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Abstract—During this demonstration project, an overhead por-
tion of a four-wire power distribution circuit was converted to a \,‘\ A
five-wire system. The fifth wire is an isolated neutral that carries e
all of the unbalanced return current. The measurements suggested ;,'(
that a ground relay could be set much lower on a five-wire system
than a comparable four-wire system for improved high-impedance B '
fault detection. Stray voltage was also much lower when the cir- Unbalanced Currert { :
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cuitwas operated as a five-wire configuration. Magnetic fields were Neutral wyy F
generally lower on the five-wire circuit than at the same locations L 1 Pick up < 5 Amps
cluding fifth-wire placement, crew safety and operations, and how

during four-wire operation. Conversion of an existing four-wire A

system to a five-wire system presented several unique concerns in- é

to interface the five-wire system with the existing four-wire distri- = rimary Stray
bution system. Voltage =0 Volts

v
A4

v

Index Terms—Grounding, high-impedance faults, magnetic _ Ground Current=0Amps ., N , N

fields, power distribution, stray voltage. \—/ N/ Magnetic Field Decreased
Due To No Ground Current

|. INTRODUCTION Fig. 1. Five-wire distribution system.

FOUR-WIRE multigrounded distribution system is the

predominant system used in North America. One of tHensive monitoring of an existing four-wire system. After com-
features of a four-wire design is that unbalanced load curréfgtion of the first year of monitoring, the four-wire system was
can return in the earth. The presence of ground current res@@§verted to a five-wire system, and another year of monitoring
in the drawbacks that high-impedance faults are difficult t4as performed.
detect, stray voltages can be caused, and magnetic fields are
higher. Other types of distribution designs have been proposed [I. DESIGN AND CONSTRUCTION

to address these concerns including three-wire designs [1]. A 12.47-kV three-phase wye distribution system circuit in

The five-wire desig_n is_anew approach that may re_duce Str&¥uth Cooperstown, New York was chosen as the five-wire
voltage and magnetic fields and also make high-impedangg,,nstration site. The circuit consists of approximately ten
faults more easily detectable [2]-[5]. The fifth wire is a, yhiteen kilometers of overhead line. Most of the line is of

isolated neutral that carries all of the unbalanced return C”"%l?Fnless construction. with some cross-arm construction scat-
(see Fig. 1). Under normal conditions, the five-wire desi ’

that is isolated from ground. The multigrounded ground wirg,erteq to the five-wire configuration. The two-bushing
continues to perform the safety functions associated Withyastormer has an arrester on both bushings, and one bushing
mL_JIIE-grounded S{ftﬁ.m' q il is dattached to the fifth wire.

'€ purpose o t,'s _stu_y was to simulate, construct,_an The fifth wire was added, and the existing multigrounded
monitor a five-wire distribution system over a two-year period,q o) was used as a safety ground. During the project, termi-
The first year of the two-year monitoring period involved €X;o1qqy was an ongoing source of confusion. Technically, the

isolated wire carrying the unbalance current is the neutral wire.
Manuscript received August 14, 2000; revised October 9, 2001. This wolis was very confusing for the line crews who associate the
was sponsored by the New York State Electric and Gas _Corporation, N_eW Yeikutral with the wire that became the safety ground. Referring
State Energy Research and Development Agency, Empire State Electric En?{%he unarounded neutral as the “fifth wire” was understood b
Research Corporation, and EPRI. Ing y
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Fig. 2. Five-wire portion of the South Cooperstown test circuit.

Fig. 3. Five-wire pole with a single-phase transformer.
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Fig.4. Single-phase balancing transformer used to interface a four-wire circuit
to a five-wire circuit.

cost 20% to 30% more while an upgrade might be 30% to 50%
of the installed cost.

Conversion of the existing four-wire system to a five-wire
system presented several unique concerns for the line crews.
Given the design of the test distribution circuit, the fifth wire was
placed on standoffs in the neutral position on the pole, opposite
from the system ground. The extra pole loading was considered
in the conversion.

Under faults or an open neutral condition, the fifth wire (the
neutral) can rise to several thousand volts. Because of this, the
fifth wire was treated as a live conductor as the following.

1) Fiberglass standoffs were used to maintain clearance be-
tween the ground wire and the fifth wire.

2) A warning tag was installed at each standoff indicating
that this conductor was isolated from earth and should not
be used for earth reference.

3) Line crews used gloving appropriate for 15-kV-class op-
eration when working on this wire. This safety precaution
was taken in case the fifth wire were to open or there was
a fault on the line while line mechanics were working on
the fifth wire.

4) Insulate “tree wire” was used for the conductor (covered
conductors).

5) All lead wires connecting the transformer bushings to
the neutral wire were treated as live conductors. Where
needed, insulated standoffs or insulators were used to
route jumpers around transformers or other objects.

The line was converted to five-wire construction starting at
the riser pole directly outside of the substation. Balancing trans-
former banks were used in the conversion where the five-wire
section reverted back into the existing four-wire system. The
balancing transformerisa1: 1 current transformer placed inline
with the phase and neutral wires (see Fig. 4). Balancing trans-
formers have been suggested as a means of reducing ground cur-
rents [6], and they have been used for many years on electrical
railroad systems to keep unbalanced currents out of the ground.

Under normal operation a balancing transformer forces the

tion costs can vary significantly depending on particular ciphase current and neutral return current to sum to zero and
cuit characteristics and utility work practices. Broad estimat@sevents return current from returning to the source via the
of construction costs for three-phase construction are 10%gmund wire path. It also provides for detection of an open
20% higher than four-wire costs for new construction while ameutral upstream on the five-wire section of line. An isolation
upgrade on existing circuits may be 20% to 40% of the installédinsformer could have provided these objectives; however,
cost (on overhead circuits). Single-phase new construction ngiyen the characteristics of the test circuit, fuse coordination
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Y RN AR EARE R AR RE RR RN AR RN case of the residual connection, more conservatism would be
warranted. The metering CT residual measurements had a peak
of 0.7 A. A relay pickup of 5 A would have a small chance of
false trips. This compares to a ground relay pickup setting on the
four-wire system that is generally in the range of 100 to 300 A.
Because the likelihood of an actual high-impedance fault
during the monitoring period was very small (none occurred),
a test was performed that mimics a high-impedance fault.
To simulate a high-impedance fault on the five-wire circuit,
a transformer was connected from the phase conductor to
the ground wire (all other single-phase transformers were
connected between a phase and the neutral/fifth wire). The
load placed on the secondary of the test transformer was a
Ty hgatgr with several resistive elements to simulate Qiﬁerent
50 100 150 high-impedance fault currents (from 0.5 to 3 A on the primary).
When the heater was switched on, the residual current was
detected at the substation riser pole for currents under one amp.
Fig. 5. Maximum daily residual current on the metering-class CTs at thelg. 6 shows an example of a test where the recorder at the
substation exit riser pole during five-wire operation. substation riser pole detected the turn on and turn off of the
heater. Simulated faults down to 1 A were successfully detected

could not be achieved. Since the balancing transformer reit @l three phases.
resents much lower impedance, this method of isolation was
used. An isolation transformer must transfer all of the power IV. STRAY VOLTAGES

magnetically. A balancing transformer only has to transform During the monitoring periods, the stray voltage in the

enough power to supply the circuit unbalance. Becauseng, wire configuration was about 40% lower than the
balancing transformer is a lower-rated unit, it will be lightefo,r.\yire configuration as shown in Table I. During four-wire
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and less expensive than an isolation transformer. operation, the stray voltage tracked feeder currents and during
five-wire operation, there was less correlation between primary
Ill. HIGH-IMPEDANCE FAULT DETECTION current and stray voltage as shown in Fig. 7.

The stray voltage performance of the five-wire circuit with
rge unbalance was demonstrated by staged tests done on the
rcuit. An existing 1000-kVA floating-wye delta transformer

nk was converted to an open-wye open-delta configuration.
e open-wye open-delta configuration is known for causing
rge ground currents. Table Il shows stray voltages during

One of the main benefits of a five-wire system is a mor,
sensitive detection of high-impedance faults. In a traditiong
four-wire system, high-impedance faults are very difficult to de-
tect. On the South Cooperstown circuit, the pickup of the grouc@
current relay is set at 120 A. High-impedance faults are mu
oy e 2 o o oot and - cperaion whre 50 & of unbalanc
through the neutral, and a negligible amount flows in the groun8 frent was injected by the transfo.rmer. banll< conversion. The

" ' . Stray voltages were much lower during five-wire operation.
Sensitive ground fault detection can be done by measuring
theresidualcurrent at the substation exit riser pole (the start of
the five-wire circuit). Theresidualcurrent is the summation of
the current in the phase conductors and the neutral conductoiSpot measurements at various locations were done for mag-
Under normal conditions the residual current should be zeronitic fields during four-wire and five-wire operation. During
a phase conductor comes into contact with the earth, the curriévg-wire operation, the magnetic fields were generally lower. At
in the high-impedance fault will show up on the residual mea@aost locations, the magnetic fields were generally 10% to 50%
surement. lower than at the same locations during four-wire operation.

The residual current was measured with metering CTs iBecause the South Cooperstown circuit had relatively balanced
stalled near the substation exit riser pole. The residual currentrents during the monitoring, the small level of improvement
on the metering class CTs has been below 0.7 A since they wesss expected.
installed in March 1999 as shown in Fig. 5. The performance of the five-wire circuit with a large unbal-

As a general practice, a high-impedance detection relagice on it was better illustrated by a staged conversion test done
would be a time-overcurrent relay set so that it takes a relativedy the circuit. During one of the tests, over 80 A of return current
long time to trip (at least 1 s), so it would not trip on inrustwas forced into the ground (the unbalance current for the entire
events. The time delay and the reset characteristics of tigcuit was normally around 15 A). During these tests, the mag-
sensitive ground fault relay should also allow for the recloseetic fields at all locations were much lower during the five-wire
characteristics of downstream devices. configuration than the four-wire configuration as illustrated in

The pickup of a ground relay is usually set at least two timésg. 8. At the location in Fig. 8, the biggest difference in mag-
higher than the normal peak current seen by the relay. For thetic fields was near a buried phone cable.

V. MAGNETIC FIELDS
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Fig. 6. Example of the heater element being turned on and turned off as recorded at the riser pole.
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Fig. 7. Monthly stray voltage comparison at feeder site #2.

TABLE I
STRAY VOLTAGES DURING THE 8/24/99 TEST WITH THE PHOENIX MILLS STEP
BANK CONVERTED TO AN OPEN-WYE OPEN-DELTA CONFIGURATION
[STRAY VOLTAGES ARE INRMS VOLTS]

Substation Shed Feeder Phoenix
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distance 0 km 0.8km 2.2km 2.3 km
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VI. RESPONSE TOFAULTS

No faults were measured on the five-wire portion of the
circuit during the monitoring period. The weather during the
summer of the five-wire monitoring period was unusually
stable. A few faults were measured on the four-wire portion of
the circuit downstream of the balancing transformers. This pro-
vided a good test of the balancing transformers’ characteristics.
One of the key reasons why balancing transformers were used
as the interconnection is that they introduce less impedance on
the line for downstream faults. For large faults, the balancing
transformers saturated. Fig. 9 shows the most significant
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TABLE | 4.|.|.!.|.|.|.|..n.|.x.|.||,|||||.l.xS
AVERAGE STRAY VOLTAGE COMPARING FIVE-WIRE OPERATION TO 1000-; g-
FOUR-WRE OPERATION [V OLTS] PhaseB = B
Current 0= £
. A
Substation Feeder Feeder l ‘]1000 Fuse clared
Exit Site #1 Site #2
Riser Pole 1000
s Neutral
4w¥re 1.81 0.29 0.97 Coment o
S wire 1.11 0.13 0.56 A
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signals for a fault on May 18, 1999 when a contractor dug intgy o single-phase fault on May 18, 1999.
a cable on a fused tap on the four-wire system. The fuse on
the tap operated to clear the fault. The balancing transformers .
went into saturation and allowed the return current to flow to High-impedance faultzan be detected more easily on a
ground. The neutral voltage at feeder site #3 (which is clo§¥e-wire system. High-impedance faults as low as 5 A may be
to the balancing transformers) is highly distorted. The residutected on a five-wire system.
current at the substation riser pole is also highly distorted. TheStray voltagesire much less on a pure five-wire system than
neutral current is somewhat distorted. The distortion is norm&f a four-wire system. If only a portion of a circuit is converted
and this operation is what is expected for faults downstreamtgfa five-wire system, end effects willimpact the system’s ability
the balancing transformer. to control stray voltage. Some of the unbalanced return current
Near the end of the project, a 1000-A, 0.95-s fault damagguthe four-wire system may return via the ground wire in the
one of the balancing transformers causing an open circuit.fixe-wire system causing stray voltage on the five-wire portion.
line crew had to close the shorting switches on the balancingMagnetic fieldsare lower on the five-wire system. This is es-
transformers to restore service to downstream customers. pecially true when the overhead line is near conducting objects
An inspection of the damaged balancing transformer revealédhe ground like buried phone wires or water pipes.
that a 15-cm portion of a 12 AWG lead from the H1 bushing to Balancing transformers are an effective way of conversion
the transformer coil was melted away. In effect, this lead actedfasm a five-wire system to a four-wire system. A balancing
afuse. Temperature calculations confirm the 12 AWG conductsansformer offers lower impedance that helps with overcurrent
would not have been able to withstand the through fault. Tleeordination. A balancing transformer will also provide some
event points out that it is critical that the balancing transformepsotection for an open neutral condition.
meet the fault current specified. The fault specification for this The fifth wire (the neutral) should be treated as an energized
transformer was 3000 A for 1 s, but it was not met in this caseonductor and installed as such. Surge arresters of the same
rating as the phase arrester should be mounted on the neutral
bushings of all transformers.
Crew practices are important when considering a five-wire
The main conclusion of the five-wire demonstration projedystem. The location of the neutral and its insulation require
is that the five-wire system improved performance for highproper attention. Initial installations should have the fifth wire
impedance faults, stray voltages, and magnetic fields relativdadeled to warn crews that it is not to be treated as a grounded
a four-wire system: conductor.

VII. CONCLUSIONS
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