full load current. With this approach, the relay is prevented from
tripping for overloads below 115% of full-load current and yet provides tripping in a prescribed time for
overloads above 115% of full-load current.

An overload alarm may be desirable to give the operator an opportunity to reduce load in an orderly manner.
This alarm should not give nuisance alarms for external faults and should coordinate with the generator
overload protection if this protection is provided.

For air-cooled generators that may operate in a wide range of ambient temperatures, it is necessary to
coordinate the ANSI C50.13-1989 thermal capability and the relay setting with the increased capability of the
turbine and the generator at reduced ambient temperature. Conversely, it may be difficult to protect the
generator for its reduced capability when the ambient temperature is high.

4.1.2 Failure of cooling systems

4.1.2.1 General

Depending upon rating and design, the generator stator core and windings may be cooled by air, oil,
hydrogen, or water. In direct-cooled (or so-called conductor-cooled) generators, the coolant is in direct contact
with the heat-producing conductors of the stator winding. In indirectly or conventionally cooled generators,
the coolant cools the generator by relying on heat transfer through the insulation. For any type of generator,
a failure of the cooling system can result in rapid deterioration of the stator core lamination insulation and/or
stator winding conductors and insulation.

4.1.2.2 Protection

In general, the generator manufacturer provides all of the necessary protection for the cooling system. This
protection is in the form of sensors such as resistance temperature detectors (RTDs), thermocouples (TC), and
flow and pressure sensors. These devices are used to monitor the winding temperatures or the coolant
temperature, flow, or pressure. They may be connected to alarm, to automatically reduce load to safe levels,
or to trip.

For a particular machine, the user should check with the generator manufacturer to ascertain the temperature
limits, the protection provided and the recommended operating procedures for a loss of coolant.

4.1.3 Core hot spots
4.1.3.1 General

Localized hot spots in the stator core can be produced by lamination insulation failure caused by misoperation
(such as excessive leading power factor operation or overfluxing), by vibration due to looseness (wear of
insulation or fatigue of laminations), by foreign objects left in the machine, by damage to the core during
installation or maintenance, or by objects that are normally a part of the machine, (such as a nut, wedge, etc.)
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but become detached from their normal position and move to the core.

The hot spots are the result of high eddy currents, produced from core flux, that find conducting paths across
the insulation between laminations. In some designs, stator laminations are electrically shorted together on
the outer diameter of the core where it attaches to the stator frame. Any contact between laminations on the
inner bore will result in a circuit for eddy currents. The shorting of laminations can cause melting of core steel
that can be costly to repair.

4.1.3.2 Protection

The only means for detecting hot spots in air-cooled generators is through the use of RTDs and/or TCs
imbedded in strategic locations. Since it is not possible or practical to cover the entire core and windings with
these detectors, this approach can provide only partial detection of hot spots.

On hydrogen-cooled generators, the presence, but not the exact location of local hot spots, may be detected
by the use of a generator core (or condition) monitor. The core monitor is an ion particle detector that is
connected to a generator in a manner that permits a constant flow of cooling gas to pass through the monitor.
Under normal conditions, the gas coolant contains no particles that can be detected by the monitor. However,
when overheating occurs, the thermal decomposition of organic material, epoxy paint, core lamination enamel
or other insulating materials produces a large number of particles. These particles are of submicron size and
are detected by the monitor. The general location of the hot spot can be determined by laboratory analysis of
the particles and through the use of selective coatings on various parts of the machine.

At present, this type of protection is normally only supplied on large steam turbine generators and is
connected to sound an alarm.

4.2 Field thermal protection
Thermal protection for the generator field may be divided into the following two categories:

a)  Protection for the main field winding circuit
b)  Protection for the main rotor body, wedges, retaining ring, and amortisseur winding

4.2.1 Field winding protection

The field winding can operate continuously at a current equal to, or less than, that required to produce rated
kVA at rated power factor and voltage. For power factors less than rated, the generator output must be reduced
to keep the field current within these limits. The capability curves as defined in IEEE Std 67-1990 are
determined on this basis.

Under abnormal conditions, such as short circuits and other system disturbances, it is permissible to exceed
these limits for a short time. ANSI C50.13-1989 lists the short-time thermal capability for cylindrical-rotor
machines. In this standard, the field winding short-time thermal capability is given in terms of permissible
field voltage as a function of time as noted below.

Time (seconds) 10 30 60 120
Field voltage (percent) 208 146 125 112

A plot of this short-time capability is shown in figure 4.2.1. Protection schemes utilize this characteristic to
prevent thermal damage to the field winding circuit.
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Figure 4.2.1—Generator field short-time thermal capability
(values taken from ANSI C50.13-1989)

4.2.1.1 Thermal protection

Since it is not practical to put temperature sensors directly in the field windings, only indirect monitoring of
the field winding temperature is normally possible. For excitation systems employing main field collector
rings, the average temperature of the field winding can be approximated by calculating the field resistance
using simultaneous field current and voltage readings. This resistance, in conjunction with the known cold
resistance, is a measure of the operating temperature. This method, described in IEEE Std 67-1990, gives only
an indication of the average temperature throughout the field winding and not the more important hot-spot
temperature.

Moreover, this method is not applicable with brushless excitation systems where the actual main field current
and voltage are not available for measurement.

If a generator is equipped with a core monitor as described in 4.1.3, the monitor will also detect overheating
of the field winding.

4.2.1.2 Protection for field overexcitation

Some form of over-excitation protection for the field winding is generally provided utilizing the short-time
capability curve of figure 4.2.1. Several different schemes are available using relays or excitation system
control elements, or both.

4.2.1.2.1 Fixed-time delay relaying scheme

The simplest form of field protection utilizes a contact making milliammeter or voltmeter connected in either
the main field circuit or in the field of the ac exciter. This device is set to pick up when the field current
exceeds its rated full-load value. When an overexcitation condition occurs, the device will pick up and perform
the following functions:

a) Sound an alarm.
b)  Adjust field excitation to a preselected value corresponding to rated full-load level or less.
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c)  After a fixed-time delay, trip the generator regulator or transfer to an alternate control.
d) If overexcitation is not eliminated after some additional short-time interval, trip the unit.

This scheme will protect the field for overexcitation conditions during system disturbances and for the rare
occurrence of a faulty excitation system component. While simple in form, this scheme has the disadvantage
that it will overprotect the machine, since the fixed time delay relay must be set for the maximum possible
overexcitation condition that can occur. This means that for less severe overexcitation conditions, tripping
will occur at shorter times than is required and, therefore, full advantage of the inverse-time thermal
capability of the field winding characteristic cannot be obtained.

4.2.1.2.2 Inverse time delay relaying scheme

This approach utilizes a voltage relay whose characteristic approximately matches the inverse time
characteristic of figure 4.2.1. This relay may be connected at the terminals of an ac exciter alternator, in the
main generator field or in the field of the ac exciter. When connected to a field circuit, a transducer is used
to convert the dc signal to an ac quantity. The relay is normally set so that there is 5-10% margin between
the relay characteristic and the field capability curve.

This relay, in conjunction with one or more timers, performs the same functions as the preceding scheme. For
an overexcitation condition, it will:

a) Sound an alarm.

b)  Adjust the field excitation to a preselected value corresponding to rated full-load level or less.
c) After some delay, trip the generator regulator or transfer to an alternate control.

d)  Trip the unit if overexcitation is not eliminated.

This scheme provides protection for overexcitation conditions as well as for possible excitation system
failures.

4.2.1.2.3 Voltage regulator system

Modern excitation systems usually incorporate the field protective functions as well as the regulating function.
These systems may have built-in circuitry that duplicates the fixed time and/or the inverse time relaying
function. When an overexcitation condition occurs and field current exceeds a safe value for a specified period
of time, these protective functions will reduce field current to the full-load value or to some other
predetermined level. On some excitation systems, if the overexcitation condition persists after an attempt to
reduce field current is made, the protective function will trip the regulator or transfer to an alternate exciter
after a short period of time. If this does not eliminate the problem, the generator may be tripped. In this type
of excitation system, the protective function is separate from the excitation function, and, therefore, can
provide protection when there are failures in the regulating systems or when the regulator is not in the control
circuit.

If the protective function is part of the regulating system, the protection would be eliminated when the
regulator is tripped or is out of service. For this type of system, supplementary relay protection as described
in the preceding can be provided.

4.2.2 Rotor body

There are no simple methods for direct thermal protection of the rotor. Various indirect methods are used
either to approximate rotor temperatures or to act directly on the quantities that would lead to excessive rotor
temperatures. Protection schemes for the rotor are, therefore, directed at the potential causes of thermal
distress. For example, negative-sequence currents in the stator, loss of excitation, or loss of synchronism can
cause excessive rotor temperatures due to circulating currents in various paths of the rotor body. These
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phenomena and associated protective schemes are covered in 4.5.
4.3 Generator stator fault protection
4.3.1 General consideration

Generator faults are always considered to be serious since they can cause severe and costly damage to
insulation, windings, and the core; they can also produce severe mechanical torsional shock to shafts and
couplings. Moreover, fault currents in a generator do not cease to flow when the generator is tripped from the
system and the field disconnected. Fault current can continue to flow for many seconds because of trapped flux
within the machine, thereby increasing the amount of fault damage.

As a consequence, for faults in or near the generator that produce high magnitudes of short-circuit currents,
some form of high-speed protection is normally used to trip and shut down the machine as quickly as possible
in order to minimize damage. Where external impedances are used to limit fault currents to a few amperes,
slower forms of protection may be justified. In certain cases, it may be justified to consider the use of rapid
de-excitation methods that produce a faster decay of fault currents.

4.3.2 Phase-fault protection

Some form of high-speed differential relaying is generally used for phase-fault protection of generator stator
windings. Differential relaying will detect three-phase faults, phase-to-phase faults, double-phase-to-ground
faults, and some single-phase-to-ground faults, depending upon how the generator is grounded.

Differential relaying will not detect turn-to-turn faults in the same phase since there is no difference in the
current entering and leaving the phase winding. Where applicable, separate turn fault protection can be
provided with the split-phase relaying scheme. This scheme will be discussed subsequently.

Differential relaying will not detect stator ground faults on high impedance grounded generators. The high
impedance normally limits the fault current to levels considerably below the practical sensitivity of the
differential relaying.

The high-impedance differential relay may be less tolerant to ct errors caused by proximity effects than the
percentage restrained type of differential relay.

4.3.2.1 Variable slope percentage differential relay

The variable slope percentage differential relay is the most widely used form of differential relaying for
generator protection. In this type of relay, the percentage slope characteristic can vary from about 5% at low
values of through current up to 50% or more at high values of through current as illustrated in figure 4.3.2-1.
This characteristic results in a relay that is very sensitive to internal faults and insensitive to current
transformer error currents during severe external faults.
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Figure 4.3.2-1—Variable slope differential relay

Current transformers with identical characteristics should be used in a generator differential scheme. Proper
operation of the scheme requires that the cts’ performance during fault conditions is not degraded due to
excessive burdens in the circuits. Therefore, care should be exercised when other relays or devices are used
in these current circuits.

In some cases, proximity effects can affect the accuracy of the current transformers, particularly at the neutral
ends of generators, where cts on one phase may be physically close to other phase conductors. In such cases,
care is required to ensure that the resulting differential currents are less than the minimum sensitivity of the
percentage restrained relay.

4.3.2.2 High-impedance differential relay

As the name implies, this is a high-impedance relay connected in a differential circuit as shown in
figure 4.3.2-2. The relay discriminates between internal and external faults by the voltage, which appears
across the relay. On external faults, the voltage across the relay will be low, while for internal faults, the
voltage across the relay is relatively high.

i)

Figure 4.3.2-2—High-impedance differential

The relay may be set to operate for stator winding three-phase or phase-to-phase fault currents as low as 2%
of rated generator current.
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The current transformers (cts) used in this scheme, such as bushing current transformers with fully distributed
secondary windings, should have identical characteristics and should have negligible leakage reactance.

4.3.2.3 Self-balancing differential scheme

The self-balancing differential scheme has been used for phase and ground faults on small generators with
low-resistance neutral grounding. This scheme is illustrated in figure 4.3.2-3. As shown, leads from both ends
of the phase winding are placed in the opening of a window-type current transformer. Any difference between
the currents entering and leaving the winding is detected by an instantaneous overcurrent relay. Where
applicable, this scheme is capable of providing very sensitive phase and ground fault protection.

Since these cts see a difference current that is normally near zero under nominal system conditions, they are
usually not designed to carry continuous load current. This allows the use of cts with low ANSI accuracy
designation and very low ct ratios. The measuring of difference current allows the relay to be set very
sensitively to detect very low ground faults within the stator. Use of a low ratio may cause the fault current
to be much higher than the 20 times rated current of the ct. Because of this, care should be taken to evaluate
the relay burden and the ct saturation characteristics at the required fault current levels to assure accurate
pickup of the relay and sufficient secondary current to operate the relay.
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Figure 4.3.2-3—Self-balancing protection scheme

4.3.2.4 Application of differential relaying to different machine configurations

The application of phase-fault protection to the various machine configurations discussed in 3.1 of this guide
isillustrated in figures 4.3.2-4 through 4.3.2-8. Figure 4.3.2-4 illustrates the differential connections for a six-
bushing machine having single-turn coils and one or more circuits per phase. This is the most widely used
machine configuration.
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Figure 4.3.2-4—Percentage differential relay connection
for six-bushing wye-connected generator

Figure 4.3.2-5 illustrates the application of split-phase relaying and differential protection on generators
having multi-turn coils and two or more circuits per phase. This combination is often used on hydro-gen-
erators. The application of split-phase relaying should be specified in the design of the generator so that the
cts required for this protection can be economically and appropriately engineered into the design.

OC=O0VERCURRENT RELAY SPLIT-PHASE
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Figure 4.3.2-5—Application of split-phase and differential relaying
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Another scheme that has been used on this type of generator is shown in figure 4.3.2-6. This arrangement is
an attempt to get the benefits of split-phase and differential protection with a reduction in the number of cts
and relays; however, this arrangement is not as sensitive as the separate split-phase relaying and differential
relaying scheme shown in figure 4.3.2-5. The scheme in figure 4.3.2-6 requires neutral-end cts having half

the turns ratio of the terminal-end cts.
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Figure 4.3.2-6—Combination split-phase and differential relaying

Figure 4.3.2-7 illustrates the protection for a two-winding twelve-bushing generator. In this arrangement,
separate differential relaying is used to protect each winding. This provides protection for faults between
windings and for phase-to-phase and three-phase faults. In general, it is not recommended that the cts in each
winding be paralleled and a single differential relay used. Such an approach would not provide protection for
all faults between windings, since for some conditions, the fault current would circulate only between the
paralleled cts and would not appear in the relay.
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Figure 4.3.2-7—12 Bushing generator
(single phase shown)
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Figure 4.3.2-8 shows the typical differential relaying arrangement used for a delta-connected generator.
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Figure 4.3.2-8—Percentage differential relay
connection—Delta-connected generator

4.3.2.5 Turn fault frotection

Most turbine generators have single-turn stator windings. If a generator has stator windings with multi-turn
coils and with two or more circuits per phase, the split-phase relaying scheme can be used to provide turn fault
protection. In this scheme, the circuits in each phase of the stator winding are split into two equal groups and
the currents of each group are compared. A difference in these currents indicates an unbalance caused by a
single-turn fault. Figure 4.3.2-9 illustrates the basic split-phase relaying system using bushing type current
transformers. The relays used in this scheme usually consist of an instantaneous overcurrent relay and a very
inverse time overcurrent relay.
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Figure 4.3.2-9—Split-phase protection using
separate current transformers

Since there is normally some current unbalance between windings, the time overcurrent relay is set so that
it will not respond to this normal unbalance, but will pick up for the unbalance caused by a single turn fault.
Time delay is employed to prevent operation on ct transient error currents that may occur during external
faults.

The pickup of the instantaneous unit shall be set above the ct error currents that may occur during external
faults. The resulting setting will generally be such that it will offer little turn fault protection. However, it can
provide inexpensive backup for multi-turn and phase faults.

The problem of ct error currents with the arrangement of figure 4.3.2-9 can be eliminated by using single
window or double window cts.

Figure 4.3.2-10 illustrates the single window ct arrangement. In this approach, the single window ct
eliminates the error currents because of its common core design. The fluxes produced by the primary currents
balance each other in the magnetic structure and only the difference current produces an output in the
secondary circuit. Therefore, the relays in the secondary more nearly see only the unbalanced current between
the circuit groupings. This permits more sensitive instantaneous relay settings. The single-window ct
approach is generally restricted to small machines because of physical and insulation problems in arranging
the winding leads in the window ct.
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Figure 4.3.2-10—Split-phase protection using a single-window ct

The double-window ct provides the same advantages of the single window approach but without its physical
restrictions. The double-window ct approach is shown in figure 4.3.2-11. Again, in this approach only the
difference between the primary currents produces an output in the secondary circuit, therefore permitting more
sensitive instantaneous relay settings.

If the generator has an odd number of circuits per phase, it still may be possible to provide split-phase
protection using separate ct’s as shown in figure 4.3.2-9. The currents in the two circuit grouping would not
be equal in this case and, therefore, ct ratios would have to be selected to give equal secondary currents during
balanced conditions. In this instance, the single- or double-window ct approach would not be applicable since
the relays would have to be set above a large difference current, making the scheme virtually insensitive to
turn faults.

Split-phase protection will detect phase and some ground faults in the stator winding. However, because of
the slow operating time of this protection, it is common practice to provide standard high-speed differential
protection for each phase and separate ground fault protection.
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Figure 4.3.2-11—Split-phase protection using
double-primary single-secondary ct

4.3.2.6 Backup protection

The type and sophistication of backup protection provided is dependent to some degree upon the size of the
generator and on the method of connecting the generator to the system.

When a generator is connected to the system in the unit generator-transformer configuration, high-speed
phase fault backup protection can be obtained by extending the protective zone of the unit transformer
differential relay scheme to include the generator, the interconnecting leads, and the unit auxiliaries
transformer. This backup is often referred to as the overall differential scheme and is illustrated in
figure 4.3.2-12.

In this arrangement, the cts in the unit auxiliaries transformer circuit must be high-ratio ct’s in order to
balance the differential circuit. The required ratio may be obtained with a single bushing ct or with a
combination of bushing and auxiliary ct.

In some cases, the unit auxiliaries transformer may be excluded from the overall differential scheme as
indicated by the alternate connection. This approach may introduce a blind spot in the protection for the unit
auxiliaries transformer. For faults near the high side of this transformer, the available fault current may be
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150 to 200 times the rating of the current transformers used in the differential scheme for the unit auxiliaries
transformer. This high current level would drive the cts into saturation, resulting in little or no current output
to the differential relays. This blind spot is eliminated by connecting the overall differential scheme to the low
side of the unit auxiliaries transformer. The overall scheme will detect the severe faults, while the unit
auxiliaries differential will detect the low-level faults.

UNIT
TRANSFORMER

ALTERNATE
CONNECTION

Figure 4.3.2-12—Generator phase fault backup
overall differential scheme

Figures 4.3.2-13 and 4.3.2-14 illustrate the application of the overall differential scheme on a two-winding
generator and on a cross-compound generator, respectively, where both types of generators are connected in
a unit generator-transformer configuration.
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Figure 4.3.2-13—Phase fault backup for a
two-winding generator

< UNIT
Y YTYTmM TRANSFORMER
€TT UNIT AUXILIARIES
HP LP TRANSFORMER
OO T
~« M
e 3 L™
l__

Figure 4.3.2-14—Phase fault backup for
cross-compound generator
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