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High-Resistance Grounding of Low-Voltage Systems:
A Standard for the Petroleum and Chemical Industry
John P. Nelson, Fellow, IEEE, and Pankaj K. Sen, Senior Member, IEEE
Abstract—A debate has existed in the petroleum and chemical
industry for years concerning low-voltage (480–600 V) power
systems grounding. Since reliability and continuity of service are
very important, some engineers in the past preferred using an
ungrounded system. The practicality of such ungrounded system
becomes questionable as the extent of coverage increases. Few
ungrounded low-voltage systems are presently being designed
due to the possible destructive nature of transient overvoltages
resulting from an arcing ground fault. Most systems now utilize
either a solidly grounded or high-resistance grounded source.
This paper begins with a brief discussion on ungrounded, solidly
grounded, and high-resistance grounded systems. Benefits and
limitations of each system are also discussed. It is shown that the
use of high-resistance grounded low-voltage systems makes good
sense in the petrochemical industry. Design, construction, operation, and maintenance factors for such systems are discussed and
analyzed together with systems when three-phase four-wire loads
are present. Finally, operational problems and some appropriate
solutions are discussed where significant variable-speed drive
loads are utilized. It is suggested that this should become a
standard of the industry and the solidly grounded system should
be used only in applications where the high-resistance grounded
system becomes impractical.
Index Terms— Grounding, high-resistance grounding, lowvoltage system grounding.

I. INTRODUCTION

R

ELIABILITY has always been an important aspect in
the design and operation of a low-voltage (LV) power
system, particularly in the petrochemical industry. In this
paper, LV refers to voltages in the 440–600 V range. Loss
of LV power can cause a complete upset to a plant, create
personnel and equipment safety problems, have an adverse
environmental impact, and can result in substantial economic
losses. As such, the need for a safe, reliable LV power source
is essential.
In the past, an ungrounded power system was extensively
used with the assumption that it is more reliable. However,
experiences with multiple failures due to arcing ground faults
have resulted in a change in philosophy about the use of
the ungrounded system. Solidly grounded and high-resistance
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grounded systems have become the standard for large industrial complexes. Solidly grounded systems may have their
place where redundant equipment is installed and are the norm
for three-phase four-wire systems.
A solidly grounded system provides some interesting problems. As the source transformer becomes larger, the available
fault current increases substantially. Since the vast majority
of faults are ground faults, the resulting damage can be great.
Arcing faults can also present a serious problem, in that the
arc voltage may become sufficiently high to limit ground fault
currents to such low values that the fault current magnitude
may fall within the load current range. Prior to the introduction
of ground-fault protection, there were many cases where an
arcing fault occurred on a circuit and went undetected until
the fault propagated into a multiple-phase fault, cleared itself,
or was manually disconnected by an operator. Such faults may
last for many minutes and do extensive damage.
With the NEC 230-95 requirement for ground-fault protection on service entrances 1000 A and larger, and the utilization
of ground fault protection on many other circuits, the number
of sustained ground faults has been reduced. However, the
number of cases of miscoordination of protective devices
has increased. There have been numerous cases of ground
faults occurring on downstream protective devices and tripping
the main breaker. The result is that an entire plant may be
shut down due to miscoordination caused by the ground-fault
protective device.
The solidly grounded system can present problems with
reliability and coordination. As a result, the high-resistance
grounded system, if properly installed, can be superior to any
other type of grounding system. The use of the high-resistance
grounded system can provide a safe, reliable, and economic
system with many benefits to the user.

II. HISTORY

OF

LV GROUNDING

There are several methods of grounding which have been
used on LV systems. In the past, the ungrounded, the cornergrounded and the midpoint-grounded systems (Fig. 1) were
used with varying degrees of success. Today, the solidly
grounded and high-resistance grounded systems (Fig. 2) are
the two most commonly used methods of grounding.
The ungrounded system is really a misnomer, in that the
system is actually grounded through the capacitance, as shown
in Fig. 3. As a result of this capacitance, a certain amount of
capacitive current will always flow during a line-to-ground
fault. In addition, it has been found that arcing ground faults
on the large “ungrounded” system can cause transient over-

0093–9994/99$10.00  1999 IEEE

942

IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 35, NO. 4, JULY/AUGUST 1999

(a)
Fig. 3. Capacitive grounding.

(b)

• Normal line-to-ground voltages on the two ungrounded
legs are at line-to-line voltage, which is 73% greater than
normal line-to-ground voltage on a grounded three-phase
wye-connected system.
• A ground fault on the grounded leg can go undetected.
• A ground fault on one of the two grounded legs will, in
actuality, be a phase-to-phase fault with a ground path.
The midpoint-grounded system, commonly referred to as a
three-phase four-wire delta, was a system which allowed both
three-phase and one-phase loads. Electric utilities commonly
used this connection in providing a three-phase four-wire 240V power and center tapping one 240-V leg for 120-V lighting
service. Electric utilities, while still utilizing this design, have
largely done away with the three-phase four-wire delta 240and 480-V systems and replaced them with 208 (Y)/120-V
and/or 480 (Y)/277-V systems, respectively. Likewise, large
power utilization customers prefer the 480 (Y)/277-V system.

(c)

III. COORDINATION PROBLEMS

Fig. 1. Grounding of LV delta-connected system. (a) Ungrounded 480-V
system. (b) Corner-grounded 480-V system. (c) midpoint-grounded 120/240-V
system.

National Electrical Code (NEC) Article 230-95 requires
ground-fault protection of equipment rated 150 V or greater
to ground, but not exceeding 600 V phase-to-phase for each
service disconnect rated 1000 A and above. In reviewing this
code requirement, two observations can be made.
• Ground-fault protection on systems with line-to-ground
voltages of less than 150 V do not require ground-fault
protection. Part of this reason is due to the fact that the arc
voltage on an LV system is in the range of 140–150 V [6].
For a system voltage of approximately 150 V or less, there
is normally insufficient voltage to sustain an arcing fault.
The fault either welds itself to another conductor, causing
sufficient fault current to clear the protective device, or
the fault is self clearing by tripping a breaker and/or
extinguishing the arc.
• With arc voltages in the range of 150 V, ground-fault
currents on a 440–600 V system are often times limited
to relatively low values. In the past, phase-sensitive
protective devices with high current ratings have failed to
clear arcing ground faults. The 1000-A rating appears to
be the code-accepted lower limit where sustained arcing
ground faults may occur and ground-fault protection is
necessary. The actual value may be lower.
One of the fine print notes (FPN no. 2) of Article 230-95
states:

(a)

(b)
Fig. 2. Grounding of LV wye-connected system. (a) Solidly grounded. (b)
Resistance grounded.

voltages several times the normal voltage [10], which may
cause motor failures.
The corner-grounded system was one attempt to provide
grounding. Although a simple system, there are several distinct
disadvantages with this design.

The added (ground fault) protective equipment at the
service equipment may make it necessary to review
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curve is number 3 (this breaker could easily be a minor,
insignificant circuit breaker in the circuit). As can be seen, the
phase protection curve of circuit breaker number 2 does not
coordinate with the ground-fault protection curve 1G of the
main breaker device 1. Furthermore, the time–current curve
for circuit breaker number 3 does not totally coordinate with
the main breaker ground-fault curve. The result is that the
main breaker will open for most ground faults downstream
of the feeder breaker before the feeder breaker can operate.
Furthermore, circuit breaker number 3 also does not properly
coordinate with the ground-fault protection on the main, and
the main breaker can trip for a ground fault associated with
breaker number 3. This type of miscoordination is quite
common when a service disconnect is installed without a
coordination study. False tripping can occur on downstream
breakers rated as low as 20 A and is almost always a problem
with downstream breakers rated 75 A and above. Better
coordination can be obtained by performing a detailed shortcircuit and coordination study in conjunction with installing
downstream ground-fault protective devices. However, in most
cases, compromises must be made, and maximum reliability
is not attained using a solidly grounded system at 440–600 V.
IV. ARCING FAULTS

Fig. 4. Typical protection coordination problems. Device 1: main breaker
phase protection. Device 1G: main breaker ground protection. Device 2: feeder
breaker protection. Device 3: remote breaker protection.

the overall wiring system for proper selective overcurrent protection coordination. Additional installations of
ground-fault protective equipment may be needed on
feeders and branch circuits where maximum continuity
of service is necessary.
Ground-fault protection on solidly grounded systems provides a more sensitive means of detecting and isolating ground
faults than fuses and circuit breakers without ground-fault
protection. The major benefit of ground-fault protection is
the relatively quick and sensitive detection and isolation of
circuits having a ground fault. However, along with the quick
and sensitive detection of ground faults comes the problem
of miscoordination, as mentioned in FPN no. 2 associated
with NEC Article 230-95. Numerous cases have been reported
and observed where a main breaker trips for a fault on an
insignificant downstream feeder or branch circuit. In fact, the
most common coordination problems at 440–600 V is caused
by having a downstream phase device which miscoordinates
with an upstream ground-fault protection, as depicted in Fig. 4.
In Fig. 4, the main breaker, device 1, has a combination
of both phase and ground-fault protection as shown by phase
time–current curve number 1 and ground-fault time–current
curve number 1G. The feeder breaker, device 2, has no
separate ground fault protection and its time-current curve
is number 2. A downstream branch breaker, device 3, also
has no separate ground-fault protection and its time–current

AND

ARC RESISTANCE

Short-circuit and coordination studies are commonly performed considering only bolted three-phase or phase-to-ground
faults. However, real-life equipment failures rarely are bolted
faults. Instead, the faults are normally arcing type, which
has arc resistance, and this resistance must be taken into
consideration. It has been shown that, on LV equipment,
an arc voltage in the range of 150 V is developed. This
voltage is relatively insensitive to current, which means the
arc resistance is variable. Two observations can be made from
this information.
• A sustained arcing fault is unlikely for systems with
line-to-ground voltages of less than 150 V. In other
words, a 208 (Y)/120-V system will not likely sustain an
arcing fault. Conversely, LV systems with line-to-neutral
voltages in excess of 150 V are much more likely to
sustain an arcing fault. For example, a 480 (Y)/277-V
system has sufficient voltage to maintain the arc.
• The arc resistance will tend to vary in order to maintain
the arc voltage of 150 V. As such, the current magnitude
may be limited to a value below the phase-currentsensing protective device. (With a sustained arcing fault
and limited ground-fault currents, the explanation for
sustained arcing faults at 480 V is clear.)
Sustained arcing in 480-V ground faults were a major
problem prior to the extensive use of ground-fault protection.
The use of ground-fault protection has minimized the damage
caused by arcing faults which could not be cleared by insensitive phase protective devices, which were sized for large
continuous currents of 1000 A and more.
In addition to equipment damage, the flash and heat from an
arcing fault can cause severe injuries or death. Temperatures
greatly in excess of 10 000 C can be created almost instantaneously from the plasma of the fault [11]. The ionization
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(a)

(b)

Fig. 5. High-resistance grounded main system with three-phase four-wire
lighting loads.

gases expand at an extremely high rate, which will engulf any
person or thing in its path.
The use of a high-resistance grounded system minimizes the
amount of damage created from the fault by the following.
• It reduces the fault current to some smaller values,
for a 1-A fault is 1/1 000 000
typically 1–5 A. The
of a 1000-A fault, assuming an equal amount of time
( ). Therefore, using high-resistance grounding drastically
reduces the energy normally dissipated in a ground fault.
• By creating a voltage drop across the neutral grounding
resistor, the remaining voltage at the point of the ground
fault is much less than 150 V. Therefore, a sustained
arcing fault is not likely.
V. HIGH-RESISTANCE GROUNDING AND THREE-PHASE
FOUR-WIRE LOAD APPLICATIONS
One of the most common reasons for not using a highresistance grounded system is that, in any typical power
system, one-phase or three-phase four-wire loads are to be
fed. If the majority of the loads are three-phase four-wire
loads, high-resistance grounding is most likely not practical.
However, if most of the loads are three-phase three-wire-type
loads (motor loads), high-resistance grounding may still be an
option.
With proper planning, many one-phase line-to-neutral loads
can be replaced with line-to-line equipment. All step-down
transformers, such as the 480 V–208 (Y)/120-V transformer,
should utilize a delta primary, which equates to a three-phase
three-wire load.
If three-phase four-wire loads are essential, a delta–wye
isolation transformer may be installed to isolate the threephase four-wire loads, as shown in Fig. 5. The delta winding
provides the three-phase three-wire load required for the
high-resistance grounded system, while the secondary 480
(Y)/277-V winding provides the ground source for three-phase
four-wire loads. The wye on the secondary of the isolation
transformer would be solidly grounded. Also, normally, the

(c)
Fig. 6. High-resistance grounding. (a) Delta-resistance-grounded wye. (b)
Grounded wye–resistance-grounded wye. (c) Delta–delta with retrofit resistance-grounded.

size of the transformer secondary breaker will be sufficiently
small that ground-fault protection is inherent with the phasecurrent-sensitive breakers.
VI. DESIGN CONSIDERATIONS
The design of a high-resistance grounded system is relatively simple for a delta primary–wye secondary transformer.
Similar concepts can be used with a wye–wye transformer
and the secondary
provided the primary neutral bushing
are separate. The
bushing should be
neutral bushing
bushing can be high-resistance
solidly grounded and the
grounded. The delta-connected secondary transformer, however, requires additional design calculations and equipment,
since an auxiliary high-resistance grounded wye–delta transformer is required. Fig. 6 showing the grounding is selfexplanatory.
The first step in the design is to calculate the system capac. Reference [17] provides many typical capacitance
itance
values for low- and medium-voltage equipment. Although the
accuracy is not critical in this calculation, the conservative
approach would be to err on the high side for the system
capacitance. During the testing phase, the actual charging
(capacitive) current will be measured to verify the adequacy
of the grounding resistor.

NELSON AND SEN: HIGH-RESISTANCE GROUNDING OF LOW-VOLTAGE SYSTEMS

945

Fig. 7. Zero-sequence network of high-resistance grounded system.

After determining the system capacitance, a tapped ground
resistor may be adjusted for proper size. In order to minimize
the probability of transient overvoltages [9], the resistive
during a ground fault should be equal to or greater
current
than
(1)
In the zero-sequence circuit shown in Fig. 7, the resistor
and equivalent capacitance are in parallel. Since the resistor
is placed in the neutral of the transformer, the zero-sequence
will flow through it. As a result, that current makes
current
the apparent resistance of the grounding resistor appear to
is used in the zerobe three times as large. Therefore,
sequence circuit [2]. Based on the circuit in Fig. 7 and the fact
that the positive- and negative-sequence impedance values are
negligible, good approximations for the resistance and current
flows are as follows:
(2)
A

(3)
A

(4)

and
from symmetrical
Note that
component calculations.
The resistor size (wattage) may be determined by the
following equation:
watts

W

(5)

Typical resistance and wattage range for 480-V grounding
resistors are as follows:
resistance range 60–300 ;
wattage range
260–1300 W.
The grounding resistor is normally provided with taps,
which allow for fine tuning of the resistance during the time
of installation and testing. The authors’ experience has been
that the capacitive test current is usually somewhat lower than
the calculated value. This is based on the conservative nature
of the calculations and allowances can be made for future
expansion and addition of equipment.
Once the capacitance of the system and the size of the
grounding resistor have been determined, the specific detailed
design and options for the system can be made. Fig. 8 shows a
typical design with some installation, testing, and operational
features.

Fig. 8. High-resistance grounded system detail schematic. AL: alarm/tripping
relay. R1: tapped grounding resistor. RP: pulsing resistor. PR: pulsing relay.
TS1: resistor disconnect switch. TS2: ground test switch. VMR: voltage meter
relay. FU1, FU2, FU3: fuses.

The basic design will include the tapped grounding resistor
and a voltmeter relay (VMR). The relay provides for a voltage
reading across the resistor and an adjustable voltage relay with
one or more contacts. The VMR contact can be used for either
tripping or alarming.
The optional feature should include a second fused switch
and resistor for providing a ground-fault test. The second
option could include an isolating transformer and an alarm or
tripping seal-in control circuit. Finally, a pulsing relay circuit
could be installed to aid in locating the ground fault. The
pulsing circuit places another resistor in the circuit to allow
more current to flow so that a clamp-on ammeter could be
used to locate the fault.
VII. APPLICATIONS FOR HIGHER HARMONIC CURRENTS
Many LV systems have loads which produce harmonic
current and voltage distortions. These distortions are created
by rectifiers, dc drives, variable-speed ac drives, and other
electronic switching devices which are connected to the power
system. Without the drives, the capacitive current at 60 Hz is
normally a positive-sequence value under steady-state conditions, and the currents cancel. However, many drives create a
zero-sequence voltage and, when coupled with the earth, will
create a high-frequency zero-sequence current to flow in the
neutral grounding resistor. The result is that the high-frequency
zero-sequence current will flow through the resistor, creating a
high-frequency voltage of significant value. This voltage can
result in the following:
• nuisance alarms and/or trips due to the rms voltage across
the resistor;
• resistor sizing problems due to the harmonic current flow
(the resistor sizing must include the heating effects caused
by the harmonic current flow).
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Fig. 10. Neutral R–L–C impedance.
Fig. 9. High-resistance neutral grounding with high-frequency filtering capacitor.

The cause of the problems can best be shown in Fig. 9.
The system capacitive reactance is inversely proportional to
the frequency. With higher order harmonic voltages present
due to the electronic switching of the loads, currents can
and do circulate through the neutral grounding resistor. When
applying such loads to the system, the harmonic voltage across
the resistor should be measured, and an oscilloscope should
be used to view the voltage waveform, where both magnitude
and frequency can be recorded.
When applying a high-resistance grounded system where
there is a significant amount of variable-speed drives, the
resultant zero-sequence currents caused by the switching of
the drives and the capacitance of the system must be taken
into consideration. Due to the relatively high amount of neutral
resistance, typically, in the 60–300- range, a small amount
of high-frequency current can result in a significant voltage
across the resistor.
As an example of this problem, a 575-V 870-kVA drive
supplying a 945-hp motor was inspected and found to have
a significant voltage across the grounding resistor on the
transformer. The transformer was rated 1000 kVA, 4.16-kV
delta primary—575 (Y)/332-V secondary with a 670-V 4.5-A
150- grounding resistor. A high-frequency (800 Hz) current
was found to be flowing through the resistor. The resultant
voltage across the resistor was measured between 100–110V rms from a 0.66-A current. As can be easily seen, such a
high voltage across the resistor creates a problem when that
voltage is used for alarm or trip.
There are most likely a number of solutions to this problem.
One is to place a reactor in series with the resistor and a
capacitor in parallel with the series combination of the resistor
and reactor (Fig. 10). This solution would provide blocking of
high-frequency currents through the resistor and bypassing the
high-frequency currents at the same time. However, further
inspection of the circuit will reveal that the parallel capacitor
will provide a low-impedance path for the high-frequency
currents and act as a high impedance for the low-frequency, 50
or 60 Hz, ground-fault currents (Fig. 11). In other words, the

Fig. 11. Neutral R–C impedance characteristics.

capacitor acts as a high-pass filter to eliminate the nuisance
current, but will allow the fault current to flow through the
resistor for alarming and/or tripping.
In the above example, a 10- F 600-V capacitor was inserted
in parallel with the resistor. The voltage across the resistor
was reduced from approximately 100–110 V to 12.5–15 V.
The voltage reduction results were quite significant. With the
high-frequency nuisance voltage being reduced to a relatively
low value, a reasonable voltage setting can be made for alarm
and/or trip when a ground fault occurs.
A secondary benefit, which was observed on the above test,
was a reduction in the high-frequency noise on the phase
voltages. The original phase-to-ground voltage waveform was
quite distorted, resulting in a fluctuating rms phase voltage of
345–355 V. Upon insertion of the capacitor into the circuit,
the voltage waveform was much less distorted and the voltage
was a stable 335-V rms.
VIII. APPLICATION FOR EMERGENCY SYSTEMS
Another use of the high-resistance grounding is for emergency power systems, as described in NEC Article 700.
According to NEC 700-26, ground-fault protection is not
required. However, the article further states that groundfault indication should be provided. The use of the highresistance grounded system can provide the reliability required

NELSON AND SEN: HIGH-RESISTANCE GROUNDING OF LOW-VOLTAGE SYSTEMS

947

for the emergency power system, as well as the ground-fault
indication.
IX. INSTALLATION

AND

TESTING

The installation and testing of the high-resistance grounding
system is important. The installation should be performed in
accordance with the engineer’s and/or manufacturer’s specific
instructions that should include these basic steps.
1) With the system deenergized, install the high-resistance
grounding system. On a “wye”-connected transformer or
generator, the resistor is connected between the ground
bus and the neutral. On a “delta” system, the auxiliary
grounding transformer is needed to be properly connected to the 480-V system bus. Proper installation and
safety procedures need to be strictly followed.
2) The charging current should be measured using proper
testing procedures. The entire system should be energized during this test to ensure that the maximum
charging (capacitive) current is measured. The following
steps are required.
a) With the tapped grounding resistor, a conservative
resistance value should be connected to the system.
b) The system should be energized initially with the
resistor in place to test for ground faults. Little or
no voltage should be present across the resistor. For
a solid ground fault on a 480-V system, a voltage of
approximately 277 V would be present. For a motor
winding or high-resistance ground fault, voltages
lower than 277 V are measured. If a ground fault
is found, it must be removed prior to the next step.
c) The system should be deenergized and the grounding
resistor disconnected from the system.
d) Using an isolated circuit with the circuit breaker
open, install the test circuit as shown in Fig. 12(a).
e) Energize the entire circuit, slowly reduce the resistance to zero, and measure the charging (capacitive)
current.
is
f) Verify that the calculated resistive current
measured in the above step. To
greater than
by
calculate , divide the voltage
A

1-, 2-, or 3-POLE
CIRCUIT BREAKER

(a)

(b)
Fig. 12. (a) Test circuit for measuring capacitive current. (b) Test circuit for
measuring voltage and current at grounding resistor.

•

•

•

•

(6)

g) Deenergize the system, properly set the tap, reinstall
the grounding resistor, and again place a fault on the
system, as shown in Fig. 12(b).
h) Measure and record the ground-fault current in the
resistor and the voltage across the resistor.
i) Test and place settings on any protective devices.
j) Remove the fault and place the system in service.

•

X. CONCLUSIONS
High-resistance grounding has a good track record in the
petrochemical industry for a number of reasons.
• Capacitive current on LV systems (440–600 V) is low
enough (less than 5 A) that resistive controlled current can

•

be kept low to avoid escalating the fault current resulting
in equipment damage.
Proper application of the high-resistance grounded system
will limit the transient overvoltages of arcing faults to an
acceptable value.
The application of high-resistance grounding has historically been limited to three-phase three-wire systems.
However, this paper has shown that three-phase four-wire
loads and/or one-phase loads can be accommodated with
the use of an isolation transformer.
The proper use of grounding and bonding is still important, even though the normal ground-fault current may
be limited to a few amperes. In the event of a phase-tophase fault involving ground, the ground currents could
be quite high.
Although the high-resistance grounding is quite simple,
a detailed design is still required in order to adequately
select and size the equipment. Once the system is installed, it requires testing in order to adequately select
the optimum resistance value. Taps on the resistor are
beneficial for the final setting of the ground resistance.
High-resistance grounded systems may be used to trip
a breaker or initiate an alarm. If used for alarming,
the ground-fault location needs to be determined and
isolated in a reasonable amount of time. While the ground
fault persists, the voltage on the two ungrounded phases
can elevate to 73% greater than normal line-to-ground
voltage.
A high-resistance grounded system will minimize the
chances of serious “burndown” damage and severe arc
flash damage. The result is safer for both the equipment
and personnel.
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• A high-resistance grounded system can be successfully
used on systems with rectifiers, dc drives, ac drives, and
other harmonic current producing circuits. The proper
placement of a capacitor across the resistor will help filter
the high-frequency current.
This paper has shown the benefits of high-resistance
grounding for continuous process industries. When reliability
and limitation of ground-fault current is essential, a highresistance grounded system is recommended. With the proper
design and testing, a high-resistance grounded system provides
the safety and reliability necessary for a petrochemical or
other heavy industry. As such, the high-resistance grounded
system should become a standard of the industry, and the
solidly grounded system should only be used where the highresistance grounded system cannot be used for a three-phase
four-wire system.
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