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Abstract— Downed conductors, tree branches touching con-
ductors, and failing insulators often cause high-impedance faults
in overhead distribution systems. The fault currents of these
faults are much smaller than detection thresholds of traditional
ground fault detection devices, so reliable detection of these high-
impedance faults is challenging. Although fault currents can be
much smaller in ungrounded systems than fault currents in mul-
tigrounded systems given similar fault conditions, fault detection
for ungrounded systems is nevertheless easier. This paper con-
trasts the differences between high-impedance fault detections
for ungrounded and multigrounded systems. The paper explains
fault detection of ungrounded distribution systems and the issue
of fault detection sensitivity. The paper also introduces a recent
advance in faulted phase selection on these ungrounded systems
and demonstrates this advance through a staged fault test exam-
ple from a utility.

[. INTRODUCTION

High-impedance faults (HIF) are short-circuit faults with
fault currents smaller than what a traditional overcurrent pro-
tective relay can detect. HIFs are the main concern for me-
dium-voltage overhead distribution systems with voltage lev-
els less than 35 kV. On power transmission systems where
voltage levels are 64 kV and greater, the systems are com-
monly grounded and a ground fault normally generates large
enough currents to operate protection devices even if large
fault impedance is involved.

The main causes of HIFs are tree branches touching a
phase conductor, failing or dirty insulators that cause flash-
overs between a phase conductor and the ground or downed
conductors. Almost all HIFs involve the ground directly or
indirectly.

Staged downed-conductor fault tests in North America in-
dicate that downed-conductor HIFs generate quite small fault
currents. For ungrounded systems, fault current magnitude
depends on the type of ground surfaces and system stray ca-
pacitance. The ground fault current of ungrounded systems is
normally in a range of milliamps to several amperes. The HIF
current of multigrounded systems depends highly on the sur-
face types upon which a conductor falls, and the fault current
varies from zero to less than 100 amperes.

Because of small fault currents, HIFs generally do not af-
fect distribution system operations. HIFs cause minor, local-
ized damage to utility equipment. Utilities incur only small
direct cost associated with repairing a damaged line. The cost
of improved HIF detection is highly unlikely to be justified by

a conventional cost/benefit analysis. The primary motivation
for detecting and clearing HIFs is to improve public safety.

System grounding methods heavily influence ground fault
detection [1]. Although the high-impedance ground fault cur-
rent of ungrounded systems can be much smaller than that of
multigrounded systems, the high-impedance fault detection of
ungrounded systems can be more reliable and deterministic
than the fault detection of grounded systems. In this paper, we
first review ground fault detection for ungrounded and multi-
grounded distribution systems. The review should help in pro-
viding an understanding of why different systems need dra-
matically different high-impedance fault detection techniques
and how these techniques affect fault detection reliability.

We then concentrate on high-impedance fault detection of
ungrounded systems. We review sensitive directional overcur-
rent protection and discuss ways to improve fault detection
sensitivities. We introduce a new faulted phase selection
method that works reliably under very high fault impedance.
Finally, we provide an example of staged fault tests from one
utility that demonstrates fault detection and faulted phase se-
lection results.

II. DETECTING HIGH-IMPEDANCE GROUND FAULTS OF
UNGROUNDED SYSTEMS VERSUS MULTIGROUNDED SYSTEMS

Because no intentional neutral groundings exist in un-
grounded systems; the ground fault current of such systems is
quite small. There is a misconception that it is more difficult
to detect high-impedance faults on ungrounded systems than
on multigrounded systems. This section compares the struc-
tures of ungrounded and multigrounded systems, introduces
general ground fault detection methodologies for each system,
and concludes that high-impedance fault detection for un-
grounded systems can be more deterministic and reliable than
for multigrounded systems.

Fig. 1 shows a typical ungrounded distribution feeder. This
feeder has the benefit of not having a neutral conductor run-
ning throughout the system. Fig. 1 shows phase-to-phase and
phase-to-ground distributed capacitances that primarily deter-
mine ground fault current magnitude and unbalance residual
current under normal system operations. All loads are con-
nected phase-to-phase, and the load unbalance induces no re-
sidual current. The normal residual unbalance in the system
results mainly from the uneven distribution of capacitance.
This so-called standing residual unbalance is normally quite
small.
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Fig. . Ungrounded power system

The large capacitive impedance of ungrounded systems
limits ground fault current and has virtually no effect on the
phase-to-neutral voltage of the faulted phase. The major well-
known benefits of ungrounded systems, such as low thermal
stress, better personnel safety, and more reliable load service,
come from this limited ground fault current. Fig. 2 shows the
phase-to-phase and phase-to-ground voltages for a ground
fault condition. The uncollapsed voltage triangle during a
ground fault means that the system can operate normally in the
presence of a single line-to-ground fault. Nevertheless, it is
desirable to detect the ground fault as quickly as possible be-
cause the increased voltage level on the unfaulted phases
makes it easy for the fault to evolve into a multiphase fault.

Because single line-to-ground faults make up approxi-
mately 80 percent of all faults on a power system, we can see
that power interruptions because of faults seldom occur. This
characteristic of ungrounded systems makes these systems
popular in industrial systems and some regions of the world.
On the other hand, limited ground fault current can cause dif-
ficulties with ground fault protection on these systems.

Ve = Vea Vea=-Vas

Fig. 2. Voltage triangle of a normal ungrounded system and one with a
ground fault

When relay current measurement sensitivity is low, tradi-
tional ground fault protection uses zero-sequence overvoltage.
However, because the voltage condition does not pinpoint
which feeder is faulted, the system operator has to manually
open each feeder on a bus sequentially to find the faulted
feeder. Modern microprocessor relays are more sensitive than
traditional electromechanical relays. The sensitive current
channels in modern microprocessor relays can measure a cur-

rent as small as several milliamps secondary. An available
sensitive directional overcurrent protection, which we discuss
in more detail in the next section, uses the fundamental fre-
quency component of the residual current and benefits from
the fact that phase-to-phase connected loads do not introduce
residual current and the standing residual current from system
stray capacitance is small. Microprocessor relays have satis-
factorily detected downed-conductor high-impedance faults on
such unfavorable ground surfaces as soil and concrete.
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Fig. 3. Multigrounded system

Fig. 3 shows a typical four-wire multigrounded distribution
feeder. The neutral wire is typically grounded at each distribu-
tion transformer point to eliminate potential rise on this wire.
Service loads can be more flexibly connected as either phase-
to-phase or phase-to-neutral. The system standing residual
current comes from load unbalance. When a solid-ground fault
occurs, residual current that relays measure at the substation
contains both load unbalance and fault current.

Grounded distribution systems are possibly unbalanced be-
cause a majority of the loads for these systems are of a single-
phase nature. Even worse, the amount of load unbalance is
dynamic and changes according to time of day and variations
in system operation conditions. As a consequence, utility en-
gineers must consider the worst system load unbalance when
they set pickup values for a ground relay. This worst load un-
balance, together with concerns about cold load pickup, trans-
former inrushes, and coordination with downstream ground
relays, makes ground relays unsuitable for high-impedance
fault protection. Many utilities have eliminated the use of all
ground relays because of unpredictable load unbalances. For
those utilities that do use ground relays, a survey [2] indicates
that engineers most often set the pickups of ground relays as a
percentage of phase relay pickups. The protection functions of
these ground relays for high-impedance faults are therefore
diminished.

To detect high-impedance faults combined with unbal-
anced loads, power system personnel routinely use current
components other than fundamental frequency to look for arc-
ing signatures normally involved with these faults. Many new
techniques, including expert systems, neural networks, wave-
let decomposition, and hypothesis testing, are in use. We
measure successes in detecting high-impedance faults through
use of some of these techniques in the statistical sense.



III. HIGH-IMPEDANCE FAULT PROTECTION
FOR UNGROUNDED SYSTEMS

Fig. 4 shows an ungrounded power system with a solid A-
phase-to-ground fault on Feeder 3. We can observe from the
figure that fault current (Ir) depends on line-to-ground capaci-
tance of the unfaulted power system phases. This dependency
highlights an important difference between a single line-to-
ground fault on a multigrounded system and a fault on an un-
grounded power system. In a multigrounded power system,
series impedance dictates the magnitude of the fault current. In
an ungrounded power system, however, shunt impedance dic-
tates the magnitude of the fault current.

Fig. 5 shows typical connections of instrument transform-
ers and a protective device for an ungrounded network.

Voltage instrument transformers consist of two types. The
first is an open delta voltage transformer that a particular
feeder uses for functions such as determining direction for
multiphase feeder faults and determining the active and reac-

tive power supplied to the load. The second type is a broken
delta transformer that supplies all protective feeders on the bus
with residual voltage to determine the direction of a ground
fault; maintenance staff can also use this voltage to alert them
to a ground fault on the power system. Another innovative
voltage transformer connection is available that uses one set of
voltage transformers to obtain both residual and phase volt-
ages and, at the same time, provides a loss-of-potential detec-
tion possibility [3].

The current instrument transformers can consist of two
types: the normal phase current transformers used by the tradi-
tional multiphase overcurrent relay and a toroidal current
transformer used by the ground fault detection logic. If a tor-
oidal current transformer is not available, system protection
can use the residual current from the phase current transform-
ers to measure the residual current in the feeder; however, this
measurement does not afford the protective device the same
sensitivity as measurement from a toroidal current trans-
former.
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Fig. 4. Anungrounded power system with an A-phase-to-ground fault on Feeder 3
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Fig. 5. Typical instrument transformer connections to a protective device for

an ungrounded power system

A. Identifying the Faulted Feeder

If we now go back and analyze the single line-to-ground
fault represented in Fig. 4, we would typically start with the
voltage profile of the system. Fig. 2 shows the prefault voltage
phasor diagram of the power system. Note we assume the sys-
tem has no standing unbalance; usually protection systems
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have a standing unbalance because of power line asymmetry.
Fig. 2 also shows the voltage phasor diagram for the same
power system during a solid A-phase-to-ground fault. We can
observe the angular relationship between the residual voltage
and current by superimposing the fault current phasor diagram
on top of the fault voltage phasor diagram, as in Fig. 6.

G
IF 4 ICS
S
/N lez
./ \A
Y \ Icq
/ \'
./ \.
4 4
Vea = Vea Vea=-Vas
\j
3Vo

Fig. 6. Angular relationship between the residual voltage and current for an
A-phase-to-ground fault

From Fig. 6, we can see that the fault current (Ir) lags the
residual voltage (3V,) by 90 degrees. However, because it is
not possible to determine the fault current (Ir) from a single
protective device and this information alone will not indicate
the faulted feeder, let us break up the fault current as seen by
each individual feeder and then compare that current to the
residual voltage. Fig. 7 shows the fault current flowing
through each individual feeder referenced to the residual volt-
age of the system.
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Fig. 7. Residual current flowing through the faulted and unfaulted feeders as compared to the residual voltage
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In analyzing the faulted feeder phasor diagram in Fig. 7,
we can say that, for the faulted feeder case, the neutral or re-
sidual current (Ix3) lags the residual voltage (3V,) by 90 de-
grees. In reality, the lag will be less than 90 degrees because
of the conductance (G) of the feeder. However, the effect of
the conductance is relatively small and can be ignored for all
practical purposes. In analyzing the phasor diagram of the
unfaulted feeders, one can see that the residual currents (Iy; ,
Ino) lead the residual voltage (3Vy) by 90 degrees. From this
observation, one can say that the fault is in front of the relay
measuring point if the residual current lags the residual volt-
age by 90 degrees and the fault is behind the relay measuring
point if the residual current leads the residual voltage by 90
degrees. To examine this relationship when fault resistance is
introduced as in high-impedance fault situations, let us exam-
ine a sequence diagram for a single-line-to-ground fault on an
ungrounded power system. Fig. 8 shows the exact equivalent
sequence diagram, excluding the system conductance (G).

If we examine the zero-sequence circuit more closely, we
observe that the source impedance primarily consists of the
zero-sequence capacitance of the power system. Therefore, for
forward faults, the angular relationship between current and
voltage will always remain constant regardless of fault resis-
tance. This means that for a forward fault the residual current
will always lag the residual voltage by 90 degrees. The influ-
ence of the fault resistance is that it will reduce the magnitude
of the residual current and voltage.

For a reverse fault, the protective device would measure the
impedance in front of the relay. This impedance is the sum of
the zero-sequence impedance and the zero-sequence capaci-
tance of the line\feeder, but the line impedance when com-
pared to the zero-sequence capacitance is negligible. There-
fore, once again the fault resistance has no influence on the
angular relationship between residual voltage and current.
Residual current will always lead residual voltage by an angle
that is very close to 90 degrees for a reverse fault.

Equivalent sequence diagram for an A-phase-to-ground fault on an ungrounded system

By simply comparing residual voltage to residual current,
one can identify the faulted feeder. If residual current leads
residual voltage, the fault is behind the relay measuring point.
If residual current lags residual voltage, the fault is in front of
the relay measuring point.

B. Identifying the Faulted Phase

Once the faulted feeder in the power system has been iden-
tified, it is desirable to identify the faulted phase. To achieve
this purpose, let us re-examine the sequence diagram for a
single line-to-ground fault on an ungrounded power system
shown in Fig. 8. We can simplify this sequence diagram by
considering the following:

The impedance of XCygy; is much greater (on the order of
100 times) than the sum of ZS, and Ztrfr; [XCyy
>>78S,+Ztrfr;]; this means one can ignore the effect of XCyy;.

The impedance of XCy, is much greater than the sum of
Z8S, and Ztrfr,; this means one can ignore the effect of XCgys).

The impedance XCgy is much greater than the sum of
ZS1, 7282, Ztrfrl and Ztrfi2, [XCgy >> ZS; +ZS+Ztrfr) +
Ztrfr].

From the above considerations, we can neglect positive-
and negative-sequence impedance and reduce the sequence
diagram of Fig. 8 to that of Fig. 9.

If we now examine Fig. 9 carefully, we will see that for a
forward fault the residual current (Iy) leads the positive se-
quence voltage (V,) by 90 degrees, but the above diagram is
for an A-phase-to-ground fault with the A-phase as a reference
in calculating the value of the positive-sequence voltage V1.
To modify Fig. 9 so that it can apply to a B-phase-to-ground
and a C-phase-to-ground fault while maintaining the A-phase
used as the reference quantity in the positive-sequence voltage
calculation, we need to phase shift the zero-sequence voltage
by the appropriate (1£120°) factor. If we now redraw the re-
duced sequence diagram shown in Fig. 9, we obtain a se-
quence diagram that addresses the question of how to modify



Fig. 9. Fig. 10 illustrates sequence diagrams for the different
single-phase-to-ground faults.
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Fig. 10. Reduced sequence diagrams for single-line-to-ground faults on
ungrounded systems

If we now analyze the sequence diagrams in Fig. 10, we
can state the following with regard to single-line-to-ground
faults in front of the relay measuring point:

A-phase-to-ground fault, I, leads V5 by 90 degrees.

B-phase-to-ground fault, I, lags V5 by 30 degrees.

C-phase-to-ground fault, Iy, lags V4 by 150 degrees.

By analyzing the same sequence diagram again, this time
for a single-line-to-ground fault behind the relay measuring
point, we can state the following:

A-phase-to-ground fault, I, lags V5 by 90 degrees.

B-phase-to-ground fault, Iy, leads V5 by 150 degrees.

C-phase-to-ground fault, Iy, leads V5 by 30 degrees.

If we now draw a phasor diagram of the previous state-
ments, we obtain the phasor diagrams shown in Fig. 11.
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Fig. 11. Phasor diagram for solid single-line-to-ground faults for fault in
front of the relay measuring point and behind the relay measuring point, refer-
enced to the positive-sequence voltage (Via)

To examine how the above-described relationship behaves
when fault resistance increases, let us again analyze the re-
duced sequence diagram shown in Fig. 9 and increase the fault
resistance for an A-phase single-line-to-ground fault in front
of the relay measuring point. Fig. 12 represents the phasor
relationship between the positive-sequence voltage (V;,), the
residual current (Ip) and the residual voltage (V,) for three
different fault resistances, namely:

Ry << XCyy
Rf: 1/3 XCZO
R¢>>XCyy

Where XCy, is the total zero-sequence capacitive imped-

ance.
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Fig. 12. The relationship between the positive-sequence voltage and residual
current and voltage for varying values of fault resistance

From the phasor diagrams of Fig. 12, we see that increas-
ing fault resistance decreases the angle between the residual
current (Ip) and the positive-sequence voltage (V,). A few
further minor observations include the following:

1. The magnitude of the residual current (I;) and residual
voltage (V) decrease, but their relative angular relation-
ship remains fixed (as expected).

2. The faulted phase voltage (Vg) increases.

By applying our observations from Fig. 12 and applying
them to the B- and C-phase-to-ground faults, we can create the
phasor diagram shown in Fig. 13.
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Fig. 13. Relationship between the positive-sequence voltage and residual
current for single-line-to-ground faults as fault resistance increases

If we now combine information from Fig. 12 and Fig. 13,
we can generate a phase-to-ground fault diagram for faults in
front of the relay measuring point and faults behind the relay
measuring point, as shown in Fig. 14.

If we know the direction of the fault and note the angular
difference between the residual current (Iy) and the positive-
sequence voltage (V14), we can determine the faulted phase.
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Fig. 14. Fault sector used to identify the faulted phase in an ungrounded
power system

C. Fault Detection Sensitivity

The standing unbalance of the power system is one of the
determining factors governing fault detection sensitivity. The
standing unbalance occurs because line-to-ground capacitance
per phase is not identical. This lack of identical capacitance
applies not only to the power line, but also to the equipment
connected to the grid. The standing unbalance on a power sys-
tem changes as system load dynamics change. This relation-
ship exists because of differences in phase-to-ground capaci-
tance of windings in power transformers or large motors.



Therefore, the maximum unbalance resulting from the power
line plus that resulting from the maximum load condition gov-
ern sensitivity of the fault detection element. The overcurrent
detection threshold setting value must be greater than the
worst case standing unbalance.

The current transformer ratio in use for measur-
ing/calculating residual current (Iy) also impacts the sensitivity
of the fault detection element. The higher the current trans-
former ratio, the lower the fault detection sensitivity and vise
versa. The reason for this is that current transformers have the
least error when they operate in their linear region. A high-
resistance fault could result in a current transformer operating
in the ankle region, where fault current could be just slightly
greater than magnetizing current. A further problem associated
with a high current transformer ratio is that the reduced secon-
dary current input to a relay will be comparable in magnitude
to A/D quantization noise and, therefore, not easily detectable.
Therefore, the lower the current transformer ratio the better.

If residual current calculation or measurement occurs in the
fourth wire of the three-current-transformer connection, sensi-
tivity is decreased when compared to the residual current ob-
tained by means of a toroidal current transformer. The reason
for this decreased sensitivity when one uses three current
transformers to obtain residual current is that the three current
transformers are not identical; their magnitude and angle er-
rors result in a fictitious residual current. The same is not true
for a toroidal current transformer. System loads also determine
the phase transformer ratio when you use the three CT ap-
proach, and this ratio cannot be lowered to increase fault de-
tection sensitivity. When you use three separate phase current
transformers to obtain residual current, you must desensitize
fault detection. With use of a toroidal current transformer, the

toroidal current transformer ratio can be sized according to a
much smaller neutral fault current level.

D. Performance in Actual Field Tests

Staged high-impedance fault tests on a 4.6 kV ungrounded
distribution system have verified the performance of the fault
detection and phase selection we discussed in the previous
section. The bus section feeder on which we tested the relay
contains four radial feeders; each is about two to four miles
long. Two Wye/Delta transformers supply the 4.6 kV bus.
Dropping one phase of a feeder to the ground creates high-
impedance faults. We used several ground surfaces, including
topsoil, grass, and concrete, and we used the same relay on all
feeders. The relay on the test feeder detects the fault in its
forward direction, and the remaining relays detect the fault in
its reverse direction.

Fig. 15 shows prefault feeder load voltages and currents.
From the figure, you can see that the loads among the three
phases are quite unbalanced, as in typical distribution loads.
The load currents also involve large harmonics from served
industrial plants.

Fig. 16 shows the neutral current and voltage from an
open-delta potential transformer (PT) for a 30-second high-
impedance fault on topsoil. Notice that the prefault standing
neutral current is very small (less than 5 mA). The maximum
neutral current for the fault is about 0.8 A primary. Also no-
tice the close correlation between the neutral current and re-
sidual voltage. Note that the fault current decreases as the fault
progresses. We suspect that it is because the ground is burning
drier.

Voltages: VAB(SoIid), VCB(Dash)

volt

amp

Fig. 15. Phase-phase voltages and three-phase currents on the test feeder
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Fig. 16. Neutral current and voltage for a fault on topsoil

Fig. 17 shows the activities of the relay protection elements
for the high-impedance fault shown in Fig. 16. One can see
that the forward directional element, 32NF, and the C-phase
fault selection element, NSC, picked up just a little longer
than a half cycle after the fault occurred. The directional neu-
tral overcurrent 67N1 picked up within two cycles following
pickup of the directional and phase selection elements. The
relay issued a trip, TRIP, when a two-cycle definite-time de-
layed directional neutral overcurrent, 67N1T, picked up. The
relay under test was in the monitoring mode; its trip output
was not connected to the breaker trip coil so the relay did not
interrupt the fault test shown in Fig. 16.

IV. CONCLUSIONS

In conclusion, the detection of high-impedance ground
faults on an ungrounded power system is less complex than
detection of the same fault condition in a multigrounded
power system. This paper shows a method that uses the sys-
tem fundamental frequency component of residual current and

voltage. The method reliably detects the faulted feeder and
faulted phase in an ungrounded power system in the presence
of a high-impedance fault. The factors that influence fault
detection sensitivity are system standing unbalance, the type
of current transformers used to determine residual current, and
the current transformer ratio.

This paper shows that the discussed method of fault detec-
tion operates favorably for actual fault conditions in the field.
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