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This report was prepared by the Task Force on Low-voltage Power
System Grounding, which had the following membership:

F. J. Shields, Chairman

THE NEED FOR THIS STUDY

For many years the recommendation
of the General Electric Company for the
grounding of low-voltage industrial and
commercial power systems has been
solid grounding of the power system
neutral. For special operating or safety
requirements, alternative methods of
grounding — such as high-resistance
grounding or low-reactance grounding—
have been advised. On the basis of such
recommendations a long-term trend to-
ward the installation of power systems
with a solidly grounded neutral de-
veloped, with the result that such sys-
tems are currently the most widely used
in industrial and commercial power
system design. These systems have, in
general, performed adequately and pro-
vided the safety, reliability and con-
tinuity of service which had been an-
ticipated from them.

Recently, however, it has been sug-
gested that the high-resistance grounded
neutral system is better suited for
certain systems—particularly insofar as
personne] safety and process continuity
are concerned. Proposals to this effect
have arisen because of serious injuries

or fatalities which have occurred to.

operating or service personnel during
line-to-ground arcing faults in solidly
grounded neutral systems.

In response to such proposals General
Electric’s Energy Systems Operation put
together a task force which has re-
studied the question of power system
grounding. As part of its activities, this
task force has worked to bring into focus
the characteristic features of competing
alternative grounding methods.

RESULTS OF TASK FORCE STUDY

The typical features of alternative
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grounding methods are presented herein,
covering individually the characteristics,
benefits, drawbacks and typical applica-
tion areas for each of the available
methods of low-voltage system grounding
which were studied. Specific recom-
mendations of one method of grounding
in preference to another have been
avoided, however, in recognition that no
single method of system grounding will
prove unrivaled and completely satis-
factory in all the application situations
which may be encountered. In illustra-
tion of this, the solidly grounded neutral
system is very extensively used in in-
dustrial and commercial building appli-
cations, yet the so-called ‘““‘ungrounded’’
system, when complemented with ground-
fault detection and first-quality electrical
system maintenance, has provided de-
sirable performance characteristics and
adequate service in certain process in-
dustries.

Additionally, specific recommenda-
tions are not given because it is felt that
the comparative merits of the various
methods of system grounding, for any
given set of customer conditions and
objectives, will be self-evident from the
listing of the characteristics and features
of the individual system grounding
methods; and that the power system
designer, application engineer, or power
distribution equipment sales engineer is
best qualified to consult with the cus-
tomer and advise him on the choice of
grounding method for his specific con-
ditions and objectives.

TYPES OF SYSTEM
GROUNDING REVIEWED

All the methods of low voltage power
system grounding which have been ap-
plied or used in significant numbers were
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covered by the task force review. Ground-
ing methods of very infrequent use, such
as the dual-resistance grounding and
ground-fault neutralizer methods, were
not included in this review. The spe-
cific methods of power system grounding
which are covered in this report are

1. the ungrounded system.

solid neutral grounding.
low-resistance grounding.
high-resistance grounding.
high-resistance  grounding
traceable signal to the fault.
. corner-of-the-delta grounding.
mid-phase grounding.
low-reactance grounding.
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For each of these methods of system
grounding the characteristic features, ad-
vantages, disadvantages, and typical
areas of application, as well as general
remarks on the particular system of
grounding, are given in the following
pages.

It is appropriate to point out that
selection of a specific method of system
grounding should not be based on the
number of advantages or disadvantages it
possesses, since these attributes are not
necessarily absolute, and generally have
firm meaning and significance only when
related to such factors as equipment cost
and quality, electrical system mainte-
nance, safety of personnel, damage to
equipment arising from ground fault
conditions, system protective devices and
their settings, power continuity require-
ments of the process or service being
powered, and so forth. In addition, cer-
tain attributes are common to most, if
not all, of the methods of system ground-
ing; in these instances the attributes may
be listed as ‘‘characteristic features” in
the tabulation, rather than as advantages
or disadvantages.



THE UNGROUNDED SYSTEM

Characteristic Features

Definition

The ungrounded system is one which has no intentional con-
nection to ground except through potential indicating or meas-
uring devices, or through surge overvoltage protective devices.
Although called “‘ungrounded” this type of system is in reality
capacitively coupled to ground through the distributed phase-
to-ground capacitance of the windings and phase conductors
of the system.

Circuit Schematic and Thevenin line-to-

ground equivalent circuit diagram®, X1+ Xg
LN —0
Ep-n
CAAAS
YYD I Xcos3
Circuit Thevenin Equivalent

Suitable for serving load circuits of the type indicated

Two-wire, single-phase
Three-wire, three-phase

Grounding equipment required for this method of system
grounding.

None required, but potential transformers, a voltage relay
and/or ground indicating lights and possibly stabilizing re-
sistors are advisable for ground fault detection.

First cost, relative to a solidly grounded neutral system with
phase relaying only.

First cost may be the same, if no ground fault detection; ground
fault detection adds to cost. Increased conductor insulation
requirements may also add to first cost; see footnote @ .

Current for bolted line-to-ground fault, in percent of bolted
three-phase rms fault current, for terminal fault at supply
point.

System charging current, (3 Ep_y)/X,, Less than one percent;
usually less than 1 ampere. System charging current rarely
exceeds 5 amperes, except on systems having surge capacitors.

Probable level® of sustained single-phase line-to-line arcing
fault current, in percent of three-phase bolted fault current.

For footnotes see Page 33.

Value is function of system voltage as well as of arc and re-
strike voltage values. For particular conditions, calculated
values are:

System Fault Current, Arc Restrike
Volis Percent® Volts Volts
208 2 275 275
480 74 275 375
4600 85 275 375




Probability of sustained arcing for line-to-line fault on single-
phase circuit extension (no escalation to three-phase fault).

208-volt systems—small probability, but sustained arcing
can occur.
480-, 600-volt systems—high probability; in the order of 1.0.

Shock hazard, phase-to-ground, for
(a) No ground fault.

(b) Ground fault on phase conductor.

Advantages in Relation to:

Probability of sustained arcing for line-to-ground fault on
single-phase circuit extension (no escalation).

(a) Phase-to-neutral voltage exists from each phase to
ground.

(b) Line-to-line voltage appears on two phases, for solid
fault and no series resonant L-C circuit.
With repetitive restrike to ground, or series resonant
L-C circuit, voltages to ground well in excess of line-
to-line voltage may appear.

Extremely low probability, near zero. A sputtering fault with
repeated restrikes may continue indefinitely.

Rms current value for sustained single-phase line-to-ground
arcing fault.

Very low value, if fault could be sustained. Single-phase line-
to-ground arcing fault in ungrounded system would very likely
be self-extinguishing, unless of the sputtering type.

Probability of escalation of single-phase line-to-ground arcing
fault into line-to-line or 3-phase arcing fault, in bare bus system.

Very small probability. Probability of escalation would be
prominently influenced by closeness of phase conductors.

Automatic tripping by phase. (or ground) over-current devices
for first line-to-ground fault.

No automatic tripping for the first ground fault occurs, pro-
vided a second line-to-ground fault on another phase does not
occur before the first one is removed. The faulty circuit con-
tinues in operation; in certain process industries and condi-
tions of service this is regarded as an advantage.

Ease of discrimination between an arcing line-to-line fault and
normal system load current.

For the usual levels of line-to-line arcing fault currents, dis-
crimination is not difficult. But low-level line-to-line or double
line-to-ground arcing faults are possible which will operate
phase overcurrent devices only with considerable delay, or not
at all. Then burndown may occur.

Flash hazard to personnel arising from accidental line-to-
ground fault (no escalation).

Disadvaniages in Relation to:

Control of transient and steady-state over-voltages from neutral
to ground.

Basically no flash hazard exists, unless the system has an un-
removed ground fault on another phase. This could result in a
double line-to-ground fault with serious flash hazard.

The ungrounded system provides no effective control of such
overvoltages.

Shock hazard, phase-to-ground, resulting from fault-path con-
tact with a higher voltage system.

The ungrounded system phase-to-ground potential may be
clevated as high as the normal phase-to-ground voltage on the
higher voltage system.



Safety hazard, for ground faults in directly connected control
circuits using line-to-line rated voltage contactor coils.

The first or second ground on such a control circuit may start
the motor.

Effect of delayed removal of line-to-ground fault on the sys-
tem (no escalation to line-to-line fault).

All unremoved ground faults put greater than normal voltage
on system insulation. Certain unremoved ground faults may
result in very severe overvoltage conditions, leading to in-
creased shock hazard and eventually to extensive equipment
and circuit outages.

Difficulty of locating the first line-to-ground fault.

Ground fault locating is usually very difficult. It may require
much time and repeated shutdowns of unfaulted as well as
faulted equipment. Special fault-locating equipment can fa-
cilitate pinpointing the fault site.

Cost of system maintenance.

Maintenance costs on the ungrounded system are relatively
high because of reduced insulation life and the labor of locating
ground faults.

Motor protection.

Ground fault in motor cannot be easily detected and removed
until it has burned into another coil, resulting in greater
damage.

Typical Area of Application
personnel.

The ungrounded system has been
much used in general industry, and in

General Remarks

damage to equipment, or grave danger to

in favor of the solidly grounded and high-
resistance grounded systems. Ungrounded
systems with ground fault indicators are
still used in specific plants and industries,
but such installations require excellent

the process industries, such as the paper,
chemical and petroleum industry, and in
certain other service or manufacturing
operations where the ability of this
system to avert immediate shutdown on
the occurrence of the first ground fault
was desired. The prevention of a non-
scheduled shutdown in these instances
was intended to avoid severe financial
loss in production, substantial contingent

For footnotes see Page 33.

The prominent favorable feature of
the ungrounded system is its ability to
avoid immediate interruption of service
continuity when a single ground fault
takes place. The vulnerability of the
ungrounded power distribution system
to insulation failures and increased shock
hazard from transient and steady-state
overvoltage conditions, however, has led
to the gradual diminishment of its use,

maintenance and housekeeping proce-
dures, and rigorous ground fault detection
and removal practices in order to provide
service reliability and continuity equiva-
lent to that found in the solidly and high-
resistance grounded neutral systems.

The possible requirement for increased
conductor insulation in ungrounded sys-
tems should not be overlooked; see foot-
note @,



Characteristic Features

Definition

THE SOLIDLY GROUNDED NEUTRAL SYSTEM

The solidly grounded neutral system has the neutral point di-
rectly grounded through an adequate ground connection in
which no impedance has been inserted intentionally, except
possibly in the case of low-voltage generator grounding.

Circuit schematic and Thevenin line-to-
ground equivalent circuit diagram®.

Ei-n
)
=

Xr+ Xs
390>
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Circuit Thevenin Equivalent

Suitable for serving load circuits of the type indicated.

Two-wire, single phase.

Two-wire, single phase, 1 side grounded.
Three-wire, three-phase.

Four-wire, three-phase.

Grounding equipment required for this method of grounding®.

None for wye-system with neutral available. Grounding trans-
former is required for delta system®.

First cost, relative to a solidly grounded neutral system with
phase relaying only.

This is the reference system, using a wye-connected trans-
former. Ground fault relaying adds to price.

Current for bolted line-to-ground fault, in percent of bolted
three-phase rms fault current, for terminal fault at sup-
ply point.

Varies; may be 100 percent or more.

Probable level® of sustained single-phase line-to-line arcing
fault current, in percent of three-phase bolted fault value.

For footnotes see Page 33.

Value is function of system voltage as well as of arc and re-
strike voltage values. For particular conditions, calculated
values are:

System Fault Current, Arc Restrike
Volis Percent @ Volts Volts
208 2 275 275
480 74 275 375
600 85 275 375




Probability of sustained arcing for line-to-line fault on single-
phase circuit extension (no escalation to three-phase fault).

208-volt systems—small probability, but sustained arcing
can occur.
480-, 600-volt systems—high probability; in the order of 1.0.

Rms current® for sustained single-phase line-to-ground arcing
fault, in percent of three-phase bolted fault value. '

Based on 140-volt arc and 375-volt restrike voltages (275 volts
@ 208 Y):

208 V—0 percent®

480 V—40 percent™

600 V—50 percent*

Shock hazard, phase-to-ground, for
(a) No ground fault.
(b) Ground fault on phase conductor.

Advantages in Relation to:

Control of transient and steady-state overvoltages from neutral
to ground.

(a) Phase-to-neutral voltage from each phase to ground.
(b) Phase-to-neutral voltage on two phases.

The solidly grounded neutral system effectively controls to
safe levels the overvoltages which become impressed on or
self-generated in the power system by insulation breakdowns,
resonant inductive-capacitive circuits, restriking ground
faults, etc.

Automatic tripping by phase and/or ground overcurrent de-
vices for first line-to-ground fault.

System is designed to provide automatic tripping by low-cost
phase devices for first ground fault. Solid ground faults or
high-level arcing faults to ground will operate the phase over-
current devices. For low level arcing faults to ground, ap-
plication of sensitive ground fault relays is required to assure
disconnection of faulty circuit before burndown can occur. In
many industries and conditions of service this rapid protection
of equipment is necessary and desirable, to protect other
services and personnel.

Ease of discrimination between an arcing line-to-line or line-
to-ground fault and normal system load current.

Usual levels of arcing faults will cause tripping of phase de-
vices. Use of zero-sequence type ground fault relaying is nec-
essary for prompt discrimination between low-level ground
faults and normal load currents. Line-to-line arcing faults
usually involve ground quickly. Thus ground relays minimize
the possibility of arcing-fault burndown.

Shock hazard, phase-to-ground, resulting from fault-path con-
tact with a higher voltage system.

Limited to low-voltage system line-to-neutral voltage, ap-
proximately.

Shock hazard, from neutral to ground during line-to-ground
fault.

*Tentative; subject to further investigation. Mipimum ground
fault current value may be quite low, depending on ground
circuit impedance and other factors.

Essentially zero voltage for low impedance grounding elec-
trode conductor.

For footnotes see Page 33.



Safety hazard, for ground faults in directly connected control
circuits using line-to-line rated voltage contactor coils.

Only 58 percent of line-to-line voltage appears on contactor
coil. Motor start is not likely.

Difficulty of locating the first line-to-ground fault.

Generally not difficult. Fault is usually self-isolating via phase
overcurrent device operation, but ground fault relaying is
recommended to isolate very low level faults on high current
circuits. Noise, smoke, and flash during fault aid in pinpointing
fault site.

Cost of system maintenance.

Minimum, since insulation life is not shortened, and ground
faults are readily located.

Motor protection.

Disadvantages in Relation to:

Probability of sustained arcing for line-to-ground fault on
single-phase circuit (no escalation).

A fault to ground in a motor winding can be quickly de-
tected and removed, before extensive damage occurs, by means
of phase overcurrent devices or ground sensor relays.

208-volt systems—small probability; near zero.*
480-, 600-volt systems—high probability; in the order of 1.0.

Probability of escalation of 1-phase, line-to-ground arcing fault
into line-to-line or 3-phase arcing fault (in bare bus system).

High probability, in the order of 1.0, particularly for 480- and
600-volt systems. (Probability of escalation is zero in this sys-
tem on single-phase circuits serving line-to-neutral connected
loads.)

Safety hazard, for ground faults in directly connected control
circuits using line-to-line rated voltage contactor coils.

A motor already running may not drop out when the “stop’
button is pressed.

Pushing the ‘“start’” button with a ground fault in the con-
trol circuit may permit line-to-ground fault current to flow
through the push button. This would cause a momentary
personnel hazard until a protective device operates.

Protective contacts on energized equipment may be bypassed
by an accidental ground, preventing equipment shutdown if
safety limits are exceeded.

Effect of delayed removal of line-to-ground fault on system
(no escalation).

Continuing low-level arcing fault may result in equipment
burndowns and delayed restoration of service. Sensitive ground
fault relaying can eliminate this problem.

Flash hazard to personnel arising from accidental line-to-
ground fault (no escalation).

* Not to be construed as being dependably self-extinguishing.
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Severe flash hazard for ground fault on any phase of a high
capacity system.



Typical Area of Application

The solidly grounded neutral system is
the one most widely used in industrial
and commercial service, for serving
general industrial loads, and loads af-
fecting public welfare and safety (light-
ing, elevators, fire pumps, ventilation,
etc.) In particular, the solidly grounded
neutral arrangement is the most effective
in serving three-phase four-wire low volt-
age power distribution circuits. It has
also been used effectively on critical proc-
ess (so-called non-interruptible) loads.

General Remarks

The prominent characteristics of the
solidly grounded neutral system are its
effective control of all overvoltage con-
ditions and its immediate segregation of
the faulty circuit, by means of economic
phase overcurrent trips, on the occur-
rence of a sensible ground fault. Further-
more, the solidly grounded neutral system
provides an effective basis for protection
against destructive low-level arcing faults,
since the addition of zero-sequence type
relaying to such a system enables the
easy detection and removal of such
faults.

These characteristics of overvoltage
control, immediate fault isolation, and

For footnotes see Page 33.

practicable protection against arcing
fault burndown help to account for the
very extensive use of the solidly grounded
neutral system in industrial and com-
mercial power service. Its emphasis on
prompt protection for faulty equipment
and circuits, thereby increasing service
restorability and reducing repair costs
and downtime, make it suitable for use
wherever extensive damage to electrical
equipment and prolonged shutdown of
processes or services is to be guarded
against.

A particular shortcoming of the solidly
grounded neutral system is the very
severe flash hazard which exists on the
occurrence of an arcing fault involving
ground. Where a person may be in close
proximity to the fault, or may have
been directly instrumental in initiating
the fault, a serious personnel hazard then
exists. This hazard is sufficient to require
that equipment and circuits be worked
upon only when de-energized. This safe
working practice is also required by the
otherwise ever-present voltage hazard.

Working on energized equipment requires
specially trained crews and safety pro-
cedures not normally available in in-
dustrial plants or commercial buildings.

The solidly grounded neutral system
generally isolates phase and ground
faults promptly. In this system, however,
equipment burndown may occur if a
relatively low-level arcing fault occurs
on a high-current circuit. Ground-fault
relaying minimizes this possibility.

The prompt removal, in the solidly
grounded neutral system, of a circuit in
which a ground fault has occurred is
considered by some system operators to
be a singular imperfection. For these
operators the requirement to avoid a
disorderly and abrupt shutdown on the
occasion of the first ground fault, and to
continue to supply power to a critical
process or service takes precedence over
all other considerations. In situations of
this sort high resistance in the neutral
connection to ground to limit fault
current and avoid tripping on the first
ground fault has frequently been em-
ployed. See High-Resistance Grounding.

The solidly grounded system permits
the use of so-called ““100 Percent Level”’
conductor insulation and in this respect
may provide economic advantage over
other types of system grounding. See
footnote (@) .
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Characteristic Features

Definition

THE LOW-RESISTANCE™ GROUNDED NEUTRAL SYSTEM

The low-resistance* grounded neutral system is one in which
a low-value resistor has been inserted in the neutral connection
to ground to limit the current under ground-fault conditions
to a level significantly reducing the fault-point damage but
still permitting automatic detection and isolation of the fault
by ground-fault protection devices.

Circuit schematic and Thevenin line-to
ground equivalent circuit diagram @©.

3¢

Circuit

Xr+Xs

EL’N

= | Rw

Thevenin Equivalent

Suitable for serving load circuits of the type indicated.

Two-wire, single-phase.
Three-wire, three phase.

Footnote @

Grounding equipment required for this method of grounding ®,

Neutral resistor for wye systems. Neutral resistor and ground-
ing transformers for delta systems ®,

First cost, relative to a solidly grounded neutral system with
phase relaying only.

Higher, because of neutral resistor, and because sensitive
ground fault relaying is necessary to insure that no ground
faults remain unremoved.

Current for bolted line-to-ground fault, in percent of bolted
three-phase rms fault current, for terminal fault at supply
point.

* Not yet defined quantitatively. See entry for “Current for
bolted line-to-ground fault . . .” for range of resistor current
values.

For footnotes see Page 33.
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20 percent and downward to 1000 ampere. Installations with
special safety requirements against shock hazard, such as
mine power systems, may go as low as 25 amperes.



Probable level ® of sustained single-phase line-to-line arcing
fault current, in percent of three-phase bolted fault value.

Value is function of system voltage as well as of arc and
restrike voltage values. For particular conditions, calculated
values are:

System Fault Current, Are Restrike
Volis Percent @ Volis Volts
208 2 275 275
480 74 275 375
600 85 275 375

Probability of sustained arcing for line-to-line fault on single-
phase circuit extension (no escalation to three-phase fault).

208-volt systems—small probabilty, but sustained arcing can
occur.
480-, 600-volt systems—high probability; in the order of 1.0.

Rms current® for sustained single-phase line-to-ground arcing
fault in percent of bolted line-to-ground fault values.

Based on 140 volt arc and 375 volt restrike voltages.

208 V—*
480 v—*
600 V—*

Shock hazard, phase-to-ground, for
(a) No ground fault.
(b) Ground fault on phase conductor.

Advantages in Relation to:

Control of transient and steady-state overvoltages from
neutral to ground.

(a) Phase-to-neutral voltage from each phase to ground.
(b) Approximately line-to-line voltage on two phases.

The low-resistance grounded neutral system effectively con-
trols to safe levels the overvoltages generated in the power
system by resonant capacitive-inductive circuits, static
charges, and restriking ground faults. It may not control
certain steady-state overvoltages arising from physical contact
with a higher voltage system, from autotransformer extended
winding failures, or from faulty series capacitor-welder circuits

Automatic tripping by phase and/or ground overcurrent
devices for the first ground fault.

System is designed to provide automatic tripping by ground
overcurrent devices for first ground fault. Phase overcurrent
devices may also operate, depending on their ratings relative
to the resistance-limited fault current. To many power system
operators fast tripping on ground faults, which limits fault
damage and prevents equipment burndown, is advantageous
to system service reliability.

Ease of discrimination between an arcing line-to-line or line-
to-ground fault and normal system load current.

* Calculations not completed.

Required use of sensitive zero-sequence type relaying permits
prompt discrimination between low-level ground faults and
normal load currents. Line-to-line arcing faults usually involve
ground quickly. Thus ground relays minimize the possibility
of arcing-fault burndowns.

For footnotes see Page 33.
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Safety hazard, for ground faults in directly connected control
circuits using line-to-line rated voltage contactor coils.

Less than line-to-neutral voltage appears on contactor coil.
Motor will not start.

Shock hazard, from neutral to ground, during line-to-ground
fault.

Essentially zero shock hazard, since the neutral is not run
with the phase conductors.

Difficulty of locating the first line-to-ground fault.

Disadvantages in Relation to:

Probability of sustained arcing for line-to-ground fault on
single-phase circuit extension (no escalation).

Usually not difficult. The smaller circuit phase overcurrent
devices will provide self-isolation. The larger circuits must
be equipped with ground-fault relaying and will provide rapid
fault isolation. Noise, smoke, and flash during fault aid in
pinpointing fault site.

208-volt systems—small probability; near zero.*
408-, 600-volt systems—high probability; in the order of 1.0.

Probability of escalation of single-phase line-to-ground arcing
fault into line-to-line or three-phase arcing fault (in bare bus
system).

High probability, in the order of 1.0, particularly for 480- and
600-volt systems.

Shock hazard, phase-to-ground, resulting from fault-path
contact with a higher voltage system.

May be as high as normal line-to-neutral voltage on the
primary system.

Safety hazard arising from ground faults in directly connected
control circuits, using line-to-line rated voltage contactor coils.

Pushing ‘“‘start” button with ground fault on control circuit
will permit line-to-ground fault current to flow through push
button, causing momentary personnel hazard until protective
device operates.

Effect of delayed removal of line-to-ground fault on system
(no escalation).

Continuing presence of a ground fault could cause burndown
or serious damage cf equipment, but ground fault relaying
required by this system of grounding should avoid this
situation.

Cost of system maintenance.

May be higher than for solidly grounded system, because of
shortened insulation life arising from certain types of over-

voltage not effectively controlled by this method of system
grounding.

Flash hazard to personnel, arising from accidental line-to-
ground fault (no escalation).

* Not to be construed as being dependably self-extinguishing.

For footnotes see Page 33.
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Serious flash hazard, but less severe than on solidly grounded
neutral system. Reduction in hazard is proportional to re-
duction in bolted line-to-ground fault current. Escalation,
which is probable in bare bus system, would cancel any re-
duction in line-to-ground fault flash hazard.



Typical Area of Application

The low-resistance grounded neutral
system to date has been used largely in
special situations, such as mine power
systems, where extraordinary protection
against shock hazard on portable equip-
ment is required.

Although the reduction in burning
damage and in flash hazard offered by
this type of system grounding is signifi-
cant, it has been infrequently applied in
general industrial and commercial build-
ing service. In the latter instance the
unsuitability of this type of system to
serve four-wire three-phase loads has been
responsible for its not being used. For
general industrial service the application
of this system grounding method has
been hampered by the lack of sensitive,
small, inexpensive ground-fault detectors
which can be applied to circuit interrup-
ters on branch circuits and small feeder
circuits. Adequate ground-fault protec-
tive devices for the larger circuit inter-

For footnotes see Page 33.

rupters on load center substations and
distribution switchboards have been
available, but not for the smaller circuit
interrupters. Consequently, a completely
selective operation for ground faults in
low-resistance grounded neutral systems
would be difficult to achieve economically.
Hence applications in general industry
have been of the solidly grounded neutral
system, to secure maximum probability
of selectivity in operation.

It is to be expected that the develop-
ment of small, sensitive, inexpensive
ground-fault protective devices which
are compatible with currently available
circuit protective devices for low-rated
circuits will result in the increased use of
low-resistance grounded neutral power
systems.

General Remarks

The low-resistance grounded neutral
system, when augmented with sensitive
ground fault relaying, will provide most

of the benefits of solid neutral grounding,
plus reduced damage at the fault point,
decreased flash hazard, and lower voltage
dip on the occurrence of a ground fault.

With this type of system neutral
grounding the current under ground
fault conditions may be severely limited
in comparison with the solidly grounded
neutral system, making detection of such
faults by the larger phase overcurrent
devices either impossible or very long
delayed. Since a ground fault unremoved
from the system will likely cause severe
damage or even burndown, the low-
resistance grounded neutral system re-
quires the use of ground fault relaying
to make its application practicable.

The low-resistance grounded neutral
system with sensitive ground fault re-
laying permits the use of so-called ‘“100
Percent Level” conductor insulation and
in this respect may provide economic
advantage over other types of system
grounding. See footnote (2.
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Characteristic Features:

Definition

THE HIGH-RESISTANCE GROUNDED NEUTRAL SYSTEM

The high-resistance grounded neutral system is one in which
a high value resistor has been inserted in the neutral connection
to ground to limit the resistor current under ground-fault
conditions to a value not less than the total system charging
current, resulting in a total ground fault current of approxi-
mately /2 times the charging current. An objective of
high-resistance grounding is to avoid automatic tripping of
the faulty circuit for the first ground fault.

. . Xr+ Xs
Circuit schematic and Thevenin line-
to-ground equivalent circuit diagram.
E-n
Ry Xcoss

LCAAAS

mN\_D_Il,

Circuit Thevenin Equivalent

Suitable for serving load circuits of the type indicated.

Two-wire, single-phase
Three-wire, three-phase

Footnote @

Grounding equipment required for this method of grounding ®

Neutral resistor for wye systems. Neutral resistor and ground-
ing transformer for delta systems ®. Ground fault indication,

which is recommended, requires relay and indicating lights or
alarm.

First cost, relative to a solidly grounded neutral system with
phase relaying only.

Higher, because of neutral resistor and ground-fault indicating
equipment. There may also be increased costs arising from the
requirements for conductor insulation; see footnote (@) .

Current for bolted line-to-ground fault, for terminal fault at
supply point.

For footnotes see Page 33.
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Determined by / neutral resistor ohmic value, but should not
be less thany/2 times system charging current BELN/Xe0);
generally less than 1 ampere. System charging current rarely
exceeds 5 amperes, except on systems having surge capacitors.



Probable level® of sustained single-phase line-to-line arcing
fault current, in percent of three-phase bolted fault value.

Value is function of system voltage as well as of arc and re-

strike voltage values. For particular conditions calculated
values are:

System Fault Current, Arc Restrike
Volis Percent(® Volis Volts
208 2 275 275
480 74 275 375
400 85 275 375

Probability of sustained arcing for line-to-line fault on single-
phase circuit (no escalation to three-phase fault).

208-volt systems—small probability, but sustained arcing
can occur.

480-, 600-volt system—high probability; in the order of 1.0.

Shock hazard, phase-to-ground, for

(a) No ground fault.
(b) Ground fault on phase conductor.

Advantages in Relation to:

Control of transient and steady-state overvoltages from neu-
tral to ground.

(a) Phase-to-neutral voltage from each phase to ground.
(b) Approximately line-to-line voltage on two phases.

The high-resistance grounded neutral system effectively con-
trols to safe levels the overvoltages generated in the power
system by resonant capacitive-inductive circuits, static
charges, and repetitive restrike ground faults. It does not
control certain steady-state overvoltages such as those arising
from physical contact with a higher voltage system, from auto-
transformer extended winding failures, or from faulty series
capacitor-welder circuits.

Probability of sustained arcing for line-to-ground fault on
single-phase circuit extension (no escalation).

Extremely low probability, near zero. Arcing line-to-ground
fault would be difficult to initiate and would very likely be
self-extinguishing.

Rms current value for sustained single-phase line-to-ground
arcing fault.

Very low current value, if fault could be sustained. Single
phase line-to-ground arcing fault in high resistance grounded
neutral system would likely be self-extinguishing.

Probability of escalation of single-phase line-to-ground arcing
fault into line-to-line or three-phase arcing fault, in bare bus
system.

Very small probability. Escalation probability would be prom-
inently influenced by closeness of phase conductors.

Automatic tripping by phase overcurrent devices for the first
ground fault.

For footnotes see Page 33.

No automatic tripping for the first ground fault occurs, pro-
vided a second line-to-ground fault on another phase does not
occur before the first one is removed. The faulty circuit con-
tinues in operation; in certain process industries and condi-
tions of service this procedure is considered necessary and
advantageous.

17



Safety hazard, for ground faults in directly connected control
circuits using line-to-line rated voltage contactor coils.

Less than line-to-neutral voltage appears on contactor coil.
Motor will not start.

Shock hazard from neutral to ground, during line-to-ground
fault.

Essentially zero shock hazard, since the neutral is not run with
the phase conductors.

Flash hazard to personnel arising from accidental line-to-
ground fault (no escalation).

Disadvantages in Relation te:

Shock hazard, phase-to-ground, resulting from fault-path con-
tact with a higher voltage system.

Basically no flash hazard exists, unless the system has an un-
removed ground fault on another phase. This could result in a
double line-to-ground fault with serious flash hazard.

May be as high as normal line-to-neutral voltage on the
primary system.

Ease of discrimination between line-to-ground or line-to-line
arcing faults and normal system load currents.

Line-to-ground arcing faults are indistinguishable from load
currents, but are very likely to be self-extinguishing. Arcing
line-to-line faults would usually cause tripping of phase-
overcurrent devices. At times their current level may be so
low, however, as to go undetected and cause equipment
burndown.

Effect of delayed removal of line-to-ground fault on the sys-
tem (no escalation to line-to-line fault).

All unremoved ground faults put greater than normal voltage
on the system’s insulation. System continues in operation, but
with continued damage at the point of fault. While this dam-
age is greatly limited, in a relative sense, its prolongation in
equipment with multi-turn coils may cause eventual turn-to
turn or phase-to-phase failures and result in severe damage,
requiring motor restacking and/or rewinding.

Difficulty of locating the first line-to-ground fault.

Frequently as difficult as for the ungrounded system. May re-
quire many hours and repeated shutdown of faulty zone equip-
ment. Special fault-locating equipment can facilitate pin-
pointing the fault site.

Cost of system maintenance.

Will be somewhat higher than for the solidly grounded neutral
system because of the adverse effect of greater than normal
voltage (during presence of ground fault) on insulation life and
because locating ground faults increases maintenanceé costs.

Typical Area of Application

The high-resistance grounded neutral
system has been applied in the process
industries and in other situations where
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control of transient overvoltages is de-
sired but an immediate service interrup-
tion on the first ground fault is to be
avoided. In these instances the objective

is to prevent a disorderly shutdown of
equipment which might result in severe
financial losses, or hazards to personnel
or equipment. A collateral benefit lies in



the virtual elimination of personnel flash
hazard arising from accidental faults to
ground.

General Remarks

The underlying reasons for the applica-
tion of high-resistance neutral grounding

(see typical Area of Application) are the

same as those for the use of an un-
grounded system, except that transient
overvoltage control is also a prime ob-
jective when employing the resistance
method of grounding. Any advantages to
the power system user which exist in the
ungrounded method of operation may
also be secured, along with transient

overvoltage control, when using the high-
resistance grounded neutral system.

In comparison to the solidly grounded
neutral system during ground faults, high-
resistance grounding affords essentially
zero flash hazard, arc blast and voltage
dip during ground faults, provided simul-
taneous ground faults on different phases
do not occur. The difficulty of locating
ground faults on this system, however,
increases the probability of a second
ground fault shutting down two circuits
simultaneously.

Since unremoved ground faults in this
type of system continue to liberate
energy at the fault point which may
eventually cause further breakdown in

the insulation system, it is essential to
monitor the high resistance grounded
neutral system for ground faults and to
remove them with all possible expediency.
Furthermore, while a ground fault re-
mains on this system it loses its original
characteristics and becomes essentially
a ‘“‘corner-of-the-delta” grounded system
with serious flash hazard, arc blast, volt-
age dip, and the probability of fault
escalation should a second ground fault
occur.

As the neutral point is elevated to
essentially normal line-to-neutral voltage
above earth during a ground fault, this
grounding method is not suited to 4-wire
3-phase systems.
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Characteristic Features:

Definition

THE HIGH-RESISTANCE GROUNDED NEUTRAL SYSTEM
WITH TRACEABLE SIGNAL TO FAULT

The high-resistance grounded neutral system with traceable
signal to fault, is one in which a high-value resistor has been
inserted in the neutral connection to ground to limit the re-
sistor current under ground-fault conditions to a value not
less than the total system charging current, resulting in a total
ground fault current of approximately /2 times the charging
current. An objective of this type of grounding is to avoid
tripping of the faulty circuit for the first ground fault. In ad-
dition this system is equipped with ground-fault indicators and
a means of pulsing a traceable signal onto a grounded phase to
aid in rapid location of system faults to ground while the sys-
tem is energized.

Circuit schematic and Thevenin line-to-
ground equivalent circuit diagram.

Circuit

’x~|'+ X S

EL-N

Xcoss
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i RN

Thevenin Equivalent

Suitable for serving load circuits of the type indicated.

Two-wire, single-phase.
Three-wire, three-phase.
Footnote @.

Grounding equipment required for this method of grounding®.

Neutral resistor for wye systems. Neutral resistor and ground-
ing transformer for delta systems®. Ground fault indicating
equipment, plus signal pulsing and tracing equipment are re-
quired for either wye or delta system arrangements.

First cost, relative to a solidly grounded neutral system with
phase relaying only.

Higher, because of neutral resistor and ground fault indicating,
pulsing and tracing equipment. There may also be increased

costs arising from the requirements for conductor insulation;
see footnote @ .

Current for bolted line-to-ground fault, for terminal fault at
supply point.

For footnotes see Page 33.
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Determined by neutral resistor ohmic value, but should not
be less than 4/2 times system charging current 3E;n/X.);
generally less than 1 ampere. System charging current rarely
exceeds 5 amperes, except on systems having surge capacitors.
The pulsing current used for fault tracing may be two or more
times the normal ground fault current.



Probable level® of sustained single-phase line-to-line arcing
fault current, in percent of three-phase bolted fault value.

Value is function of system voltage as well as of arc and re-
strike voltage values. For particular conditions, calculated
values are:

System Fault Current, Arc Restrike
Volis Percent@® Volis Volis
208 2 275 275
408 74 275 375
4600 85 275 375

Probability of sustained arcing for line-to-line fault on single-
phase circuit extension (no escalation to three-phase fault).

208-volt systems—small probability, but sustained arcing
can occur.

480-, 600-volt systems—high probability; in the order of 1.0.

Shock hazard, phase-to-ground for

(a) No ground fault.
(b) Ground fault on phase conductor.

Advantages in Relation to:

Control of transient and steady-state overvoltages from neutral
to ground.

(a) Phase-to-neutral voltage from each phase-to-ground.
(b) Approximately line-to-line voltage on two phases.

The high-resistance grounded neutral system effectively con-
trols to safe levels the overvoltages generated in the power
system by resonant capacitive-inductive circuits, static charges,
and restriking ground faults. It does not control certain steady-
state overvoltages such as those arising from physical contact
with a higher voltage system, from autotransformer extended
winding failures, or from faulty series capacitor-welder circuits.

Probability of sustained arcing for line-to-ground fault on
single-phase circuit extension (no escalation).

Extremely low probability, near zero. Arcing line-to-ground
fault would be difficult to initiate and would very likely be
self-extinguishing.

Rms current value for sustained single-phase line-to-ground
arcing fault.

Very low current value, if fault could be sustained. Single-
phase line-to-ground arcing fault in high-resistance grounded
neutral system would likely be self-extinguishing.

Probability of escalation of single-phase line-to-ground arcing
fault into line-to-line or three-phase arcing fault, in bare bus
system.

Very small probability. Escalation probability would be prom-
inently influenced by closeness of phase conductors.

Automatic tripping by phase overcurrent devices for the first
ground fault.

For footnotes see Page 33.

No automatic tripping for the first ground fault occurs pro-
vided a second line-to-ground fault on another phase does not
occur before the first one is removed. The faulty circuit con-
tinues in operation; in certain process industries and conditions
of service this procedure is considered necessary and ad-
vantageous.
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Safety hazard, for ground faults in directly connected control
circuits using line-to-line rated voltage contactor coils.

Less than line-to-neutral voltage appears on contactor coil.
Motor will not start.

Shock hazard, from neutral-to-ground, during line-to-ground
fault.

Essentially zero shock hazard, since the neutral is not run
with the phase conductors.

Flash hazard to personnel arising from accidental line-to-ground
fault (no escalation).

Basically no flash hazard exists, unless the system has an un-
removed ground fault on another phase. This could result in a
double line-to-ground fault with serious flash hazard.

Difficulty of locating the first line-to-ground fault.

Very little difficulty. Pulsed signal aids in locating fault with
system energized, but some skill in use of tracing equipment
is required.

Cost of system maintenance.

Disadvantages in Relation to:

Shock hazard, phase-to-ground, resulting from fault-path con-
tact with a higher voltage system.

Approximately the same as solid grounding. Tracing ground
faults adds cost, and insulation life is reduced by unremoved
ground faults, but fault damage arising from ground faults
is reduced.

May be as high as normal line-to-neutral voltage on the
primary system.

Ease of discrimination between line-to-ground or line-to-line
arcing faults and normal system load currents.

Line-to-ground arcing faults are indistinguishable from load
currents, but are very likely to be self-extinguishing. Arcing
line-to-line faults would usually cause tripping of phase-over-
current devices. At times their current level may be so low,
however, as to go undetected and cause equipment burndown.

Effect of delayed removal of line-to-ground fault on the sys-
tem (no escalation to line-to-line fault).

All unremoved ground faults put greater than normal voltage
on the system’s insulation. System continues in operation, but
with continued damage at the point of fault. While this dam-
age is greatly limited, in a relative sense, its prolongation in
equipment with multi-turn coils may cause eventual turn-to-
turn or phase-to-phase failures and result in severe damage,
requiring motor restacking and/or rewinding. This possibility
is minimized by the use of ground fault tracing equipment,
which facilitates locating the fault site and helps to lessen the
time that the ground fault remains on the system.

Typical Area of Application

The high-resistance grounded neutral
system with tracing pulse has been ap-
plied in the process industries and in
other situations where control of tran-
sient overvoltages, coupled with a re-
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duction in flash hazard, is desired but
where an immediate service interruption
on the first ground fault is to be avoided,
and a means of subsequently tracing the
fault location with the system energized
is wanted. The objectives in these in-

stances are to prevent a disorderly shut-
down of equipment which might result
in severe financial losses or hazards to
personnel or equipment, and to mini-
mize personnel injuries from arc flash
during accidental line-to-ground faults.



General Remarks

The fundamental objectives in the use
of the high-resistance grounded neutral
system with a fault-tracing pulse are
several: The avoidance of an immediate
service interruption on the occasion of
the first ground fault, the minimizing of
flash hazard to personnel arising from
accidental ground faults in equipment, a
substantial reduction in the risk of equip-
ment burndown arising from ground
faults, and the ability to trace the loca-
tion of a ground fault without de-energiz-
ing the system. An additional benefit is

a reduction in voltage dip during ground
faults, provided simultaneous ground
faults on different phases are not en-
countered.

The facility of quickly locating ground
faults with the pulsing and tracing equip-
ment on this system tends to lessen the
probability of a second ground fault shut-
ting down two circuits simultaneously.

Since unremoved ground faults in this
type of system continue to liberate energy
at the fault point which may eventually
cause further breakdown in the insula-
tion system, it is essential to monitor the
high-resistance grounded neutral system

for ground faults, to trace them promptly
with the fault locating equipment, and to
remove them with all possible expediency.
While a ground fault remains on this
system it loses its original characteristics
and becomes essentially a ‘“‘corner-of-the
delta” grounded system, with serious
flash hazard, arc blast, voltage dip and
the probability of fault escalation should
a second ground fault occur.

As the neutral point is elevated to
essentially normal line-to-neutral voltage
above earth during a ground fault, this
grounding method is not suited to 4-
wire, three-phase systems.
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Characteristic Features:

Definition

CORNER-OF-THE-DELTA GROUNDED SYSTEM

The corner-of-the-delta grounded system is one in which an
identified phase conductor is directly grounded through an
adequate ground connection in which no impedance has been
inserted intentionally.

Circuit schematic and Thevenin line-to-
ground equivalent circuit diagram.

Circuit

.16 Xr+0.58Xs
11N -0

Ei-n

B

Thevenin Equivalent

Suitable for serving load circuits of the character indicated.

Two-wire, single-phase.
Two-wire, single-phase, 1-side grounded.
Three-wire, three-phase.

Grounding equipment required for this method of grounding®.

None, but grounded-phase identification is necessary through-
out the system.

First cost, relative to a solidly grounded neutral system with
phase relaying only.

Approximately the same, as wye and delta transformers cost
about the same.

Current for bolted line-to-ground fault, in percent of three-
phase rms fault current, for terminal fault at supply point.

Varies; may be as high as 879.

Probable level® of sustained single-phase line-to-line arcing
fault current, in percent of bolted three-phase fault value.

For footnotes see Page 33.
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Value is function of system voltage as well as of arc and re-
strike values. For particular conditions, calculated values are:

System Fault Current, Arc Restrike
Volts Percent(® Volis Volis
208 2% 275 275
480 74 275 375
600 85 275 375

* Corner-of-the-delta grounding is not likely on 208-volt systems,
but value is given to permit estimating current for 240-volt
systems, for which calculations were not made.



Probability of sustained arcing for line-to-line fault on single-
phase circuit extension (no escalation to three-phase fault).

208-volt systems—small probability, but sustained arcing can
occur.

480-, 600-volt systems—high probability; in the order of 1.0.

Rms current® for sustained single-phase line-to-ground arc-
ing fault, in percent of three-phase bolted fault value.

Based on 275 volt arc and restrike voltages of 275 volts
(208-volt system) or 375 volts (480-, 600-volt systems)

208 V— 2 percent®*

480 V—74 percent

600 V—85 percent

Probability of escalation of single-phase line-to-ground arc-
ing fault into three-phase arcing fault (in bare bus system).

Probability is high, but fault starts as line-to-line fault and

escalation to 3-phase fault produces only moderate current
increase.

Shock hazard, phase-to-ground, for

(a) No ground fault.
(b) Ground fault on phase conductor.

(a) Line-to-line voltage on two phases.
(b) Line-to-line voltage on unfaulted phase, zero volts on
others.

Control of transient and steady-state overvoltages from
neutral to ground.

The corner-of-the-delta grounded system effectively controls
to safe levels the overvoltages which become impressed on or
self-generated in the power system by insulation breakdowns,
resonant inductive-capacitive circuits, restriking ground faults,
etc. It continuously impresses, however, 1.73 times normal
line-to-neutral voltage between two conductors and ground.

Automatic tripping by phase and/or ground overcurrent de-
vices for the first line-to-ground fault.

System is designed to provide automatic tripping by phase
devices for the first ground fault. For very low level arcing
faults to ground the application of sensitive ground fault re-
lays will help assure disconnection of the faulty circuit before
burndown can occur. In many industries and conditions of
service this rapid protection of equipment, service, and per-
sonnel is necessary and desirable.

Ease of discrimination between arcing line-to-line or line-to-
ground fault and normal system load current.

Usual levels of arcing faults will cause tripping of phase de-
vices. Line-to-line arcing faults usually involve ground quickly.
Thus use of ground fault relays permits prompt discrimina-
tion between low-level arcing faults and normal load currents,
minimizing the possibility of arcing-fault burndown.

Shock hazard, phase-to-ground, resulting from fault-path con-
tact with a higher voltage system.

Limited to secondary line-to-line voltage, approximately.

Shock hazard, from neutral-to-ground during line-to-ground
fault.

* Value for 208-volt system is given to permit estimating current
for 240-volt corner-of-the-delta grounding systems, for which
calculations were not made.

Essentially no hazard, since neutral of system voltage triangle
is not normally run with this system.

For footnotes see Page 33.
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Difficulty of locating the first ground fault.

Disadvantages in Relation to:

Probability of sustained arcing for line-to-ground fault on
single-phase circuit extension (no escalation).

Generally not difficult. Fault is usually self-isolating via phase
overcurrent device operation, but ground fault relaying may
be advisable to isolate low-level faults on high current circuits.
Noise, smoke, and flash during fault aid in pinpointing fault
site.

240-volt systems—small probability.*
480-, 600-volt systems—high probability; in the order of 1.0.

Safety hazard, for ground faults in directly connected control
circuits using line-to-line rated voltage contactor coils.

Pushing the ‘“‘start” button with a ground fault in the control
circuit may permit line-to-line fault current to flow through
the push button, causing a momentary personnel hazard until
the protective device operates. On properly wired control cir-
cuits an accidental ground will not start the motor or prevent
its shutdown if running.

Effect of delayed removal of line-to-ground fault on system
(no escalation).

Continuing low-level arcing fault to ground may result in
equipment burndown and delayed restoration of service.

Flash hazard to personnel arising from accidental line-to-
ground fault (no escalation).

Severe flash hazard, equivalent to arcing line-to-line fault, for
accidental ground on a ‘“‘hot phase.”

Cost of system maintenance.

Somewhat above that for the solid neutral grounding method,
because of 73 percent higher insulation stress on two phases.
Ground faults are easily located.

Typical Area of Application

The corner-of-the-delta method of
grounding is not widely used in industrial
systems. Its application generally has
been made only in delta systems®
where the benefits of a grounded system
are desired to be secured at minimum cost.

General Remarls
For new systems the corner-of-the

* Not to be construed as being dependably
self-extinguishing.
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delta grounding method offers no special
advantages, since the solidly grounded
neutral system provides the same and
additional benefits at the same or less
cost, and without many of the disad-
vantages of corner-of-the-delta grounding.

This method of grounding requires
positive identification of the grounded
phase throughout the distribution system.

In addition, all instrumentation, meter-
ing and motor overload relays must be
connected to the ‘“hot’’ phases to avoid
having accidental grounds upset their
registration or operation. A ground fault
on the grounded conductor cannot be
readily detected but will result in stray
ground currents even in the absence of
additional faults on the system.



THE MID-PHASE GROUNDED SYSTEM

Characteristic Features

Definition The mid-phase grounded system is a delta system in which the
mid-point of one phase of the supply transformer has been

tapped and solidly grounded.

Circuit schematic and Thevenin line-to
ground equivalent circuit diagram.

Cireuvit
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A 11N 0

EL—N

Thevenin Equivalent

Suitable for serving load circuits of the type indicated.

Two-wire, single-phase.

Two-wire, single-phase, 1-side grounded.
Three-wire, single-phase, mid-phase grounded.
Three-wire, three-phase.

Grounding equipment required for this method of grounding ®.

None, but the mid-point of one phase of the power source must
be available, and the highest voltage conductor must be iden-
tified at any point where a connection is to be made.

First cost, relative to a solidly grounded neutral system with
phase relaying only.

Approximately the same.

Current for bolted line-to-ground fault in percent of three-
phase rms current, for terminal fault at supply point.

Varies; may be as high as 120 percent.

Probable level® of sustained single-phase line-to-line arcing
fault current in percent of bolted three-phase fault value.

For footnotes see Page 33.

Value is function of system voltage as well as of arc and re-
strike voltage values. For particular conditions calculated
vaues are:

System Fault Current, Arc Restrike
Volis Percent(® Volis Volts
208 2% 275 275
480 74 275 375
400 85 275 375

* Mid-phase grounding is not likely on 208-volt systems, but
value is given to permit estimating for 240-volt systems, for
which calculations were not made.
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Probability of sustained arcing for line-to-line fault on single-
phase circuit (no escalation to three-phase fault).

240-volt systems—small probability, but sustained arcing
can occur.

480-, 600-volt systems—high probability; in the order of 1.0.

Rms current® for sustained single-phase line-to-ground arcing
fault, in percent of bolted three-phase fault value.

Based on 275 volt arc and restrike voltages of 275 volts
(208-volt system) or 375 volts (480-, 600-volt system).*

240 V— 2 percent.

480 V—64 percent.

600 V—74 percent.

Probability of escalation of single-phase line-to-ground fault
into three-phase arcing fault (in bare bus system).

Probability is high, but fault starts as relatively high level
line-to-mid-phase fault, and escalation to three-phase fault
produces only moderate increase in fault current.

Shock hazard, phase-to-ground, for
(a) No ground fault.

(b) Ground fault on phase conductor.

Advantages in Relation to:

Control of transient and steady-state overvoltages from
neutral-to-ground.

(a) 1.5 times line-to-neutral (geometric) voltage on one phase;
.87 times line-to-neutral on other two phases.

(b) .87 times line-to-neutral voltage on one phase; line-to-line
volts on the other.

Mid-phase grounding effectively controls to safe levels the
overvoltages which become impressed on or self-generated in
the power system by insulation breakdowns, resonant capaci-
tive-inductive circuits, restriking ground faults, etc. It con-
tinuously impresses, however, 1.5 times normal line-to-neutral
voltage between one conductor and ground.

Automatic tripping by phase and/or ground overcurrent de-
vices for the first line-to-ground fault.

System is designed to provide automatic tripping by phase
devices on the first ground fault. For very low-level arcing
faults to ground the application of sensitive ground fault relays
will help assure disconnection of the faulty circuit before
burndown can occur. In many industries and conditions of
service this rapid protection of equipment, service, and per-
sonnel is necessary and desirable.

Ease of discrimination between arcing line-to-line or line-to-
ground fault and normal system load current.

Usual levels of arcing faults will cause tripping of phase de-
vices. Line-to-line arcing faults usually involve ground quickly.
Thus use of ground-fault relays permits prompt discrimination
between low-level arcing faults and normal load currents,
minimizing the possibility of arcing fault burndowns.

Shock hazard, phase-to-ground, resulting from fault-path con-
tact with a higher voltage system.

Limited to .87 times secondary line-to-line voltage, approxi-
mately.

Shock hazard, from neutral-to-ground during line-to-ground
fault.

For footnotes see Page 33.
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Essentially no hazard, since neutral of system voltage triangle
is not normally run with this system.

* Tabu_lated values are estimates based on lire-to-line fault cal-
culations for 208-, 480- and 600-volt systems.



Difficulty of locating the first ground fault.

Disadvantages in Relation to:

Probability of sustained arcing for line-to-ground fault on
single-phase circuit extension (no escalation).

Generally not difficult. Fault is usually self-isolating via phase
overcurrent device operation, but ground fault relaying may
be advisable to isolate very low-level faults on high current
circuits. Noise, smoke, and flash during fault aid in pinpointing
fault site.

240-volt systems—small probability.*
480-, 600-volt systems—high probability; in the order of 1.0.

Safety hazard, for ground faults in directly connected control
circuits using line-to-line rated voltage contactor coils.

Situation depends on how control is wired with respect to the
“‘high” leg. In worst case approximately 87 percent of line-to-
line voltage could appear on the contactor coil, causing a motor
start. In other cases an accidental ground may create a hazard
to personnel by causing a momentary short-circuit through
the “start” button when it is pressed, or by preventing a run-
ning motor from being shut down by the “stop” button or by
a safety contact.

Effect of delayed removal of line-to-ground fault on system
(no escalation).

Continuing low-level arcing fault to ground may result in
equipment burndown and delayed restoration of service.

Flash hazard to personnel arising from accidental line-to-
ground fault (no escalation).

Serious flash hazard for accidental ground on any phase.

Cost of system maintenance.

Somewhat above that for the solid neutral grounding method,
because of 50 percent higher insulation stress on one phase.
Ground faults are easily located.

Typical Area of Application

The mid-phase method of system
grounding is infrequently used in in-
dustrial systems. Its application has
been made largely in systems made up of

* Not to be construed as being dependably
self-extinguishing.

banks of single-phase transformers with a
mid-tap available.

General Remarks

For new systems the mid-phase ground-
ing method offers no special advantages,

since the solidly grounded neutral system
provides the same and additional benefits
at the same or less cost.

This method of grounding requires
positive identification of the ‘“‘hottest”
phase throughout the system.
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Characteristic Features:

Definition

THE LOW-REACTANCE GROUNDED NEUTRAL SYSTEM

The low-reactance grounded neutral system is one in which a
low-value reactor has been inserted in the neutral connection
to ground to limit the current under ground-fault conditions
to a value not less than 25 percent nor more than 100 percent
of the three-phase bolted fault value.

Circuit schematic and Thevenin line-to-
ground equivalent circuit diagram.

j

3 ¢
3

Circuit

Xr+Xsg

EL-N

aasa sl Xn

Thevenin Equivalent

Suitable for serving load circuits of the type indicated.

Two-wire, single-phase.
Three-wire, three-phase.
Four-wire, three-phase.*

Grounding equipment required for this method of grounding@.

Neutral reactor is required.

First cost, relative to a solidly grounded neutral system with
phase relaying only.

Higher, because of neutral reactor.

Current for bolted line-to-ground fault, in percent of bolted
three-phase rms fault current, for terminal fault at supply point.

System is designed to produce current in the range 25-100 per-
cent of three-phase value.

Probable level® of sustained single-phase line-to-line arcing
fault current, in percent of three-phase bolted fault value.

For footnotes see Page 33.
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Value is function of system voltage as well as of arc and re-
strike voltage values. For particular conditions, calculated
values are:

System Fault Current, Arc Restrike
Volts Percent® Vots Volis
208 2 275 275
480 74 275 375
600 85 275 375

* Only in exceptional cases, where ground fault current =<100
percent of three-phase bolted fault value and Xn< < Xo, where
Xo =total system zero sequence reactance.



Probability of sustained arcing for line-to-line fault on single-
phase circuit extension (no escalation to three-phase fault).

208-volt systems—small probability, but sustained arcing can
occur.,

480-, 600-volt systems—high probability; in the order of 1.0.

Rms current® for sustained single-phase line-to-ground arcing
fault, in percent of bolted line-to-ground fault values.

Based on 140 volt arc and 375 volt restrike voltages—

208 V—*
480 V—*
600 V—*

Shock hazard, phase-to-ground, for
(a) No ground fault
(b) Ground fault on phase conductor.

Advantages in Relation to:

Control of transient and steady-state overvoltages from
neutral to ground.

(a) Phase-to-neutral voltage from each phase to ground.

(b) Varies; maximum would be approximately line-to-line
voltage on two phases.

The low-reactance grounded neutral system effectively con-
trols to safe levels the overvoltages generated in the power
system Dby resonant capacitive-inductive circuits, static
charges, and restriking ground faults. It may not control over-
voltages arising from physical contact with certain higher
voltage systems.

Automatic tripping by phase and/or ground overcurrent de-
vices for the first ground fault.

System is designed to provide automatic tripping by ground
overcurrent devices for the first ground fault. The phase over-
current devices may also operate, depending on their ratings,
relative to the reactance-limited fault current. To many power
system operators, fast tripping on ground faults, which limits
fault damage and prevents equipment burndown, is advan-
tageous to system service reliability.

Ease of discrimination between an arcing line-to-line or line-to-
ground fault and normal system load current.

Usual levels of arcing faults will cause tripping of phase de-
vices. Use of zero-sequence type relaying will permit prompt
discrimination between low-level ground faults and normal
load currents. Line-to-line arcing faults usually involve ground
quickly. Thus ground relays minimize the possibility of arcing-
fault burndown.

Safety hazard, for ground faults in directly connected control
circuits using line-to-line rated voltage contactor coils.

Less than line-to-neutral voltage appears on contactor coil.
Motor start is not likely.

Difficulty of locating the first line-to-ground fault.

Generally not difficult. Fault is usually self-isolating via phase
overcurrent device operation, but ground fault relaying is
recommended to isolate low level faults on high current cir-
cuits. Noise, smoke, and flash during fault aid in pinpointing
the fault site.

Cost of system maintenance.

For footnotes see Page 33.

Probably somewhat higher than for solid neutral grounding,
because insulation may be subjected to higher than normal
voltage stresses for certain fault conditions.

* Calculations not completed.
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Disadvantages in Relation to:

Probability of sustained arcing for line-to-ground fault on
single-phase circuit extension (no escalation).

208-volt systems—small probability.*
480-, 600-volt systems—high probability; in the order of 1.0.

Probability of escalation of single-phase arcing line-to-ground
fault, into line-to-line or three-phase arcing fault (in bare bus
system).

High probability, in the order of 1.0, particularly for 480- and
600-volt systems.

Shock hazard, phase-to-ground, resulting from fault-path con-
tact with a higher voltage system.

May be as high as normal line-to-neutral voltage, approxi-
mately, on the higher voltage system.

Safety hazard, for ground faults in directly connected control
circuits using line-to-line rated voltage contactor coils.

Pushing “‘start” button with ground fault in control circuit
may permit line-to-ground fault current to flow through push
button, causing momentary personnel hazard until the pro-
tective device operates.

A motor already running may not drop out when the “stop”
button is pressed, or protective contacts on energized equip-
ment may be bypassed by an accidental ground, preventing
equipment shutdown if safety limits are exceeded.

Effect of delayed removal of line-to-ground fault on system
(no escalation).

Continuing presence of ground fault may result in equipment
burndown and delayed restoration of service.

Flash hazard to personnel, arising from accidental line-to-
ground fault (no escalation).

Severe flash hazard for ground fault on any phase.

Typical Area of Application

The low-reactance method of system
grounding is not very often used. It is
basically designed for systems where the
limited mechanical or electrical capability
of equipment requires reducing ground-
fault current. In particular it is applied
to local generators at 600 volts or less to
limit the ground fault current contribu-

tion of the generator to a value no
greater than the bolted three-phase fault-
contribution value.

General Remarks

To avoid transient overvoltages the
low reactance neutral grounding method
must not reduce ground fault current
below 25 percent of the three-phase fault
value. This is generally higher than the

*Not to be construed as being dependably self-extinguishing.
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minimum fault current desired in a re-
sistance grounded system and reactance
grounding is therefore not usually con-
sidered an alternative to resistance
grounding.

This type of system grounding may
interfere with normal four-wire system
operation if the ground fault current is
limited to a value much below 100 percent
of three-phase fault current.



(DOn a line-to-neutral basis, Xt =reactance of source generator
or transformer, Xg=low voltage distribution system reactance,
Xn=reactance of grounding reactor, and Ry=resistance of
grounding resistor. Xco=system line-to-ground capacitive re-
actance, including surge capacitors, if present.

@]In the application of solid dielectric insulated wire and cable in
electrical power systems the requirements for thermo-plastic
conductor insulations are given in IPCEA (Insulated Power
Cable Engineers Association) Standards publication No. S-61-
402 (Second Edition), which is also identified as NEMA Stan-
dards publication No. WC-5-1968. A section of Part 3 of this
Standard discusses cable insulation thicknesses as follows.

“The selection of the cable insulation level to be used in a
particular installation shall be made on the basis of the appli-
cable phase to phase voltage and the general system category
as outlined below:

100 Percent Level—Cables in this category may be applied
where the system is provided with relay protection such that
ground faults will be cleared as rapidly as possible, but in
any case within 1 minute. While these cables are applicable
to the great majority of cable installations which are on
grounded systems, they may be used also on other systems
for which the application of cables is acceptable provided the
above clearing requirements are met in completely de-ener-
gizing the faulted section.

133 Percent Level—This insulation level corresponds to
that formerly designated for ungrounded systems. Cables in
this category may be applied in situations where the clearing
time requirements of the 100 percent level category cannot
be met, and yet there is adequate assurance that the faulted
section will be de-energized in a time not exceeding 1 hour.
Also they may be used when additional insulation strength
over the 100 percent level category is desirable.

173 Percent Level—Cables in this category should be ap-
plied on systems where the time required to de-energize a
grounded section is indefinite. Their use is recommended also
for resonant grounded systems. Consult the manufacturer
for insulation thicknesses.”

The foregoing material indicates that when the time required
to de-energize a grounded section of a power system is indefi-
nite, the use of a 173 percent level of thermoplastic conductor
insulation is required by the IPCEA-NEMA Standard. High-
resistance neutral grounded low-voltage systems, on which sys-
tem ground faults may be permitted to exist for periods in
excess of one hour, would be included in the ‘173 percent”
category of the Standard; so also would ungrounded and
resonant grounded systems.

Since the insulation requirements for solidly grounded neutral
systems are fulfilled by a 100 percent insulation level, it is ap-
parent that equipment and circuit conductor costs may be
higher when ungrounded or high resistance neutral grounded
systems are used and ground faults are unremoved for more
than an hour. Furthermore, in these instances the user of high-
resistance and ungrounded systems may find that wire and

FOOTNOTES

cable warranties are dependent on the use of 173 percent in-
sulation levels for equipment and circuits.

With regard to systems operating at 600 volts and less, it
may be observed that the National Electrical Code has a single
insulation wall thickness for all 600-volt thermoplastic insula-
tion applications and the NEC thickness is essentially the same
as the IPCEA-NEMA Standard 100 percent level.

(®These values are of interest to establish minimum sensitivity

requirements for relaying. Even greater sensitivities are desir-
able to account for situations where the current is suppressed
to lower values. The percentage figures in the tables are the
calculated theoretical values for the system, arc and restrike
voltages indicated. Actual fault current values may be greater
or less than those calculated, because of differences in driving
voltage, arc voltage and/or restrike voltage, and because of the
influence of physical factors not included in the theoretical
calculations.

@®The low current value at 208 volts results from the relatively

high arc voltage and restrike voltage used in the calculation.
Experimental data and field reports indicate that arcing faults
of much higher current value may be produced in 208-volt sys-
tems. The use of lower arc and restrike voltage values in the
calculation would increase the calculated 208-volt current value.

(®AIl grounded systems require a grounding electrode and ground-

ing electrode conductor as basic equipment for grounding the
system.

(®A “‘delta” system is one in which the neutral is not available.

New systems should use wye-connected source, with the neutral
brought out.

(DWhile low-resistance and reactance-grounded systems may

meet most of the NEC 250-51 requirements for “Effective
Grounding”, they do not provide the limitation of voltage from
phase-to-ground and from grounded conductor (neutral) to
ground which are commonly expected of ‘‘grounded” systems.
Therefore such impedance-grounded systems have not been in-
dicated as suitable for serving single-phase load circuits with
one-side grounded or four-wire, three-phase circuits.

(®Use of recommended practices in the primary and secondary

systems, such as 400 amp grounding at 13.8 kV and 1000 amp
or higher at 600 volts and below, will avoid excessive over-
voltage in the secondary system when physical contact with
the primary system occurs. In such cases the secondary phase-
to-ground voltages will not exceed those present during a line-
to-ground fault in the secondary system. A high voltage-low
voltage crossover will result in dangerous overvoltage on the
low-voltage system if the high-voltage system is solidly grounded.
13.8 kV utility systems are frequently solidly grounded, and all
higher voltage systems are almost always solidly grounded.

(® The zero value at 208 volts results from the high restrike volt-

age used in the calculation. The use of a considerably lower re-
strike voltage would permit the calculation of a non-zero rms
current value,
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PRINCIPAL METHODS OF LOW-
VOLTAGE SYSTEM GROUNDING

The preceding material makes no
recommendations for the application of
specific system grounding methods, be-
cause this is dependent upon the par-
ticular system involved. As the intro-
ductory comments indicate, the ‘‘sales
and/or application engineer is best
qualified to consult with the customer and
advise him on the choice of grounding
method for his specific conditions and
objectives.”

From a practical viewpoint, however,
it should be recognized that two methods
of system grounding — the solidly
grounded neutral and the high-resistance
grounded neutral (with or without tracing
pulse) methods—are those which are
most frequently applied. Very often, the
choice of a method of grounding comes
down to a selection between these two
methods. For that reason, it is appro-
priate to re-emphasize certain ideas and
provide additional information regarding
these particular grounding techniques, to
aid in the selection process. Furthermore,
the table on page 38 provides a useful
quick reference for comparing the main
features of these two grounding methods
with one another and with the un-
grounded system.

SOLIDLY GROUNDED NEUTRAL
SYSTEM

This system has the neutral point
directly grounded through an adequate
ground connection in which no impedance
has been inserted intentionally. By proper
selection and setting of its circuit pro-
tective devices, the solidly grounded
neutral system is intended to provide
automatic disconnection of faulty cir-
cuits on the occurrence of line-to-ground
or line-to-line faults. Most often, in con-
ventional practice, this automatic segre-
gation of defective circuits is provided by
the phase overcurrent devices. More and
more, however, it is being recognized that
this type of system may justify supple-
mentary ground fault relaying to detect
and remove low-level arcing faults to
ground which, if unremoved, could
cause extensive burndown of equipment.
No instances are known of such burn-
downs having occurred on solidly ground-
ed neutral systems equipped with sensi-
tive ground fault relaying.
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An important feature of the solidly
grounded neutral system is that it has
essentially zero shock hazard on the
neutral conductor during a line-to-
ground fault, and is thus satisfactory for
serving four-wire three-phase distribu-
tion systems with line-to-neutral con-
nected loads.

Application Area

The solidly grounded neutral system
has been applied most satisfactorily in
general industrial and commercial power
distribution systems (including those
serving ‘‘critical” loads) where one or
more of the following characteristics
prevail:

1. Four-wire three-phase power serv-

ice is required.

2. Automatic tripping for isolation
and removal of ground faults is de-
sirable and acceptable.

3. Maximum possible system insula-
tion life is to be secured through
effective control of transient and
steady-state overvoltages.

4. Competent operating and main-
tenance personnel are not con-
tinuously available for tracing
ground faults and scheduling their
removal from the system with
minimum deliberate delay.

5. There is an unusual possibility of
a high voltage-low voltage cross-
over.

Requirements for Securing
Maximum Benefits

To secure the maximum in benefits
from the use of a solidly grounded
neutral system, the following items are
essential:

1. Proper equipment grounding con-
ductors installed to insure adequate
ground fault current for tripping.

2. Properly set and maintained phase
overcurrent protective devices.

3. Properly set and maintained ground
fault protective devices where this
requirement is not served by the
phase devices.

4. Observance of the limitations of
single-pole interrupters. (See GER-
2253, “Application Limitations of
Single-pole Interrupters in Poly-
phase Industrial and Commercial
Building Power Systems,” R. H.
Kaufmann.)

The observance of the limitations of
single-pole interrupters is necessary to
prevent an undesirable reduction in fault
current level during arcing line-to-ground
or line-to-line fault conditions. Prevent-
ing such a reduction helps to assure

prompt removal of these faults by
ground- or phase-overcurrent protective
devices.

HIGH - RESISTANCE GROUNDED
NEUTRAL SYSTEM

The neutral point of this system is
connected to ground through an im-
pedance, the principal element of which
is resistance. Although an official defi-
nition is lacking, it is to be understood
here that ‘“high resistance grounding”
implies the use of a neutral resistor
which limits the resistor current during
a bolted line-to-ground fault to not less
than (3I,), the total system charging
current (3ELn/X,,). Furthermore, in a
well-designed high-resistance grounded
system the resistor current under ground
fault conditions will not be greatly in
excess of the total system capacitive
charging current to ground with the
result that the total maximum current in
a solid fault to ground will be approxi-
mately /2 times the neutral resistor
current. Only very rarely, on systems
having a great many surge capacitors,
will the total ground fault current ex-
ceed 5 amperes when the neutral re-
sistor is chosen as indicated; in general,
the total fault current will be less than
one ampere.

The high resistance grounded system
generally is designed so that automatic
segregation of the faulty circuit does not
take place on the occurrence of the first
ground fault. Thus when a ground fault
occurs there is no immediate interrup-
tion of service, and loads on the faulty
circuit are continued in operation. This
is often a desirable operating character-
istic for certain critical loads to permit
an orderly shutdown and/or to avoid the
severe financial penalty arising from loss
of production or from contingent equip-
ment damage following an unscheduled
outage. It is imperative to get the first
ground fault removed from high-resist-
ance grounded systems as quickly as
possible, however, because while the
initial ground fault remains on, the
occurrence of another ground fault will
result in flash hazard to personnel and
possibly in the shutdown of two circuits,
instead of only one. Thus,.the continued
presence of a ground fault constitutes a
substantial peril both to personnel and
to system service continuity. Further-
more, in equipment with multi-turn



coils turn-to-turn failure may follow,
with possibly greater resultant damage
than if the system were soldily grounded.

For the foregoing reasons any pur-
chaser choosing a high-resistance
grounded system should be alerted to the
need for ground fault detection and
alarm equipment, continuously available
equipment and personnel for tracing and
locating ground faults with the system
energized, and operating instructions that
require the removal of such faults with
all the urgency that conditions permit.

Furthermore, the user should be aware
of the requirements of the IPCEA-NEMA
Standard for thermoplastic insulated con-
ductors, as discussed in footnote & on
page 33.

Application Area

The high-resistance grounded neutral
system has been applied with the most
favorable results in industrial systems—
particularly in the process-type indus-
tries—where one or more of the follow-
ing characteristics are prevalent:

1. Automatic tripping on the first
ground fault is not desirable or
acceptable.

2. The minimizing of ground-fault
flash hazard for personnel is an
objective.

3. A substantial reduction in the risk
of equipment burndown arising
from ground faults is desired.

4. Competent operating and main-
tenance personnel are available for
promptly tracing ground faults and
scheduling their removal with min-
imum deliberate delay.

5. 4-wire 3-phase service is not re-
quired.

6. Control of system transient over-
voltages is required, but the avoid-
ance of certain possible steady-
state overvoltage conditions is of
secondary importance to avoiding
automatic tripping on the first
ground fault.

Requirements for Securing
Maximum Benefits

The attainment of maximum benefits
from the use of the high-resistance
grounded neutral system is dependent on
the following:

1. The selection of a grounding re-
sistor to provide a resistor ground-
fault current only slightly greater
than the line-to-ground system
charging current (3Epn/Xo)-

This means the total ground fault
current will be approximately 1/2
times the system charging current.
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2. The application of procedures and
fault-tracing equipment for quick
detection, location, and removal of
ground faults.*

3. The proper setting and maintenance
of phase-overcurrent devices.

4. Consideration of the use of ground
overcurrent protective devices for
backup protection.

5. The installation of proper equip-
ment grounding conductors.

6. The observance of the limitations of
single-pole interrupters. (See GER-
2253, “Application Limitations of
Single-pole Interrupters in Poly-
phase Industrial and Commercial
Building Power Systems,” R. H.
Kaufmann.)

The limitations of single-pole inter-
rupters should be observed to avoid a
reduction in fault current level during
line-to-line fault conditions and during
the - existence of sequential-occurrence
line-to-ground faults at different loca-
tions. This procedure facilitates the
prompt removal of such faults by
ground- or phase-overcurrent protective
devices acting upon three-phase inter-
rupters.

Evaluation of These Alternative
Grounding Methods

There are many possible criteria
against which to measure the suitability
of a particular method of system ground-
ing. While nontechnical factors, such as
the need to minimize the disorderly shut-
down of certain critical loads, may be
the predominant influence in the choice
of a grounding method, it is appropriate
to weigh other factors in the process of
making a decision. Among these other
factors the following are particularly im-
portant:

1. Control of Overvoltages.
The sources of overvoltage which
may occur on a power distribution
system are many. Inasmuch as the
method of system grounding may
be effective in relieving such over-
voltages, the most significant are
(see Industrial Power Systems
Data Book, Section .22):

A. Physical contact with a higher
voltage system.

B. Resonance in series inductive-
capacitive circuits.

C. Repetitive restrike (intermittent
ground faults).

D. Autotransformer connections.

*See GER-2375 “High-resistance Ground-
ing of ... delta systems with ground-fault
alarm and traceable signal to fault,” F. K.
Fox, H. J. Grotts, C. H. Tipton.

The solidly grounded neutral sys-
tem effectively controls to safe
levels the overvoltages which tend
to be impressed on or self-generated
in the power system by the above
situations. The high-resistance
grounded system, on the other
hand, is able to effectively control
to acceptable levels only the over-
voltages in categories B. and C.
above. Overvoltages arising from
physical contact with higher volt-
age systems, from faults in systems
interconnected with an ungrounded
autotransformer, or from auto-
transformer extended winding fail-
ures, are not satisfactorily con-
trolled by the high-resistance
grounded system.

Shock Hazard.

Serious, perhaps lethal, electrical
shock caused by accidental contact
with energized phase conductors is
a hazard common to almost all
power distribution systems,
grounded as well as ungrounded.
Since the human body presents a
relatively high impedance fault-to-
ground, only extremely sensitive
ground fault detection, coupled
with very rapid fault isolation and
near-perfect dependability, can
significantly improve the present
incidence of injuries or deaths at-
tributable to such contacts. Un-
fortunately, detector-interrupter
combinations of the required sen-
sitivity and speed are presently
applicable only in the smallest of
power systems—as in residential
or pool-side service—and are not
currently practical in industrial and
commercial power systems. Thus
avoidance of injury or death from
shock in these systems is essen-
tially a matter of avoiding working
on energized equipment, the observ-
ance of safe work habits, the
proper maintenance and repair of
equipment, and the installation of
an adequate grounding network.
Despite these measures, however,
accidental contact with energized
conductors or with the frames or
enclosures of faulted equipment or
circuits improperly grounded will
continue to occur. For these rea-
sons, comment on the difference
between solidly grounded neutral
and high-resistance grounded neu-
tral systems under such conditions
is appropriate.

In the absence of a circuit fault to
ground, the solidly grounded neu-
tral and the  high-resistance
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grounded neutral systems both
present direct-contact shock
hazard; line-to-neutral voltage
exists from each phase to ground,
and the neutral point is at essen-
tially ground (zero) potential.

In the presence of a solid line-to-
ground fault, normal line-to-neutral
voltage continues to be present on
two of the three-phase conductors to
ground in the solidly grounded sys-
tem, while in the high-resistance
grounded system essentially normal
line-to-line voltage appears on two
of the phase conductors (to ground)
for the duration of the fault, thus
increasing the shock potential on
these phases. Of greater importance,
however, is the fact that the
neutral conductor of the solidly
grounded neutral system remains
at essentially ground potential
during the line-to-ground fault in-
terval, while in the resistance-
grounded system the neutral point
assumes a potential above ground
approximately equal to the value
of the normal line-to-neutral volt-
age. Stated another way, the
ground fault current flow in the
neutral resistor elevates the neutral
point above ground potential by
about the normal line-to-neutral
voltage value. It is essentially for
this reason that the resistance-
grounded system is not satisfactory
for general four-wire power distribu-
tion, since the neutral conductor
during line-to-ground faults would
be energized to about normal line-
to-neutral voltage. On four-wire
systems, line-to-neutral connected
loads are served by single-pole
interrupters, the disconnection of
which in a resistance grounded
system would not prevent the ap-
pearance of hazardous shock po-
tential between the “white”’ wire
and ground during line-to-ground
faults. Thus the safety of elec-
tricians working on supposedly de-
energized circuits would be jeopar-
dized during line-to-ground faults
in four-wire systems served from
resistance-grounded sources, unless
two-pole interrupters were used to
serve the line-to-neutral connected
loads. This, however, would be a
costly change from present prac-
tices and requirements.

In the presence of an adequate
equipment grounding network, the
shock potential presented by the
frame of an equipment or device
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having an internal line-to-ground
fault is less in the high-resistance
grounded system than in the
solidly grounded neutral system.
In either case, however, the shock
potential is low. Under the same
fault conditions, but in the absence
of an adequate equipment ground-
ing network, no difference in shock
hazard exists between the two
systems described.

Flash Hazard.

Whenever a phase-to-phase or
phase-to-ground fault takes the
form of a flashover through air (an
arcing fault) the release of energy
in the fault may cause the violent
generation of hot gases and arc
plasma, accompanied by incan-
descent metallic vapors. The site
of the fault, when a relatively high
fault current flows-—say, a thousand
amperes or more—becomes a flam-
ing eruption with considerable
blasting and burning effect. Such
a fiery explosion represents an ex-
treme peril to persons working at
or near the fault location, and may
realistically be referred to as a
flash hazard.

In the solidly grounded neutral sys-
tem it is possible for several thou-
sand amperes to flow during a line-
to-ground arcing fault. Obviously,
the flash hazard associated with
such a fault would be severe. With
high current flow in the arc there
is a strong probability that in-
stantaneous overcurrent protective
devices will promptly remove the
fault. If the arcing fault current
occurs at reduced levels the flash
hazard, though still serious, will be
correspondingly reduced in severity.
Under these restricted flow condi-
tions supplementary ground fault
relaying may be required to detect
and extinguish the fault, at least
on the larger circuits.

The extent of the flash hazard in
solidly grounded neutral systems
clearly is of sufficient degree, at its
best, to make it a safety require-
ment that equipment and circuits
be worked upon only when de-
energized, thus eliminating the
risk of fault initiation. The voltage
hazard always present in energized
systems also imposes this same
requirement,

The high-resistance grounded sys-
tem is not free from flash hazard
and warrants similar rules regard-

ing working on energized equip-
ment. The flash hazard in this
type system on the occurrence of a
first ground fault, however, is min-
imal, provided escalation does not
occur. The restriction in current
flow is so great that limited energy
is released in the arc. Also, the arc
itself is difficult to sustain. Little
flash and spark are produced and
the tendency, at the point of con-
tact between conductor and ground,
is for the arc to extinguish or for a
slight “tack” welding action to be
produced.

The serious flash hazard situation
in high-resistance grounded sys-
tems occurs when a line-to-ground
fault escalates into a line-to-line
fault, or when the fault occurs as a
line-to-line or double line-to-ground
fault. The latter two events may be
brought about, respectively,
through an electrician’s error or
from the occurrence of a second
ground fault on the system. The
flash hazard from a line-to-line
fault is a danger associated with
the solidly grounded neutral sys-
tem also, but the occurrence of a
double line-to-ground fault is a
peril associated largely with the
high-resistance grounded system.
In a line-to-line arcing fault on a
high-resistance grounded system
the flash hazard may be as great as
for a line-to-ground fault on a
solidly grounded neutral system.
Thus the resistance grounded sys-
tem is not secure from very serious
flash hazard. This is one reason that
application of this type of system
grounding should be bolstered by
ground-fault indicating and tracing
equipment, and by the requirement
that ground faults be removed as
promptly as operations permit.
Detection of Arcing Faults.

The need for rapid detection and
removal of arcing faults in low-
voltage systems has been well
covered in the technical literature
in the past few years. Funda-
mentally, the objective is to con-
trol arc burning damage to an ac-
ceptable degree and avoid or min-
imize equipment burndowns. The
use of sensitive zero-sequence type
relaying may permit prompt detec-
tion and subsequent removal of
arcing faults, especially in the
solidly grounded neutral system.
This kind of system commonly in-
cludes ground itself in the fault



circuit, even though the fault may
be initiated line-to-line. With sen-
sitive ground fault relays, even
low-level arcing faults may be
quickly detected and removed be-
fore extensive damage is incurred
at the fault site. Thus the solidly
grounded neutral system provides
an effective basis for protection
against destructive arcing fault
burndowns.

In the high-resistance grounded
system little if any threat of burn-
down is presented by a single fault
to ground, provided it is not left on
for prolonged periods. Line-to-line
arcing faults, however, will cause
severe equipment damage if not
removed within a few cycles. When
the arcing fault current is relatively
high, the conventional phase over-
current devices will function to
detect and remove the faults. Under
certain conditions, however, the
rms current value associated with
an arcing line-to-line fault may be
so low as not to operate conven-
tional phase overcurrent devices,
or to operate them only after a
prolonged interval; then burndown
may occur. This is possible, for
instance, when single-pole inter-
rupter operation has only par-
tially disconnected the faulty cir-
cuit, when a double line-to-ground
fault on separate circuits intro-
duces substantial impedance into
the fault circuit or when the arc
resistance lowers the current. In
the double line-to-ground fault
case sensitive ground fault relays
can detect and remove one or both
faults provided they are on dif-
ferent circuits. If the low level
arcing fault involves only one cir-
cuit, however, on either a line-to-
line or double line-to-ground basis,
ground fault relaying will be in-
effective and burndown can occur
unless the fault current level in-
creases sufficiently to operate the
phase overcurrent devices. Such
escalation is not certain and thus,
in contrast to the solidly grounded
neutral system, the high-resistance
grounded system does not provide
a simple, economical means to
assure detection and removal of
low-level arcing faults regardless of
where they occur. Also, the high-
resistance grounded system does
not offer as good rotating machine
protection as solid grounding with
ground fault relaying, since ground
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faults are not quickly detected and
removed, and may burn into turn-
to-turn faults creating greater
damage to the machine. This com-
promise in rotating machine pro-
tection is inbuilt in the “non-
interruptible” design concept of
high resistance neutral grounding.

Summary Remarks

There is, obviously, no single method
of system grounding which will prove to
be most satisfactory in all possible situa-
tions. Each application problem must be
resolved on the basis of its individual
requirements and constraints, leading
usually to a compromise choice in which
something is gained at the expense of
something else. The solidly grounded
neutral system with ground fault relay-
ing will provide acceptable performance.
In other instances, the high-resistance
grounded neutral system with tracing
pulse may have user preference. For
each of these system grounding methods
the typical application areas are sug-
gested in preceding paragraphs, while
concluding statements may be made as
follows:

Solid Neutral Grounding

The solidly grounded neutral system
provides transient overvoltage control
and a means for automatic easy detec-
tion and selective isolation of system
faults, as well as the possibility of good
rotating machine protection. To secure
greater benefits from its use, however,
and to improve personnel safety and
system service reliability, this type of
system grounding may require the use of
supplementary ground fault relaying.

In the solidly grounded neutral system
arcing line-to-ground faults can produce
violent local eruption which could result
in personnel injuries and severe damage
to equipment if not quickly removed.
Most line-to-line faults, however, will
promptly involve ground and will be
removed without significant delay by
phase overcurrent devices or supple-
mentary ground fault relays. This method
of system grounding is the one most
widely used at present in industrial and
commercial power distribution, and is
required on four-wire systems.

High-resistance Neuviral Grounding
High-resistance neutral grounding has
frequently been applied in process and

similar industries in the belief that de-
layed tripping of a faulted critical process
circuit will improve over-all service con-
tinuity by permitting an orderly shut-
down under ground fault conditions.
The basic objective is to secure control
of the self-generated system transient
overvoltages while minimizing the pos-
sibility of having a service interruption
arising from a first ground fault. Since
the prolonged existence of a ground fault
increases the probability of a second
ground fault shutting down two circuits
simultaneously, it is advisable to com-
plement this grounding method with
ground detection and alarm devices and
fault-tracing equipment, to help in se-
curing maximum benefits from this
-type of grounding.

Rapid removal of the initial ground
fault by system operators may also in-
fluence the selection of conductor thermo-
plastic insulation thicknesses, as indi-
cated in footnote @ on page 33.

High resistance neutral grounding, on
a first ground fault, avoids the arc blast
and minimizes the fault damage associ-
ated with arcing line-to-ground faults.
Such faults, however, may escalate into
line-to-line faults or, if unremoved, may
be compounded by a similar fault on
another phase, with subsequent arc
damage quite like that with a solidly
grounded neutral system. Furthermore,
unremoved ground faults continue to
produce some damage at the fault point
and may eventually escalate to more
serious character. On equipment with
multi-turn coils, such as motors, such
unremoved faults may cause eventual
turn-to-turn failures and consequent se-
vere damage (turn-to-turn currents are
not limited by the grounding resistor).

This method of neutral grounding is not
satisfactory for general four-wire service,
since the elevation in voltage of the
neutral conductor during any line-to-
ground fault may result in a severe shock
hazard to personnel. To minimize this
would require the use of two-pole inter-
rupters on single-phase circuits. Even
then, there might be other problems in
the safe use of portable tools or appli-
ances. The high resistance method of
system grounding is, however, gaining
increased acceptance on three-wire sys-
tems with plant operators in process and
other industries who are desirous of
securing control of transient overvoltage
while avoiding a disorderly shutdown of
electrical equipment and/or the presence
of a severe flash hazard on the occur-
rence of a first ground fault.
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PRINCIPAL CHARACTERISTICS OF MAJOR METHODS OF GROUNDING

LOW-VOLTAGE SYSTEMS
PRINCIPAL CHARACTERISTICS OF MAJOR METHODS OF GROUNDING LOW-VOLTAGE SYSTEMS

Type of System Grounding

System Property

So}!id High Re*s;stance Ungrounded
Immediate Shutdown of Faulty Yes No No
Circuit on Occurrence of First
Ground Fault
Control of Transient Overvolt- Yes Yes No
ages Due to Arcing Ground
Faults
Control of Impressed or Self- Yes No No
generated Steady-state Over-
voltages
Flash Hazard to Personnel Dur- Severe Essentially zero Essentially zero

ing Ground Fault (No Escala-
tion of Fault)

Arcing Fault Damage to Equip- | May be severe unless | Usually minor unless fault Usually minor but transient over-
ment During Ground Fault (No | fault is promptly re- | removal is so prolonged as voltages may cause fault esca-
Escalation) moved to cause fault escalation lation or multiple insulation fail-
ures

Shock Hazard, Unfaulted | Line-to-neutral voltage | Approximately line-to-line May be several times line-to-
Phases to Ground, During voltage neutral voltage
Ground Fault

Shock  Hazard, Equipment Moderate Minimum Small
Frame to Ground During Solid
Internal Line-to-Ground Fault

Detection of Arcing Faults L-L or L-G arcing faults | Ground detectors and fault | Ground detectors and fault lo-
readily defected, esp. | locating equipment required | cating equipment required for
with ground fault relay- | for L-G arcing faults. L-L | L-G arcing faults. Transient over-
ing faults readily detected by | voltages may meanwhile cause
phase overcurrent devices | additional insulation break-
unless fault current is se- | downs. L-L faults readily de-
verely limited tected by phase overcurrent de-
vices unless fault current is se-
verely limited

Suvitable for Four-wire, Three- Yes No No
phase Service

* For optimum results, use of solid grounding method should include sensitive ground fault relaying.

**For optimum results, use of high resistance grounding method should include equipment and procedures for alarming, tracing and
removing the ground fault promptly.
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