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Foreword

(This Foreword is not a part of ANSI/IEEE Std 142-1982, IEEE Recommended Practice for Grounding of
Industrial and Coramercial Power Systems.)

This recommended practice is a revision of IEEE Std 142-1972. The subjects covered
by this document are divided into four parts corresponding to the four sections.

Section 1 covers the problems of system grounding, that is, connection to ground of
the neutral, of the comer of the delta, or of the midtap of one phase. The advantages
and disadvantages of grounded versus ungrounded systems are discussed. Information
is given on how to ground the system, where the system should be grounded, and how
to select equipment for the grounding of the neutral circuits.

Section 2 deals with the problems of connecting the frames and enclosures of electric
apparatus, such as motors, switchgear, transformers, buses, cables, conduits, building
frames, and portable equipment, to a ground system. It also outlines the fundamentals
of making the inter-connection or ground-conductor system between electric equip-
ment and the ground rods, water pipes, etc.

Section 3 deals with the problems of static electricity—how it is generated, what
processes may produce it, how it is measured, and what should be done to prevent its
generation or to drain the static charges to earth to prevent sparking. The methods of
protecting structures against the effects of lightning are also covered; since the system
for protecting structures against lightning consists entirely of conductors to earth, it
is considered within the scope of this document to discuss the general aspects of the
problem.

Section 4 deals with the problems of obtaining a low-resistance connection to the
earth. The use of ground rods, connections to water pipes, etc, are discussed.

Looking at the problem from an overall standpoint, the grounding of the system
would in most cases be done by making a metallic connection directly or through an
impedance between transformer or generator neutrals and the building grounding
system that is described in Section 2. The grounding system described in Section 2 in
turn is connected to earth through the system of ground rods and water pipes des-
cribed in Section 4.

The protective system for static and lightning protection discussed in Section 3
would likewise be connected to the ground rods and water pipe system, as outlined in
Section 4.

The major revisions are contained in Section 3, with only minor changes in Sections
1, 2,and 4.

This recommended practice was reviewed and approved by the Power Systems Tech-
nologies Committee of the IEEE Industry Applications Society. This revision was
prepared by the Power Systems Grounding Subcommittee, of the Power Systems Tech-
nologies Committee. At the time it approved this recommended practice, the sub-
committee had the following membership:

L. J. Kelly, Chairman
Baldwin Bridger Richard H. Kaufman
Thad Brown Raiph H. Lee
Edward Cantwell Robert Loewe
Leonard 8. Corey Bal K. Mathur
J. W. Courter William J. Neiswender
D. C. Grant Elliot Rappaport
Gordon S. Johnson Mark T. Theriault

Donald W. Zipse
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1. System Grounding

1.1 Introduction. Whether or not to
ground an electrical system is a question
that must be faced sometime by most
engineers charged with planning electri-
cal distribution. A decision in favor of a
grounded system leads to the question of
how to ground.

It is the purpose of this section to
assist the planning engineer in answering
these and other more detailed questions
on the subject by presenting basic rea-
sons for grounding or not grounding and
by reviewing general practices and meth-
ods of system grounding.

Practices of the grounding of synchro-
nous generators [7]! and of distribution
and transmission systems [9], particular-
ly those operated at 23 kV and higher,
have been summarized in other guides.
The practices set forth in those guides are
applicable to industrial power systems to
various degrees, depending on the type

!The numbers in brackets correspond to
those of the references listed in 1.15.

17

and extent of the industrial system under
consideration and on the character of
service required at the points of power
consumption.

Where an industrial power system con-
sists of power-generating equipment,
transmission circuits, and distribution
circuits, the reasons for grounding these
components are often the same as those
for grounding similar components of
public utility systems and other large
power systems, and the methods of
grounding would generally be similar
under like conditions of service. But in
some cases the reasons for grounding and
the methods of grounding certain com-
ponents of an industrial power system
may differ according to the requirements
of manufacturing or process operations.

The National Electrical Code [2],
sponsored by the National Fire Protec-
tion Association, contains regulations
pertaining to system and equipment
grounding applicable to industrial, com-
merical, and health-care facilities. These
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rules are considered minimum require-
ments for the protection of life and
property and should be carefully re-
viewed during the course of system
design.

1.2 Definitions. Definitions of terms in
addition to those appearing in this sec-
tion may be found in ANSI/IEEE Std
100-1977 [1].

The varieties of system grounding are
the following.

ungrounded system. A system, circuit, or
apparatus without an intentional connec-
tion to ground, except through potential-
indicating or measuring devices or other
very-high-impedance devices.

NOTE: Though called ungrounded, this type of
system is in reality coupled to ground through
the distributed capacitance of its phase wind-
ings and conductors. In the absence of a ground
fault, the neutral of an ungrounded system
under reasonably balanced load conditions will
usually be close to ground potential, being held
there by the balanced electrostatic capacitance
between each phzse conductor and ground.
Figure 1(a) shows an ungrounded system with
voltage relations for balanced phase-to-ground
capacitance.

grounded system. A system of conduc-
tors in which at least one conductor or
point (usually the middle wire or neutral
point of transformer or generator wind-
ings) is intentionally grounded, either
solidly or through an impedance.

NOTE: Various degrees of groundings are used,
from solid or effective grounding to the high-
impedance grounding obtained from a small
grounding transformer used only to secure
enough ground current for relaying, to the high-
resistance grounding which secures control of
transient overvoltage but may not furnish suffi-
cient current for ground-fault relaying. Figures
1(b) and (c) shows two points at which a sys-
tem may be grounded and the corresponding
voltage relationships. Note that according to
NEMA SG 4-1975 [6] there are system voltage
limitations for corner grounding.

grounded solidly. Connected directly
through an adequate ground connection

18
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in which no impedance has been inten-
tionally inserted.

NOTE: This term, though commonly used, is
somewhat confusing since a transformer may
have its neutral solidly connected to ground,
and yet the connection may be so small in
capacity as to furnish only a very-high-imped-
ance ground to the system to which it is con-
nected. In order to define grounding positively
and logically as to degree, the term effective
grounding has come into use. The term solidly
grounded will therefore be used in this standard
only in referring to a solid metallic connection
from system neutral to ground; that is, with no
impedance intentionally added in the grounding
circuit.

grounded effectively. Grounded through
a sufficiently low impedance such that
for all system conditions the ratio of
zero-sequence reactance to positive-
sequence reactance (X,/X,) is positive
and less than 3, and the ratio of zero-
sequence resistance to positive-sequence
reactance (Ry/X,) is positive and less
than 1. '

NOTE: The effectively grounded system per-
mits the application of surge arresters with less
than line-to-line voltage ratings. Ground fault
currents will be approximately of the same
magnitude as three-phase fault currents.

resistance grounded. Grounded through
impedance, the principal element of
which is resistance.

NOTE: The high-resistance-grounded system is
designed to meet the criterion of Ry < X¢o in
order to limit transient overvoltages due to arc-
ing ground faults. The ground-fault current is
usually limited to less than 10 A. X is the dis-
tributed per-phase capacitive reactance to
ground of the system.

The low-resistance-grounded system permits a
higher ground-fault current (on the order of
25 A to several hundred amperes) to obtain suf-
ficient current for selective relay performance.
For the usual system the criterion for limiting
transient overvoltages is Ro /X, = 2.

inductance grounded. Grounded through
impedance, the principal element of
which is inductance.

NOTE: The conditions of an inductance-
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grounded system are that Xy/X; lie within the
range of 3-10 and Ry /X < 1. The ground-fault
current becomes 25% or more of the three-phase
fault current. Inductance grounding becomes
‘“‘effective’’ grounding if Xo/X; is reduced to
3 or less.

1.3 Factors Influencing the Choice of
Grounded or Ungrounded System

1.3.1 Service Continuity. For many
years a great number of industrial plant
distribution systems have been operated
ungrounded at one or more voltage levels.
In most cases this has been done with
the thought of gaining an additional
degree of service continuity. The fact
that any contact occurring between one
phase of the system and ground is unlike-
ly to cause an immediate outage to any
load may represent an advantage in
many plants, varying in its importance
according to the type of plant.

Grounded systems, in most cases, are
designed so that circuit protective de-
vices will remove a faulty circuit from
the system regardless of the type of fault.
A phase-to-ground fault generally results
in the immediate isolation of the faulted
circuit with the attendant outage of the
ioads on that circuit. However, experi-
ence has shown [10], in a number of
systems, that greater service continuity
may be obtained with grounded-neutral
than with ungrounded-neutral systems.

1.3.2 Multiple Faults to Ground. While
a ground fault on one phase of an un-
grounded system generally does not
cause a service interruption, the occur-
rence of a second ground fault on a dif-
ferent phase, before the first fault is
cleared, does result in an outage. if both
faults are on the same feeder, that feeder
will be opened. If the second fault is on
a different feeder, both feeders may be
deenergized.

The longer a ground fault is allowed to
remain on an ungrounded system, the
greater is the likelihood of a second one
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occurring on another phase, resulting in
an outage. The advantage of an un-
grounded system, in not immediately
dropping load upon the occurrence of a
ground fault, may be largely destroyed
by the practice of ignoring a ground
fault until a second one occurs and re-
pairs are required to restore service. With
an ungrounded system it is extremely
important that an organized mainte-
nance program be provided so that
ground faults are located and removed
as soon as possible after their detection.

An adequate detection system, pos-
sibly in conjunction with an audible
alarm, is considered essential for opera-
tion of an ungrounded system. In addi-
tion, it is advisable in ungrounded sys-
tems to employ ground-fauit tracing
equipment which permits maintenance
personnel to locate a ground fault with
the system energized and without the
necessity of interrupting service on any
circuit during the process of fault locat-
ing.

Experience has shown that multiple
ground faults are rarely, if ever, experi-
enced on grounded-neutral systems.

1.3.3 Arcing Fault Burndowns. In
recent years, especially in low-voltage
power systems, many cases of arcing
fault burndowns have been reported in
which severe damage to or complete de-
struction of electrical equipment was
caused by the energy of arcing fault cur-
rents {15]. In typical cases an arcing
fault becomes established between two
or more pnase conductors in an un-
grounded system, or between phase con-
ductor(s) and ground in a solidly
grounded-neutral system. The fault arc
causes the release of enormous amounts
of energy at the fault site, resulting in
the violent generation of hot gases and
arc plasma. The accompanying heat is so
intense that it vaporizes copper or alumi-
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num conductors and surrounding steel
enclosures and distills toxic and flam-
mable gases from organic insulation sys-
tems. Frequently the devastation is so
complete that the equipment involved
must be totally replaced [16].

It is characteristic of arcing fault burn-
downs that the normal phase-overcur-
rent devices do not operate to remove
the initial fault quickly. Arcing fault cur-
rent levels may be so low that such
devices either are not actuated at all (be-
cause fault currents are below pickup
settings) or are actuated only after a long
period of time, too late to prevent burn-
down.

The low-current arcing faults are char-
acteristic of open or covered buses, par-
ticularly in switchgear or metal-enclosed
switching or motor control equipment.
Instances of burndown have also occurred
in high-capacity buses having relatively
wide spacing, served from the utility net-
work at 480Y/277 V through protective
devices rated 2000 A or larger. Such spac-
ing can limit the current of a single arc
to approximately 1500 A, which is not
enough to operate the phase protective
devices, so arcing continues for many
minutes.

It is generally recognized that preven-
tion of arcing fault burndowns, at the
present state of protective system design,
must rely upon fast and sensitive detec-
tion of the arcing fault current, accom-
panied by an interruption of the faulty
circuit within approximately 10-20
cycles. In the solidly grounded-neutral
system, this fast sensitive detection is
possible since an arcing fault will pro-
duce a current in the ground path, either
because the fault begins as a line-to-
ground fault or because it will almost in-
stantly involve ground, even though ini-
tiated as a line-to-line arcing fault. Under
normal (nonground fault) conditions
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there is no significant current in the
ground return path. Therefore, monitor-
ing the solidly grounded-neutral system
for currents in the ground circuit provides
an easy means for detecting and remov-
ing destructive arcing faults to ground.
This type of protection is universally
applicable throughout the power system,
and the sensitivity and speed of such re-
laying are independent of load current
values and phase-overcurrent device
settings.

An inherent problem of ground-fault
protection devices typically installed in
low-voltage main circuit breakers, service
breakers, etc, is that a ground fault in a
cable or equipment of a small subfeeder
or branch of the system is likely to trip
the large main circuit breaker, shutting
down the entire installation. Nonselective
tripping can be a problem unless coordi-
nated ground-fault protection devices are
installed at each feeder, subfeeder, and
at each load branch of the system. Where
isolation of only the faulted portion of a
system is important, much care must be
used in applying ground-fault protection
equipment.

Thus the solidly and low-resistance
grounded-neutral systems provide a basis
for easily securing protection against
ruinous phase-to-ground arcing fault
burndowns. (Unfortunately, no compar-
ably reliable and universally applicable
means of protection against low-level
line-to-line arcing fault burndowns has
been devised.)

1.3.4 Location of Faults. On an un-
grounded system, a ground fault does
not open the circuit. Some means of de-
tecting the presence of a ground fault on
the system should be installed. Lamps
connected to indicate the potential from
each phase to ground will show the pres-
ence of a ground fault and which phase
is involved, but will not show on which
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feeder the fault has occurred. Locating
a ground fault on one of the several feed-
ers may require removing from service
one feeder at a time until the ground de-
tector indicates that the faulted feeder
has been removed from the system.
Should it happen that the same phase of
two different feeders becomes faulted to
ground at the same time, the faulted
feeders cannot be located by removing
them from the system one at a time. It
may be necessary to remove all feeders
and restore them to service one at a time,
checking the ground detector as each
feeder is restored.

The location of a grounded feeder on
an ungrounded system may be facilitated
by the use of various types of locating
apparatus [13]. For example, an inter-
rupted direct voltage or superimposed
audio signal may be applied to the feeder
bus and the tracing current detected in
the grounded feeders. Some operators
have reported success using locating ap-
paratus not requiring deenergizing sys-
tem feeders [14]. This, of course, has
the advantage of permitting the location
of ground faults without waiting for
light load periods on the system.

An accidental ground fault on a
grounded system is both indicated and at
least partially located by an automatic
interruption of the accidentally grounded
circuit or piece of equipment.

1.3.5 Safety. Many of the hazards to
personnel and property existing in some
industrial electrical systems are the result
of poor or nonexistent grounding of
electrical equipment and metallic struc-
tures. While the subject of equipment
grounding is treated in Section 2, it is
important to note here that regardless of
whether or not the system is grounded,
safety considerations require thorough
grounding of equipment and structures.

Proper grounding of a low-voltage
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(600 V or less) distribution system may
result in less likelihood of accidents to
personnel than when the system is sup-
posedly left ungrounded. The knowledge
that a circuit is grounded generally will
result in greater care on the part of the
worker.

It is erroneous to believe that on an
ungrounded system a person may con-
tact an energized phase conductor with-
out personal hazard. As Fig 1(a) shows,
an ungrounded system with balanced
phase-to-ground capacitance has normal
line-to-neutral voltage between any
phase conductor and ground. To acci-
dentally or intentionally contact such a
conductor may present a serious, per-
haps lethal, shock hazard.

While a ground-fault remains on one
phase of an ungrounded or impedance-
grounded system, personnel contacting
one of the other phases and ground are
subjected to 1.73 times the voltage that
would be experienced on a solidly neu-
tral-grounded system. The voltage pat-
tern is the same as that shown in Fig 1(c).

Other hazards of shock and fire may
result from inadequate grounding of
equipment in either grounded or un-
grounded systems. Accidental ground
faults are inevitable. The current path to
ground for a winding-to-frame insulation
breakdown in a motor may include
greasy shavings or other materials that
can be ignited by sparks or localized
heating. Such a high-impedance ground
circuit may not permit enough current
flow to operate protective devices, with
the result that a potential fire and safety
hazard may exist for some time. There is
hazard of a shock to personnel from
such a condition, should they bridge all
or part of the high-impedance ground
path, for example by contacting the
frame of the faulty machine. This hazard
is particularly bad because there are
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more possible victims than in the case
where persons familiar with electric sys-
tems work on a circuit.

On the other hand, the relatively high
ground-fault currents associated with
solidly grounded systems may present a
hazard to exposed workers from hot arc
products and flying molten metal, which
is not present in ungrounded systems.
This problem has become much less
serious however, because of the universal
use of metal-enclosed equipment.

1.3.6 Abnormal Voltage Hazards. The
possible overvoltages on the ungrounded
system may cause more frequent failures
of equipment than if the system were
grounded. In some cases these overvolt-
ages have caused failures on more than
one unit of equipment at the same time.
These multiple failures are not neces-
sarily confined to one feeder, but may
involve equipment on several different
feeders.

A fault on one phase of an ungrounded
or impedance-grounded system places a
sustained increased voltage on the insula-
tion of ungrounded phases in a three-
phase system. This overvoltage is 1.73
times the voltage normally on the insula-
tion. This or other sustained overvoltages
or the transient overvoltages on the un-
grounded system may not immediately
cause failure of insulation, but may tend
to reduce the life of the insulation.

The reduced overvoltages experienced
on grounded systems are less likely to
damage equipment or insulation.

1.3.7 Power System Overvoltages (See
[11, chap 5]. Some of the more com-
mon sources of overvoltage on a power
system are the following:

(1) Lightning

(2) Switching surges

(3) Static

(4) Contact with a high-voltage system
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(5) Line-to-ground faults

(6) Resonant conditions

(7) Restriking ground faults

1.3.8 Lightning (See Section 3 and
{17].) Most industrial systems are effec-
tively shielded against direct lightning
strokes. Many circuits are either under-
ground in ducts or within grounded metal
conduits or raceways. Even open-wire
circuits are often shielded by adjacent
metallic structures and buildings. Surge
arresters applied at the incoming service
limit the surge voltages within the plant
which result from strokes to the exposed
service lines. Other arrestor applications
may be necessary within the plant to
protect low-impulse-strength devices such
as rotating machines. Where a plant
is supplied from a substation stepping
down from some higher voltage, surge
arresters are desirable on the low side of
the transformer, since the leading edge
of an incoming surge (prior to the pri-
mary arrester flashover point) is trans-
formed just as are the power frequencies.
Such a surge pulse is capable of damag-
ing equipment connected to the second-
ary winding unless surge protective de-
vices suitable for this equipment are
applied.

1.3.9 Switching Surges. Normal switch-
ing operations in the system can cause
overvoltages. These are generally not
more than three times normal voltage
and of short duration. Overcurrent de-
vices such as circuit breakers or non cur-
rent-limiting fuses, in general, interrupt a
circuit at a normal current zero, at which
time the stored energy in the inductance
of the circuit is zero. The overvoitages
thus developed result from transient
oscillation in the circuit capacitance and
inductance, there being stored energy in
the circuit capacitance at the time of
current interruption. More serious over-
voltages can be produced by devices
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which interrupt by forcing current zero.
Such devices as vacuum interrupters and
current-limiting fuses must be carefully
applied because of this overvoltage prob-
lem. In low-voltage systems, however,
the standards citation for current-limiting
fuses require that the maximum peak
voltage occurring during circuit interrup-
tion shall not exceed 3000 V; this is less
than the crest of the normal high-poten-
tial test voltage applied to equipment in
the 600 V class.

Neutral grounding is not likely to re-
duce the total magnitude of overvolt-
age produced by lightning or switching
surges. It can, however, distribute the
voltage between phases and reduce the
possibility of excessive voltage stress on
the phase-to-ground insulation of a par-
ticular phase.

1.3.10 Static. (See Section 3.) Buildup
of overvoltage on power system conduc-
tors due to static charge is not usually a
problem in modern plants with metal-
enclosed circuits and equipment. Static
charge on moving belts can build up volt-
ages which can be transmitted to the
power system unless motor frames are
properly grounded. Overhead open-wire
lines may be subject to static overvolt-
ages resulting from certain atmospheric
conditions. A system ground connection,
even of relatively high resistance, can ef-
fectively prevent static voltage buildup.

1.3.11 Contact with Higher Voltage
System. Contact with a higher voltage
system may be caused by a broken high-
voltage conductor falling on a lower volt-
age conductor where both lines cross or
are carried on the same poles, or by
breakdown between the high- and low-
voltage windings of distribution trans-
formers, causing other failures of insula-
tion, possibly at several points. An effec-
tively grounded low-voltage system,
though experiencing high values of fault
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current for this condition, will hold the
system neutral close to ground potential,
and thus the overvoltages to ground on
the low-voltage system will be greatly re-
duced.

1.3.12 Line-to-Ground Faults. Com-
mon source of sustained overvoltage on
an ungrounded system is one phase of a
three-phase system becoming grounded.
In this case the insulation of the other
phases is subjected to a voltage 73%
above normal. A solidly grounded-neutral
system would not permit this overvolt-
age. While this voltage seldom approaches
the insulation levels of equipment and
circuits, the cumulative effect of high-
er than normal voltage stresses may some-
what reduce insulation life.

1.3.13 Resonant Conditions. An un-
grounded system may be subjected to
resonant overvoltages. With the high
phase-to-ground capacitance of larger
systems, there may be a condition of
approximate circuit resonance during a
line-to-ground fault through an induc-
tance such as a faulty coil in a motor
starter. The voltage to ground of the un-
faulted phases will then be considerably
in excess of line-to-line voltage. An over-
voltage due to resonant or near-resonant
conditions can be encountered on a
small system where tuned inductive-
capacitive circuits are used for such
purposes as the operation of welders. For
example, if the welder is equipped with a
series capacitor for power factor improve-
ment, the voltages across the capacitor
and across the transformer winding are
each many times the supply-line-to-line
voltage. A fault between the capacitor
and the welder transformer imposes this
high voltage on the insulation of the un-
grounded system. A grounded-neutral
system would prevent this overvoltage
by holding the phases to their approxi-
mate normal voltages to ground.
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1.3.14 Restriking Ground Faults. Field
experience and theoretical studies have
shown that arcing, restriking, or vibrat-
ing ground faults on ungrounded systems
can, under certain conditions, produce
surge voltages as high as 6 times normal.
The conditions necessary for producing
these overvoltages require that the
dielectric strength of the arc path build

up at a higher rate after each extinction

of the arc than it did after the preceding
extinction. This phenomenon is unlikely
to take place in open air between sta-
tionary contacts because such an arc
path is not likely to develop sufficient
dielectric recovery strength. It may
occur in confined areas where the gas
pressure may increase after each conduc-
tion period. Neutral grounding is effec-
tive in reducing transient voltage buildup
from such intermittent ground faults by
reducing neutral displacement from
ground potential and the destructiveness
of any high-frequency voltage oscilla-
tions following each arc initiation or
restrike.

1.3.15 Cost. The cost differential be-
tween grounded and ungrounded neu-
tral systems will vary, depending on the
method of grounding, the degree of pro-
tection desired, and whether a new or an
existing system is to be grounded.

For the new system in the design stage,
power transformers with wye-connected
secondaries and wye-connected genera-
tors are available as standard options,
and there is no cost factor for establish-
ing the system neutral. The additional
cost items are the neutral grounding re-
sistor or reactor if the system is to be im-
pedance grounded, and the cost of
ground fault relaying.

To ground an existing ungrounded
delta-connected system requires an addi-
tional cost item, namely, the grounding
transformer(s) for establishing the sys-
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tem neutral. Also, the existing protec-
tive relay schemes may have to be modi-
fied to obtain sensitive ground-fault de-
tection. For the existing system, prac-
tical consideration may dictate the ap-
plication of a high-resistance grounding
scheme, with alarm only on the occur-
rence of a ground fault. This eliminates
the requirement for adding sensitive
ground current relays to each feeder cir-
cuit.

The decision to convert an existing un-
grounded system to grounded operation
is usually made for the purpose of limit-
ing transient overvoltages. Older systems
with cables, and motor and transformer
windings that have degraded insulation
levels due to aging, atmospheric condi-
tions, and sustained overvoltages are par-
ticularly wvulnerable to failure due to
transient overvoltages resulting from arc-
ing ground faults. Therefore the cost for
converting to grounded operation is
small when compared to the cost of pos-
sibly having to replace cables or rewind
motor or transformers.

1.3.16 Trends in the Application of
System Grounding. The basic reasons for
system grounding are the following.

(1) To limit the difference of electric
potential between all uninsulated con-
ducting objects in a local area

(2) To provide for isolation of faulted
equipment and circuits when a fault
occurs

(3) To limit overvoltages appearing on
the system under various conditions

Many industrial power system opera-
tors believe that an ungrounded system
offers greater service continuity than a
grounded system, because a line-to-
ground fault does not cause immediate
tripping of the faulted circuit. On the
other hand, a second ground fault on
another phase of a circuit other than
that where the original fault occurred
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causes a phase-to-phase fault, large short-
circuit current flow (with attendant haz-
ards), and tripping of both faulted cir-
cuits. Also, the effect of sporadic low-
level arcing, at the first failure location,
produced by the capacitive “‘grounding”
currents from the two ungrounded
phases, may cause the whole system-to-
ground voltage to rise to 4 or more times
normal voltage (to ground), causing
severe stress on all of the insulation. It is
such an overstress that can cause the
failure at a second location, almost con-
current with the first failure. The various
grounding systems eliminate this pheno-
menon by changing the fault current
from entirely capacitive to something
nearer a true resistive current.

Consequently, a major factor to con-
sider in selecting a grounded or un-
grounded system is the quality of elec-
trical maintenance available. Well-main-
tained ungrounded systems, in which the
first ground fault is promptly located
and corrected, probably have greater ser-
vice continuity than solidly grounded
systems. However, many users whose
maintenance practices are not quite so
extensive feel that a grounded-neutral
system gives them more continuous
service than an ungrounded system.

There has been an increasing trend to-
ward grounding industrial systems in
order to overcome some of the disadvan-
tages attributed to ungrounded opera-
tion. In recent years a substantial per-
centage of new industrial substation
transformers have been purchased with
wye-connected low-voltage windings,
with the insulated neutral brought to ex-
ternal termination suitable for neutral
grounding.

In new installations these transformers
offer the advantage that they can be
operated ungrounded, while having the
neutral available for grounding, if desired,
at some future time.
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1.4 Methods of System Gounding

1.4.1 Grounding the System Neutral.
Most grounded systems employ some
method of grounding the system neutral
at one or more points. These methods
(Fig 2) are referred to as the following:

Solid grounding

Resistance grounding

Reactance grounding

Ground-fault-neutralizer grounding

Each method, as named, refers to the
nature of the external circuit from sys-
tem neutral to ground rather than to the
degree of grounding. In each case the im-
pedance of the generator or transformer,
whose neutral is grounded, is in series
with the external circuit. Thus a solidly
grounded generator or transformer may
or may not furnish effective grounding
to the system, depending on its imped-
ance.

1.4.2 Solid Grounding. Solid ground-
ing refers to the connection of the neu-
tral of a generator, power transformer,
or grounding transformer directly to the
station ground or to the earth. Because
of the reactance of the grounded gener-
ator or transformer in series with the
neutral circuit, a solid ground connec-
tion does not provide a zero-impedance
neutral circuit.

If the reactance of the generator or
transformer is too great with respect to
the total system reactance, the objec-
tives sought in grounding, principally
freedom from transient overvoltages,
may not be achieved. Thus it is neces-
sary to determine the degree of ground-
ing provided in the system. A good guide
in answering this question is the magni-
tude of ground-fault current as com-
pared to the system three-phase current.
The higher the ground-fault current in
relation to the three-phase fault current
the greater the degree of grounding in
the system. In terms of resistance and

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 24,2026 at 15:33:54 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 142-1982


http://www.avadocuments.com/doc/ieee-142-1982
http://www.avadocuments.com/doc/ieee-142-1982

IEEE
SYSTEM GROUNDING Std 142-1982

CIRCUIT ZERO-SEQUENCE COMPONENTS
OF NEUTRAL CIRCUIT

Xgo

1

UNGROUNDED

XGo

1

SOLIDLY GROUNDED

XGo' 3Ry

wimdas

%

RESISTANCE GROUNDED

(R

REACTANCE GROUNDED

ﬁ%
jt

(...
"

GROUND-FAULT
NEUTRALIZER

ﬁ%
i

N - =
-
XGgo = Zero-sequence reactance of generator or transformer
XN = Reactance of grounding reactor
Ry = Resistance of grounding resistor

Fig 2
System Neutral Circuit and Equivalent Diagrams for Ungrounded
and Various Types of Grounded-Neutral Systems
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reactance, effective grounding of a sys-
tem is accomplished only when Ry < X
and X, < 3X,, and such relationships
exist at any point in the system. The X,
component used in the above relation is
the Thévenin equivalent positive-se-
quence reactance of the complete system
including the subtransient reactance of
all rotating machines.

In most generators solid grounding,
that is, without external impedance, may
permit the maximum ground-fault cur-
rent from the generator to exceed the
maximum three-phase fault current
which the generator can deliver and for
which its windings are braced. Conse-
quently, neutral-grounded generators
should be grounded through an imped-
ance which will limit the ground-fault
current to a value no greater than the
generator three-phase fault current. In
the case of three-phase four-wire systems,
the limitation of ground-fault current to
100% of the three-phase fault current is
usually practical wtihout interfering with
normal four-wire operation.

Surge arresters for grounded-neutral
service (rated near but not less than 80%
of line-to-line voltage) require that the
system be effectively grounded. This will
carry with it a line-to-ground circuit cur-
rent of at least 60% of the three-phase
short-circuit value.

1.4.3 Resistance Grounding. In resis-
tance grounding the neutral is connected
to ground through one or more resistors.
In this method, with the resistor values
normally used, and except for transient
overvoltages, the line-to-ground voltages
that exist during a line-to-ground fault
are nearly the same as those for an un-
grounded system.

A system properly grounded by resis-
tance is not subject to destructive tran-
sient overvoltages. For resistance-
grounded systems at 15 kV and below,
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such overvoltages will not ordinarily be
of a serious nature if the resistance value
lies within the following boundary limits:
R, <X, Ry 22X,. The correspond-
ing ground-fault current is far less than is
normally used for low-resistance ground-
ing, but is the design criterion for high-
resistance grounding.

Resistance grounding may be either of
two classes, high resistance or low resis-
tance, distinguished by the magnitude of
ground-fault current permitted to flow.
Both types are designed to limit tran-
sient overvoltages to a safe level (within
250% of normal). However, the high-
resistance method usually does not re-
quire immediate clearing of a ground
fault since the fault current is limited to
a very low level. This low level, typically
on the order of 5 A, must be at least
equal to the system total capacitance-to-
ground charging current. The protective
scheme associated with high-resistance
grounding is usually detection and alarm
rather than immediate tripout. In
general the use of high-resistance ground-
ing on systems where the line-to-ground
fault current exceeds 10 A should be
avoided because of the damage poten-
tial of an arcing current larger than 10 A
in a confined space.

The low-resistance method has the ad-
vantage of immediate and selective clear-
ing of the grounded circuit, but requires
that the minimum ground-fault current
be large enough to positively actuate the
applied ground-fault relay. High-resis-
tance grounding is a method that can be
applied to existing medium-voltage un-
grounded systems to obtain the transient
overvoltage protection without the
modification expense of adding ground
relays to each circuit.

Systems grounded through resistors re-
quire surge arresters suitable for use on
ungrounded-neutral circuits, that is, with
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a voltage rating at least equal to the line-
to-line voltage.

The reasons for limiting the current by
resistance grounding may be one or more
of the following:

(1) To reduce burning and melting ef-
fects in faulted electric equipment, such
as switchgear, transformers, cables, and
rotating machines

(2) To reduce mechanical stresses in
circuits and apparatus carrying fault cur-
rents

(3) To reduce electric-shock hazards
to personnel caused by stray ground-
fault currents in the ground return path

(4) To reduce the arc blast or flash
hazard to personnel who may have acci-
dentally caused or who happen to be in
close proximity to the ground fault

(5) To reduce the momentary line
voltage dip occasioned by the occurrence
and clearing of a ground fault

(6) To secure control of transient
overvoltages while at the same time
avoiding the shutdown of a faulty cir-
cuit on the occurrence of the first
ground fault (high-resistance grounding)

1.4.4 Reactance Grounding. The term
reactance grounding describes the case in
which a reactor is connected between
the system neutral and ground. Since the
ground-fault current that may flow in a
reactance-grounded system is a function
of the neutral reactance, the magnitude
of the ground-fault current is often used
as a criterion for describing the degree of
grounding. In a reactance-grounded sys-
tem, the available ground-fault current
should be at least 25% and preferably
60% of the three-phase fault current to
prevent serious transient overvoltages
(X, < 10X,). This is considerably higher
than the level of fault current desirable
in a resistance-grounded system, and
therefore, reactance grounding is usually
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not considered an alternative to resis-
tance grounding.

In practice, reactance grounding is
generally used only in the case cited in
1.4.2, in which a generator neutral is to
be connected to provide four-wire ser-
vice. In this event it may be necessary to
add a low-value reactor to limit the avail-
able ground-fault current through the
generator to a value no greater than the
three-phase fault current contributed by
the generator.

1.4.5 Ground-Fault Neutralizer (Reso-
nant Grounding) (See [8].) A ground-
fault neutralizer is a reactor connected
between the neutral of a system and
ground and having a specially selected,
relatively high value of reactance.

A line-to-ground fault causes line-to-
neutral voltage to be impressed across
the neutralizer, which passes an induc-
tive current. This current is 180° out of
phase and is approximately equal in mag-
nitude (when the neutralizer is tuned
to the system) to the resultant of the
system charging current of the two un-
faulted phases. The inductive and capaci-
tive components of current neutralize
each other, and the only remaining cur-
rent in the fault is due to resistance, in-
sulator leakage, and corona. This current
is relatively small, and since it is in phase
with the line-to-neutral voltage, the cur-
rent and voltage pass through a zero
value at the same instant. In addition,
the rate of rise of the recovery voltage
on the faulted phase is very low. There-
fore the arc is extinguished without re-
striking, and flashovers are quenched
without removing the faulted line section
from service. It should be noted that fail-
ures in solid insulations such as paper,
varnished cambric, and rubber are not
self-healing as insulator flashovers are,
and not extinguished by the use of the
ground-fault neutralizer.
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On systems for which faults in air are
relatively frequent, ground-fault neu-
tralizers may be very useful by reducing
the number of circuit breaker operations
required to remove faults, thus improv-
ing service continuity. They have been
used primarily on systems above 15 kV,
consisting largely of overhead transmis-
sion or distribution lines. This method is
a second choice to resistor grounding,
which provides ground relaying to dis-
connect the faulted circuit.

In some cases, where it has not been
deemed desirable by the plant operators
to trip a circuit on the occurrence of a
ground fault, special arrangements have
been used to limit the damage due to the
flow of charging current and yet be able
to easily locate the faulty feeder. One
method is to use a ground-fault neutral-
izer in the neutral to limit the ground-
fault current and to reduce switching
surges to safe values. In some cases it
may be desirable to pass enough ground-
fault current to operate relays that give a
signal or trip the circuit breaker of the
faulty feeder. This is done by a current-
sensing relay in combination with a re-
sistor in parallel with the neutralizer. Be-
cause of the current to be switched, a
power circuit breaker should be used for
switching the resistor. The resistor and
relay are selected as if only the resistor
were used. Such a scheme is expensive
and is employed only in very special
cases.

One of the disadvantages of resonant-
grounded systems is that care must be
taken to keep the ground-fault neutral-
izer tuned to the system capacitance to
minimize the development of transient
overvoltages. Thus when sections of the
system are switched on or off, it may be
necessary to adjust the neutral reactance
by changing the neutralizer tap. This can
be accomplished by providing an am-
meter and a control switch for remote

30

GROUNDING OF INDUSTRIAL AND COMMERCIAL POWER SYSTEMS

control of a motor-driven tap changer on
the neutralizer, so that when parts of the
system are switched, the neutralizer can
be readjusted. Because of those compli-
cations, the ground-fault neutralizer is
very rarely used in industrial and
commercial systems.

1.4.6 Grounding at Points Other than
System Neutral. In some cases low-voltage
systems (600 V and below) are grounded
at some point other than the system neu-
tral. This has been done to obtain a
grounded system at a minimum expense
where existing delta transformer connec-
tions do not provide access to the system
neutral.

1.4.7 Corner-of-the-Delta Grounding.
In low-voltage systems, which in the
past have nearly all been supplied from
transformers with delta-connected
secondaries, grounding of one phase,
(corner-of-the-delta) grounding has
sometimes been used as a means of ob-
taining a grounded system. Advantages
are the following:

(1) Possible cost advantage over other
grounding methods for existing delta
systems

(2) Possibility of slightly better pro-
tection with two-element motor starters
when they are located in the two un-
grounded phases; with properly con-
nected circuits, ground-faults in the
control circuit will neither start the
motor nor prevent stopping the motor
by means of the push button

Disadvantages are the following:

(1) An inability to supply dual-voltage
service for lighting and power load

(2) The necessity of positive identifi-
cation of the grounded phase throughout
the system to avoid connecting meters,
instruments, and relays in the grounded
phase

(3) A higher line-to-ground voltage on
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two phases than in a neutral-grounded
system

(4) The possibility of exceeding inter-
rupting capabilities of marginally applied
circuit breakers, because for a ground
fault, the interrupting duty on the
affected circuit breaker pole exceeds the
three-phase fault duty

Because of its limitations, this type of
grounding has not been widely used in
industrial systems.

1.4.8 One Phase of a Delta System
Grounded at Midpoint. Where existing
systems at 600 V and below are supplied
by three single-phase transformers with
midtaps ayailable, it is possible to gain
some of the advantages of neutral
grounding by grounding the midtap of
one phase. This method does not provide
all the advantages of system neutral
grounding. Such connections are also
used to obtain a limited amount of
240/120 V single-phase power in a three-
phase 240 V system.

1.5 Selection and Design of System
Grounding Arrangements

1.5.1 Obtaining the System Neutral.
The best way to obtain the system neu-
tral for grounding purposes in three-
phase systems is to use source trans-
formers or generators with wye-con-
nected windings. The neutral is then
readily available. Such transformers are
available for practically all voltages ex-
cept 240 V. On new systems, 208Y /120
or 480Y/277V wye-connected trans-
formers may be used to good advan-
tage instead of 240 V. Wye-connected
source transformers for 2400, 4160, and
13 800 V systems are available as a stan-
dard option, whereas 4800 and 6900 V
wye-connected source transformers may
be priced at a premium rate. The alterna-
tive is to apply grounding transformers.

1.5.2 Grounding Transformers. System
neutrals may not be available, particu-
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larly in many old systems of 600 V or
less and many existing 2400, 4800, and
6900 V systems. When existing delta-
connected systems are to be grounded,
grounding transformers may be used
to obtain the neutral. Grounding trans-
formers may be of either the zigzag, the
wye-delta, or the T-connected type.
One type of grounding transformer com-
monly used is a three-phase zigzag trans-
former with no secondary winding. The
internal connection of the transformer is
illustrated in Fig 3. The impedance of
the transformer to balanced three-phase
voltages is high so that when there is no
fault on the system, only a small mag-
netizing current flows in the transformer
winding. The transformer impedance to
zero-sequence voltages, however, is low
so that it allows high ground fault cur-
rents to flow. The transformer divides
the ground fault current into three equal
components; these currents are in phase
with each other and flow in the three
windings of the grounding transformer.
The method of winding is seen from Fig 3
to be such that when these three equal
currents flow, the current in one section
of the winding of each leg of the core is
in a direction opposite to that in the
other section of the winding on that leg.
This tends to force the ground-fault cur-
rent to have equal division in the three
lines and accounts for the low imped-
ance of the transformer-to-ground cur-
rents.

A wye-delta-connected three-phase
transformer or transformer bank can also
be utilized for system grounding. As in
the case of the zigzag grounding trans-
former, the usual application is to accom-
plish resistance-type grounding of an
existing ungrounded system. The delta
connection must be closed to provide a
path for the zero-sequence current, and
the delta voltage rating is selected for
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(a) Core Windings (b) Connections of Three-Phase
Zigzag Grounding Transformer

any standard value. A resistor inser-
ted between the primary neutral and
ground, as shown in Fig 4, provides a
means for limiting ground-fault cur-
rent to a level satisfying the criteria
for resistance-grounded systems. For this
arrangement, the voltage rating of the
wye winding need not be greater than
the normal line-to-neutral system voltage.
For high-resistance grounding it is some-
times more practical or economical to
apply the limiting resistor in the secon-
dary delta connection. Three single-phase
distribution class transformers are used,
with the primary wye neutral connected
directly to ground. The secondary delta
is closed through a resistor which effec-
tively limits the primary ground-fault
current to the desired low level. For this
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alternative application, the voltage rating
of each of the transformer windings
forming the wye primary should not be
less than the system line-to-line voltage.

The rating of a grounding transformer,
in kilovoltamperes, is equal to the rated
line-to-neutral voltage in kilovolts times
the rated neutral current. Most ground-
ing transformers are designed to carry
their rated current for a limited time
only, such as 10s or 1 min. Consequently
they are much smaller in size than an
ordinary three-phase continuously rated
transformer with the same rating.

It is generally desirable to connect a
grounding transformer directly to the
main bus of a power system, without in-
tervening circuit breakers or fuses, to
prevent the transformer from being in-
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Vectors Representing Current Flow in Wye-~Delta Transformer
Used as Grounding Transformer with Line-to-Ground Fault

advertently taken out of service by the
operation of the intervening devices. (In
this case the transformer is considered
part of the bus and is protected by the
relaying applied for bus protection.)
Alternatively the grounding transformer
should be served by a dedicated feeder
circuit breaker, as shown in Fig 5(a), or
connected between the main transformer
and the main switchgear as illustrated in
Fig 5(b). If the grounding transformer is
connected as shown in Fig 5(b), there
should be one grounding transformer for
each delta-connected bank supplying
power to the system, or enough ground-
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ing transformers to assure at least one
grounding transformer on the system at
all times. When the grounding trans-
former is so connected, it is included in
the protective system of the main trans-
former.

1.5.3 Suggested Grounding Methods
for Systems 600 V and below. Low-volt-
age systems are frequently operated
solidly grounded. The principal rea-
son for this is the extensive use of
480Y/277V systems with line-to-
neutral connected loads, and the require-
ment in the National Electrical Code,
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Methods of Connecting Grounding Transformer to a Delta-Connected or
Ungrounded Power System to Form Neutral for System Grounding

ANSI/NFPA 70-1981 [2] for solidly practical choices. Low-resistance ground-

grounding the neutral of such systems. ing is usually not considered since it
For the low-voltage system without would require the use of sensitive ground-
line-to-neutral loading, solid grounding fault protective devices throughout the
or high-resistance grounding are the system. For reasons of economy the
34
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solidly grounded system depends on ade-
quate ground-fault current at locations
remote from the source to operate
phase fault devices. It is therefore especi-
ally important that the equipment
grounding network provide a very-low-
impedance return path for the ground-
fault current. High-resistance system
grounding, with alarm only, can be used
if service continuity is of prime impor-
tance and if the faulted circuit can be
located and isolated with little delay.

1.5.4 Systems 2.4-15kV. Modern
power systems in this range of voltages
are usually low-resistance grounded to
limit the damage due to ground faults in
the windings of rotating machines and
yet permit sufficient fault current for
the detection and selective isolation of
individual faulted circuits.

Ground faults are detected by an over-
current relay connected in the residual
circuit of the three-phase current trans-
formers (Fig 6), or by a relay connect-
ed to a window- or doughnut-type (zero-
sequence) current transformer which en-
closes all the phase conductors (Fig 7).
When any loads are connected line to
neutral, then the window-type current
transformers must also enclose the neu-
tral conductor. Using either method,
positive tripping can be accomplished
with low magnitudes of ground-fault cur-
rent. However, the sensitivity of the
residual scheme is limited by the rela-
tively high ratios of phase current trans-
formers, so greater sensitivity is available
with the zero-sequence current trans-
former method. For this reason low-
resistance grounding is commonly used,
except for those cases where the size of
the system is so small that the maximum
available fault current is not high enough
to be objectionable.

Alternatively, high-resistance ground-
ing, as discussed in 1.4.3, can be used.

Full document details: IEEE 142-1982

35

IEEE
Std 142-1982

This contributes to better service conti-
nuity by permitting continued operation
with one ground fault. However, it does
so at the sacrifice of selectivity in
ground-fault protection, because the
fault current is normally too low to
allow use of time-overcurrent relays.

At the present time there are 2.4 kV
systems in operation without the system
neutral grounded. More and more engi-
neers, however, are applying system neu-
tral grounding to 2.4 kV systems. The
conventional method is to provide suffi-
cient ground-fault current to permit
selective relaying through the application
of ground relays.

1.5.5 Systems above 15 kV. Systems
above 15 kV are nearly always effective-
ly grounded, because these are usually
circuits with open lines in which surge
arresters rated for grounded neutral ser-
vice are desirable for better overvoltage
protection and lower cost. These may be
either distribution or transmission cir-
cuits. Recent trends are toward higher
voltages for distribution [19]. In addition,
rotating equipment is seldom connected
directly to these systems; hence limiting
ground-fault currents to prevent the burn-
ing of laminations is a less important fac-
tor than in lower voltage systems. In ad-
dition, voltages above 15kV are not
usually carried inside buildings, hence
personnel hazards due to high fault cur-
rents are not a factor. Finally, the cost
of resistors for resistance grounding at
these voltages is prohibitive.?

2In recent years, electric utility distribution
voltages above 15 kV have become quite com-
mon. Utility distribution networks above 15 kV
are almost invariably effectively grounded; this
must be considered when designing the primary
distribution system of an industrial or commer-
cial facility which is supplied at these voltages.
If resistance grounding is desirable, a delta-wye
transformation between the utility and the user
system is usually used to provide zero-sequence
isolation of the latter.
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1.5.6 Criteria for Limiting Transient
Overvoltages. (See [12].) Transient over-
voltages can be limited effectively to safe
values if the following criteria are
observed:

(1) In resistance-grounded systems the
resistor ground-fault current should be at
least equal to, but preferably greater
than, the charging current of the system.

(2) In reactance-grounded systems the
ratio of X,/X; should be 10 or less,
where X, is the zero-sequence inductive
reactance of the system, including that
of the neutral reactance, and X, is the
positive-sequence inductive reactance of
the system, including the subtransient
reactance of all rotating machines.

(3) Where a combination of grounding
transformer and neutral-grounding resis-
tor is used, the grounding transformer
impedance should be low relative to the
neutral resistance. The ratio of Ry/X,
should be equal to or greater than 2,
where R, is the zero-sequence resistance
of the circuit, including the neutral re-
sistor, and X, 1is the zero-sequence
inductive reactance of the circuit, includ-
ing that of the transformer and resistor.

1.6 Selection of System Grounding
Points

1.6.1 Ground at Each Voltage Level.
Delta-wye or wye-delta transformers
effectively block the flow of zero-
sequence current between systems.
Hence it is necessary to ground at each
voltage level to achieve the advantages of
neutral grounding in all parts of the sys-
tem. Each voltage level may be grounded
at the neutral lead of a generator, power
transformer bank, or grounding trans-
former. Any generator or transformer
used for grounding should, as far as pos-
sible, be one that is always connected to
the system. Alternatively, a sufficient
number of generators or transformers
should be grounded to ensure at least
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one ground connection on the system at
all times.

1.6.2 Ground at the Power Source and
Not at the Load. The use of an available
neutral at a load point, such as a wye-
delta step-down transformer or a wye-
connected motor, is not recommended
as a point for system grounding. The
principal disadvantage is that a number
of these load neutrals must be grounded
to ensure that the system remains
grounded if one or more of these loads is
out of service.

Consequently, the ground-fault current
may be excessively high when all
grounded points are in service. Since
power sources are fewer in number than
loads and are less likely to be discon-
nected, they are preferred as grounding
points. Other disadvantages of grounding
at the load are the following:

(1) Standard low-voltage unit sub-
stations have delta-connected primaries;
therefore special transformers are re-
quired if the primaries are to be used as
grounding points.

(2) Since the ground-fault current is
dependent on the number of feeders or
grounding points in operation, it may
vary widely depending on system operat-
ing conditions. This makes selective
relaying more difficult and may require
additional directional ground relaying to
avoid false tripping of healthy feeder
circuits.

(3) The windings of many motors are
not braced to withstand the unbalanced
forces associated with ground faults

1.6.3 Ground Each Major Source Bus
Section. When there are two or more
major source bus sections, each section
should have at least one grounded-neutral
point, since the bus tie circuit may be
open. If there are two or more power
sources per bus section, there should be
provision for grounding at least two
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sources on each section. For four-wire
distribution systems, grounding of the
neutral conductor requires special con-
sideration for reasons of safety and
proper detection of ground fault (see
IEEE Std 242-1975 [4] and [18].

1.6.4 Neutral Circuit Arrangements.
When the method of grounding and the
grounding point have been selected for a
particular power system, the next ques-
tion to consider is how many generator
or transformer neutrals will be used for
grounding and whether (1) each neutral
will be connected independently to
ground, or (2) a neutral bus with a single
ground connection will be established.

1.6.5 Single Power Source. When a
power system has only one source of
power (generator or transformer), ground-
ing may be accomplished by connect-
ing the source neutral to earth either
directly or through a neutral impe-
dance. Provision of a switch or circuit
breaker to open the neutral circuit is
not necessary because neutral circuits
have parctically zero potential with re-
spect to ground, except during the
short interval of a fault; hence break-
downs are not likely. Also, it is not
desirable to operate the system un-
grounded by having the ground connec-
tion open while the generator or
transformer is in service. In addition, the
neutral switching equipment greatly
increases the cost of grounding.

In the event that some means of dis-
connecting the ground connection is
required in a particular case, a metal-
clad circuit breaker should be wused
rather than an open disconnect switch
for indoor installations, The latter is
hazardous to personnel if a ground
fault should occur while the switch is
being openad or closed.

1.6.6 Multiple Power Sources. For
installation involving two or three gener-
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ators or power transformers individual
neutral impedances are frequently used.
With this arrangement the neutral of
each generator or main transformer bank
is connected directly to its neutral im-
pedance without intervening switching
equipment. No special operating instruc-
tions are required since each impedance
is automatically connected whenever its
source is connected. In the case of resis-
tance grounding, each resistor rating
should be based on providing sufficient
current for satisfactory relaying when its
source is operating independently, and
also to limit the total ground current
when the sources are paralleled.

When total ground-fault currents with
several individual resistors would exceed
about 1000-4000 A, neutral switchgear
and a single resistor should be considered
for resistance-grounded systems.

When individual resistors are used, cir-
culation of third-harmonic currents be-
tween paralleled generators is not a
problem since the resistance limits the
circulating current to negligible values.

When there are more than two or three
generators or power-supply transformer
banks at one installation, it is economi-
cally desirable to use only one resistor.
Each power source is then connected to
the resistor through a neutral bus and
neutral switching equipment. This
arrangement keeps the ground-fault cur-
rent to a practical minimum, since the
ground current from the station is never
greater than what can be supplied
through a single resistor. It also ensures
the same value of ground current regard-
less of the number of generators or trans-
formers in use and simplifies ground
relaying.

The primary purpose of the neutral
circuit breakers is to isolate the genera-
tor or transformer neutrals from the
neutral bus when the source is taken out
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of service, because the neutral bus is
energized during ground faults.

Circuit breakers are preferred to
disconnecting switches for indoor instal-
lations to ensure safety to personnel. If
disconnecting switches are used, as in
some outdoor installations, they should
be elevated or metal enclosed and inter-
locked in such a manner as to prevent
their operation except when the trans-
former primary and secondary switches
or generator main and field circuit
breakers are open.

It is sometimes desirable to operate
with only one generator neutral circuit
breaker closed at a time to eliminate any
circulating harmonic or zero-sequence
currents. When the generator whose neu-
tral is grounded is to be shut down,
another generator is grounded by means
of its neutral circuit breaker before the
main and neutral circuit breakers of the
first one are opened. However, with simi-
lar generators and reasonably equal load
division, circulating currents are negli-
gible, and it is often found practical to
operate with neutral circuit breakers of
two or more generators closed. This sim-
plifies operating procedure and increases
assurance that the system will be
grounded at all times. In the case of mul-
tiple transformers, all neutral isolating
devices may be normally closed because
the presence of delta-connected windings
(which are nearly always present on at
least one side of each transformer) mini-
mizes the circulation of harmonic cur-
rent between transformers.

When only one source is involved, but
others are to be added to the station in
the future, space should be allowed to
add neutral switchgear when this becomes
necessary.

1.7 Calculation of Ground-Fault Cur-
rents
1.7.1 General. The magnitude of the
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current that will flow in the event of a
line-to-ground fault on a grounded sys-
tem is determined by the impedance
from the source to the fault plus the im-
pedance of the ground return path, in-
cluding the impedances of grounding
transformers, resistors, and reactors. For
interconnected systems the calculation
of the current may be rather compli-
cated. For simpler cases an approxima-
tion of the available fault current may be
obtained.

1.7.2 Resistance Grounding. When a
single line-to-ground fault occurs on a
resistance-grounded system, a voltage
appears across the resistor (or resistors)
nearly equal to the normal line-to-neu-
tral voltage of the system.

In low-resistance grounded systems the
resistor current is approximately equal
to the current in the fault. Thus the cur-
rent is practically equal to the line-to-
neutral voltage divided by the resistance
used in ohms. Standard grounding resis-
tors have a voltage rating equal to the
line-to-neutral voltage and a current rating
equal to the current that flows when this
voltage is applied to the resistor. Thus,
for example, a maximum ground-fault
current of approximately 1000 A will
be obtained on a system when using a
1000 A resistor. This very simple me-
thod of calculating the ground-fault
current is only suitable when the ground-
fault current is small compared to the
three-phase fault current.

The method just outlined applies to
faults on lines or buses or at the terminals
of machines or transformers. If the fault
is internal to a rotating machine or trans-
former, the ground-fault current will be
less. The reduction in current is primar-
ily due to the internal voltage of the
apparatus. In the case of wye-connected
equipment, this internal voltage is at full
value at the terminals and is zero at the
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neutral. If the fault occurs at the neutral X, = system zero-sequence react-
of any apparatus, no voltage will appear tance, in §2 per phase

across the system grounding resistor, so X, = reactance of neutral ground-
the fault current will be zero. At inter- ing reactor, in £

mediate points in the winding between Xgp = reactance of ground return
the neutral and a terminal, the fault cur- circuits, in 2

rent will be intermediate between zero E = line-to-neutral voltage in V

and the current due to a terminal fault.
For example, at a point 10% of the
winding length from neutral, the ground-
fault current will be approximately 10%
of the value for a terminal fault. For a
fault anywhere between this point and a
terminal, the current will be more than
10% of the amount for a terminal fault.

In the case of the delta-connected
machines, the internal voltage to neutral
may be considered to be 100% at the
terminals and 50% at the midpoint of
the windings. The midpoints have the
lowest potential with respect to the elec-
tric neutral of any part of the winding.
Therefore a ground fault at any point
in the winding will produce a ground-
fault current of 50% or more of the line-
terminal fault value.

1.7.3 Reactance Grounding. In a reac-
tance-grounded system with a single line-
to-ground fault, the ground-fault current
may be computed from the following
expression, where resistance may usually
be neglected:

In most industrial and commercial
systems without in-plant generation
X, can be considered equal to X .

1.7.4 Solid Grounding. In a system
with solid neutral connection to ground,
the ground-fault current for a single line-
to-ground fault may be computed from
the following equation:

_ 3E
X, +X, *+ X, + 3Xqp

I (Eq 2)

1.8 Selection of Grounding Equipment
Ratings. (See IEEE Std 32-1972 [3].

1.8.1 General. Grounding resistors,
reactors, and grounding transformers are
normally rated to carry current for a
limited time only. The standard time in-
terval rating usually applicable for indus-
trial systems, with relays arranged to
protect the grounding equipment, is 10 s.

The voltage rating of a grounding resis-
tor should be the line-to-neutral voltage
rating of the system.

3E The insulation class of a reactor is de-

I, = X, +X, +X, +3 (X, + Xap) termined by the systen} line-to-neutral
(Eq 1) voltage. Thg voltage rating may be less

where than the line-to-neutral voltage and is
calculated by multiplying the rated cur-

I, = ground-fault current, in A rent by the impedance of the reactor.

X, = system positive-sequence reac- The voltage rating of a grounding
tance, in £ per phase, includ- transformer should be not less than the
ing the subtransient reac- system line-to-line voltage if the neutral
tance of rotating machines is connected directly to ground or the

X, = system negative-sequence reac- system line-to-neutral voltage if a resistor

tance, in £ per phase, includ-
ing the subtransient reac-
tance of rotating machines
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is inserted between neutral and ground.
Grounding resistors are rated in terms
of the current that will flow through the
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resistor with the system line-to-neutral
voltage applied.

The rated current of a grounding reac-
tor is the thermal current rating. It is the
root-mean-square neutral current, in
amperes, that the reactor will carry for
its rated time without exceeding stan-
dard temperature limitations.

If a grounding transformer neutral is
solidly connected to ground, the current
that will flow during a ground fault is
primarily determined by the reactances
of the grounding transformer and the
system to which it is connected. When a
resistor is used between neutral and
ground, the current rating of the ground-
ing transformer is based on the resistor
rated current. In either case the trans-
former is rated to carry the required cur-
rent for rated time without exceeding its
rated temperature limits. Many system
grounding devices are short-time rated.
Care must be exercised in their applica-
tion to ensure that the current will be
automatically interrupted before the
thermal limits of the components are ex-
ceeded.

1.8.2 Resistor Ratings. For low-resis-
tance grounded-neutral systems the de-
termination of the resistor value, in
ohms, and thus the magnitude of the
ground-fault current, is based on the fol-
lowing:

(1) Providing sufficient current for
satisfactory performance of the system
relaying scheme

(2) Limiting ground-fault current to a
value that will minimize damage at the
point of fault without resulting in sys-
tem overvoltages.

In most cases the ground-fault current
is limited by the neutral resistor to a
value considerably less than that which
would flow for a three-phase fault. To
determine the minimum ground-fault
current required, a diagram of the sys-
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tem must be available, giving the ratings
of current transformers and types of re-
lays for each circuit. This diagram should
include consideration of future changes.

The magnitude of the ground-fault cur-
rent must be sufficient for the operation
of all relays that furnish ground-fault
protection. In general, if the current is
high enough to operate the relays on the
higher capacity circuits, it will be
adequate for the smaller circuits. As a
general rule, ground-fault relays applied
on circuits energizing wye-connected ma-
chines or transformer windings should
operate positively with as little as 10%
of the available ground-fault current
flowing. For circuits energizing delta-
connected machines or transformer
windings, and for upstream relaying pro-
tecting lines or cables, the desired sen-
sitivity is at least 50% of the available
fault current. Where differential relays
are applied for machine, transformer,
bus, or line protection, their sensitivity
to ground faults should meet the above
criteria unless more sensitive detection
is provided by other relays.

Note that the ground-fault current un-
der all system-operating conditions must
equal or exceed the minimum required
for relaying each circuit connected to
the system. This value is established by
selecting the highest of those currents
that meet the requirements of the several
conditions stated above.

1.8.3 Reactor Ratings. The reac-
tance of a neutralgrounding reactor
should be chosen to limit the ground
current and the current in the faulted
phase to the desired value. In order to
minimize {ransient overvoltages, the
ground-fault current must not be less
than 25% of the three-phase fault cur-
rent. This corresponds to a ratio of
Xo/X, =10, where X, and X, represent
the total electrical system values for any
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possible ground-fault condition on the
system. For reactance grounding of gen-
erators, the current in any winding must

GROUNDING OF INDUSTRIAL AND COMMERCIAL POWER SYSTEMS

1.8.4 Grounding-Transformer Ratings.
The electrical specifications of a ground-
ing transformer are the following:

not exceed the three-phase fault cur- Voltage The line to-line-voltage of
rent. This corresponds to a ratio of the system

X, /X, = 1, where X,, and X, represent Current The maximum neutral cur-
generator reactance only. This estab- rent

lishes the criteria for the maximum and Time The transformer is usually
minimum values of neutral reactance. If designed to carry rated
the neutral reactance is selected in ac- current for a short time,
cordance with the following relationship, such as 10 or 60s; for
the current in the winding of the faulted high-resistance grounding,
phase will not exceed the three-phase the rating may need to be
fault current of the machine, regardless continuous

of system reactance [11, chaps 5-7]: Reactance  This quantity is a function

of the positive-sequence

_ X, -Xso short-circuit reactance of
Xa 3 (Eq 3) the power system, or X,
The determination of the grounding-
where transformer reactance, when used to ef-
X, = reactance of neutral reactor fect reactance-.type grogndmg, is based
_ . on the following criterion. The X,/X,
X, = generator positive-sequence .
bt ent " ratio should not exceed 10, and prefer-
X - ej;ral;ns;en reactance ably not exceed 3, in order to eliminate
Go ~ 8 T zero-sequence - reac- the possibility of transient overvoltages
tance . .
from a forced current zero interruption.
This maximum limitation of 3 for the
However, the current that flows

through the generator neutral reactor it-
self is not independent of the system
constants and may often exceed the
three-phase fault current of the machine.
The current rating of a neutral reactor is
determined by the number and charac-
teristics of the system sources and
whether they are grounded or un-
grounded.

This rating can be calculated from Eq 1.

The neutral-grounding reactor should
be selected to carry the available current
under all practical operating conditions.
With any given condition of connected
grounded-neutral sources, the addition
of ungrounded-neutral sources and loads
will increase the current flow through
the grounded-neutral connections.
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X, /X, ratio, together with a maximum
limitation of 1 for the R, /X, ratio, will
also satisfy the criteria for an effectively
grounded system, and will permit the ap-
plication of line-to-ground-voltage rated
surge arresters for greater economy and
protection. The ratios specified must be
met at any location in the system where
the reduced-rating arresters are to be ap-
plied. In a system having a grounding
transformer, its reactance is the principal
part of X, in the preceding criterion.
Also, the positive-sequence reactance X,
is equal to the reactance of the system to
initial symmetrical root-mean-square
three-phase short-circuit current. The
value of X, used in these limiting ratios
should be based on the subtransient
reactance of rotating machines and the

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 24,2026 at 15:33:54 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 142-1982


http://www.avadocuments.com/doc/ieee-142-1982
http://www.avadocuments.com/doc/ieee-142-1982

