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abstract - The determination of
firound Potential Rise (GPR)} at a power

historically posed a number of practical and tech-
nical problems. This paper presents a GPR predic~

tion technique which overcomes these problems without
requiring a staged fault rest. The technigue consists
of:

13 the diligent application of the fall-of-potential
method for measuring the impedance to remote earth
0f & power station ground grid with all normal
external connections to the grid maintained, using
an ac test signal of approximately 60 Hz.

7} the use of electronic instrumeats with improved

sensitivity and signal-to-noise ratio,

impedance
fault

measured grid
single phase

3% multiplication of the

by the appropriate tatal
current .

Reduced costs for special high voltage protection
used on communications facilities serving
stations will result because this technique provides
more accurate ground grid impedance values which
yield much lower predicted GPRs.

power

INTRODUCTION

The determination of the Ground Porential Rise
(GPR) that occurs at an electric power station, due to
a2 fault to ground somewhere in the power system
network, has posed a number of practical and technical
problems. This paper presents a technique for pre-
dicting the GPR which overcomes these problems without
having to conduct a staged fault test.

srated, the rechnique consists of:

1) the diligent application of the well known fall-of-
method for measuring the impedance
to remote earth of the power station ground
(measured with all normal external connections to
the grid maintained) using an ac test signal of
approximately 60 Hz. This measurement yiglds
Z the impedance of the grid io its normal

el

potential
grid

operat ional configuration

2% the use of electronic 1instruments which provide
improved semsitivity and signal—-to~noise ratio,
1} multiplication of the power station ground grid
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impedance Lo remote earth {measured in accordance
wirh 1) above) bv the appropriate rocal single

phase fault current.

NEED FOR A PRACTICAL GPR PREDICTION TECHNIQUE

The need for a practical GPR prediction technique
becomes apparent when one examines the limitations
and/or difficulties encountered in applying the
methods heretofore available.

Mathods prescribed in past TEEE papers require
that the impedance of the power station ground grid be
derermined with all electrical conducting paths
("alternate paths”) disconnected (defined as Za )
N

from the grid. In addition, that portion of the

roral fault current 51? } which returns through
Total

the earth path ( must somehow be determined.

The GPR expressed volts rms 18
taking the product ‘? and 2.

described in [1]. B E

then obtained by
This is the method

determining the extent of the GPR
zone of influence is identified in [2] and (3] As
pointed out in these references, it is required
that the GPR profile be determined as a function of
distance from the grid along the communications <cable
route. References (2] and [3] also include the
theoretical GPR profile curves for several different

The need for

starion grid areas when located in a homageneous
earth with no grid connections Lo external grounded
merallic srructures, such as pipelines or IR I

grounded neutrals. These curves represent the minimum
distance tp which the GPR will

useful in rural or undeveloped areas.

extend and may be

iLacions difficulties

and/or
above methods are as

Some of the 1L
encountered im applving the
tollows: Measuring the grid impedance tn remote
for an operating power station with all alternate
paths disconnected 1s not practical, may be
{especially if the station feeds multigrounded neutral
distribution circuits), and will wield a GPR ¢ £

[

unsaf

that places remote earth appreciably closer to the
grid than would a 13 ~af~potentiasl wethod
ment ma with the power station in ifs Of

configuration,

Limitacions of Commoniy Used Instrumentation

used commercially avaiiable Gr
Test Sets were not designe
large grids. By their daesig

only

Measurir

low 2.

G

Sets only and do not

impedance undar

the reactive
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Limitations of DC Methods

Using a dc signal on the currant probe of the fall-
of-porential method suffers from the following limica=-
tion. As stated above, if Z. £ 0.5 ohms, the reactive

G

component 13 aporeciabls. Therefore, under this
condition an ac signal should be used. Another
possible limitacion or difficulty occurs when signifi~
cant stray dc¢ currents are present in the sarcth. This
requires either the use of high direct current signal
values £o achieve a useable signal-to-noise ratio or
the abandonment of this methad.

Limitations of Using a Power Line as a Current Probe

This method vrequires making available a power
line on an out-cf-service basis and, if a dc signal is
used, 1t 1s subject to the 0.5 ohm limitation men=
tioned above Another consideration that must be
evaluated is the possibility of mutual coupling
between the power Lline current probe and the voltage
probe when an ac signal is used.

THE ¥EW GPR PREDICTION TECHNIQUE

nLs technique uses che fall-of-potenrial method
with an ac signal close zo 60 Hz to measurs Z_, with
Ly

all electrical conducting paths left connectad to the

Y

Zone of ILafluence e

" Remote Earth

Symbolic Representation of Power Starion Cround Grid Lmpedance

power station grid and with the power station opera-
ting in its normal configuracion. The Zg, theraby
decermined (shown in Fig. 1), represents the Thevenin
equivalent impedance 0f all the series and parallel
paths that exist between the power station gzrid and
remote earth. This means that an actual fault current
will distribute irself and return to ifs source in the
same way as the current probe signal current does zo
its source. The GPR, expressed in rms volrs, is then

obtained by

multiplying 2. by &

L2

appropriace total

single phase fault current available |/ that
is: Total),

GPR (volts wms) = I, % Z., (0

“roral v

[nstrumentation

The need, as developed above, is for an impla-
mantation of rhe fall-of-porencial method to measure
power station ground grid impedance with all external
connecrions Lntact, 1a the presence of i
using an ac signal similar in frequency

Lo power system current,
nundredehs of
influence

sration, The

the ron

where
aul

from the
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Fig. 2. AC Fall~of-Potential Method For Measuring Power Station Ground Grid Impedance to Remote Earth

source, a high input impedance frequency-selective
voltmeter as the detector and telephone cable pairs as
the current and voltage probes. A 60 Hz rejection
filter is used at the voltmeter input when required.

The sine-wave oscillator is tuned close to 50 Hz
to give the best simulaticn of the power system

current. The actual frequency and outpul current to
be used are determined by the characteristics of the
ambient noise and the voltmeter. Frequencies in the

range of 65-70 Hz and currents in the order of 0.5A
were found suirable in measurements of large power
stations in both moderately and heavily builr-up
areas.

The frequency-selective voltmeter must have a
bandwidth sufficiently narrow to detect the signal
from the oscillator in the presence of any ambient

noise. In our tests, a 1 Hz bandwidth gave a useable
sensitivity of about 0.0!1 ohm in the presence of
ambient noise using 0.354 of source current. Earlier

tests had shown a 3 Hz bandwidth freguency-selective
voltmeter to be only marginally adequate for 0.05 obm
measurements in this environment.

An even narrower bandwidth voltmeter would be
desirable to assure an adequate margin in noisier
locarions, but may increase the difficulty of keeping
the voltmeter tuned to the oscillator. A phase-locked
detector slaved to the oscillator would appear to be
the most desirable instrumentation.

For small isolated power stations, the zone of
influence may be sufficiently small so that portable
temporary leads would be appropriate for use as the
current and voltage probes. For larger power sta-
tions, particularly in built-up areas, the zone of
influence may extend for several miles and such leads
are impractical. Communications cable pairs are often
available, at least temporarily, to extend the probes
as far as necessary to reach remote earth. In the
fall-of-potential method, the resistances of the
current and voltage probes do unot directly enter iato
the measured value of the ground grid impedance. They
do, however, impose constraints on the measuring
equipment . If the current probe has a resistance of
200 ohms, then the oscillator must develop 100 volts
in order to produce the 0.5A probe current. Simi-
larly, if the voltmeter has an input impedance only
ten times that of the voltage probe, a 107 error in
the voltmeter reading would be introduced. We recom~
mend that the current probe resistance be limited to

no more than about 400 ohms, by paralleling cable
pairs if necessary, and the voltage probe resistance
be kept under 1000 ohms. The power oscillator should
be capable of 100 watts output and the voltmeter
should have an input impedance of at least 100
kilohms.

If the voltage probe has a high ambient 60 Hz
signal on it, as from an inductive exposure, the input
circuits of the frequency-selective voltmeter may be
overloaded and result in incorrect readings. A 60 Hz
rejection filter may be required shead of the volt-
meter. The particular voltmeter used in our tests
overloaded at about 8 volts of input 60 Hz. One of
the voltage probes in the test had an induced 60 Hz
signal of about 30 volts on it. An active 60 Hz
rejection filter having the characteristics of
Fig. 3 was introduced ahead of the voltmeter and
solved the problem. When using such a filter, the
voltmeter reading must be corrected for any loss at
the measuring frequency introduced by the filter or
its impedance-matching circuits.
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Fig. 3. 60 Hz Rejection Filter Response
One other instrument, not shown in Fig. 2, but

found quite useful in the test procedure was a clamp-
on milliampere input pick-up for the frequency-
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selezctive volimeter.
srobe lsad permits the vol y
sreciselv o the oscillacor frequency. This also
nermits using the same voltmetar both for setting the
current level and for measuring the volrtage drop
across the ground grid impedance.

This plck~up on the cur
meter Lo be tuned vary

Test Procedur

iising the above instrumentation, the step~bv-step
srocedare Ls as follows:

17 Establish current and volrage probes, bheing sure
the probe leads are long enough to reach remote
aarth. Take extreme care 0 avoid even very small
mitual coupling. If possible, route the current
and wvoltage probes away from the power statioa in
opposite directions. 1f this can't be done, be
sure rhat the probes are separated by at least
ninety degrees.

?) Connect the volimeter to the voltage probe and
slowly scan the frequency band around 60 Hz for a
low—noise "window' in the ambient aoise. Iao v
tests, such a window has wusually been Zound
in the range of 65-488 Hz,

; Set the oscillator freguency ro thar of the window
fouad in 2J and adjuse 2 oscillator csutpuz o the

selecred cuvrent.

4) Tune the {reguencvy-selective volrtmetar Lo the
ascillator frequency and read the wvoltage on the
voltage probe resulting from the weoscillacor cur~
rent. The oscillator oucput may be switched off
and on fo observe rhe ambient noise and assure chat
adequate signal-to-noise rario for meaningful
readings 2xists.

5) The computed impedancea Zl’ for this pair of
probes 1s then

7 sy T (723

where 7 Ls the wvolrmeter reading corrected

for input filter loss

and v Dhie

ilator outpul current.

51 fov orher volrtage probe place-

produce addiviomnal impedance values

Z.) Plor nhe impedance values as
%

A Rapeat |

a function of voitage probe discance from the grid
( 2 Continue until che asymptotic value
of 2. has been obrained.

; R
Fig. Al

he =slecrrical nazards inherent in the fall-of-
potencial method require caution in the handling of
the remotely grounded te leads. The usual safery
srecautions, including zhe use of insulaving gloves
and blankets. vubber-soled shoes and eye protection
should be amploved detailed discussion of
these precaul.cns 1s outside the purview of this
paper. nossible safetvy hazard specific to this
hnigue rezsualts from the relatively high output

W ewerT

waltage which required from the power oscil-
Lator [ yolrage 15 expactad to axceed 30
solns spould be inscructed aoer to

che curreat orobe pairs
pairs in the communi~
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A0T o6 tLhe appearan
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Fig. 4. Szacion Jround Grid lmpedance Profile

the <urvent probe 41 remore =2arcth and voltage probe
locations at various distances from zhe power statcion
grid. Of course, actual measursd valuss will deviate
from rhe idealized profile of Fi1g. 4 due to inhowo=
geneitiss of the wsarth, proximity of multigrounded
neutrals, buried water or gas lines, eatc. For this
reason, L1t is important to include voltage probe
locaticns along che route of a zommunications cable
for which protecticn 51

L8 being de

o

gried .

The ground grid impedance L.}, for GPR predic~

5t 2 shown in Fig., 4.
iz the produce

zat flowing from

tion, i1s the asyuwptotic
The predicred GPR atf the

af 7. and the appropriate
G

che grid to distant current sources. A GPR profile
{Fig. %) can be constructed from the impedance profile
by plotiing the points

GPR = I % {3
: TOTAL ‘

where GPR - is the from Poins x to remons earth

and Z_ is the impedance value obtainaed 1n Step 6!
above .
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Pitfalls to be Avoided

Several sources of error in this measurement
technique may not be immediately obvious. The fol-
lowing are noteworthy:

1) The current and voltage probes must not be mutu~
ally coupled. This means more than just keeping
them in different telephone cables. It means
being sure they are physically well separated.
As an example, pairs in two telephone cables
separated by the width of a driveway will have
mutual coupling in the longitudinal mode of
about 0.33 ohms per kilometer (0.1 ohm per kilo-
foot). Thus if the current and voltage probes run
in such cables for about 0.8 kilometers (0.5
miles), a mutual impedance of about 0.26 ohms
will result which will limit the measurable Z

.. G
to a minimum of 0.26 ohms.

Since the profile measurement on large grids is
being made for ZG values down to 0.01 ohms (5 mil-

livolts for 0.5A current) the coupling must
be kept to values less than about 1 wmillivolt.
This equates to a 6 meter (20 ft) length of
parallelism at driveway separation. The current
and voltage probe leads should leave the measuring

point in as nearly opposite directions as possible.

Sometimes it may be necessary Lo run temporary
wires to a second telephone cable to achieve
this.

2) The current probe must be at remote earth. In
order to assure this, a second current probe
location beyond the first one should be tried. If
its use changes the measured value of ZG, another

current probe location beyond the second must be
tried....and so on until the counsecutive measured
values are the same.

3) Input overload of voltmeter. A test for this is
to change an input attenuator setting (either by
adding an external attenuator or by adjusting an
input attenuator on the voltmeter) and see if
the meter reading changes by the same amount., If
it doesn't, the 60 Hz rejection filter is called
for.

4) Temperature sensitivity of instruments. Test
instruments sometimes malfunction at temperatures

above about 43° ¢ (110° F). This temperature
can easily be exceeded on the ground of a power
station on a sunny summer day. Avoid exposure to
those conditions.

SUMMARY OF TEST RESULTS

Five power stations have been measured by the
rechnique described here. All were in moderately to
heavily built-up areas. Grid sizes ranged from about

1950 m® (21 000 £t2) to about 42 000 m> (450 000

ftz). Two stations were measured repeatedly over a
period of about a year with essentially rhe same
results each time. Table I shows pertinemt data on
four of the five stations measured. Several signifi~
cant results evolved:

1) The measured impedances to remote earth are
significantly less than the usual Grid Resistance
Design Objectives.

2) Power station grids with external electrical
connections are effectively much larger in area
than the actual physical area of the grid. The
distance to remote earth seems to depend more on
the external connections than on the physical grid
area. Two statioms, of 3400 w? (37 000 £e2)
and 33 000 m® (352 000 f£t’), respectively, had
essentially the same computed GPR profile with
the 10% point falling at around 5200 meters (17
000 feet) from the station. The theoretical GPR
profile curves would have predicted the 107 points
at about 152 and 760 meters (500 and 2500 feet),
respectively, for the two grid areas.

3) A limited number of measurements at different
oscillator frequencies has indicated that low grid
impedances (less than 0.02 ohms) vary directly
with frequency. This suggests that very low grid
impedances may be essentially pure reactance.

4) All stations measured to date using this technique
have yielded predicted GPRs much lower (approxi=-
mately 1/5) than the values previously stated as
predicted GPRs.

Table I -~ Summary of Power Station Ground Grid Data

Power Station A

1950 @’

Grid Area 9
(21 000 )

Measured Z, (ohms) .013

1520 m
(5000 fr)

Measured distance to
remote earth

(37 000 fcz)

2 42 000 w

(450 000 ££5)

2

3400 m 32 000 m

(352 000 £t%)

0.2 0.17 0.12
12 000 m 8000 n 2140 m
(7.5 mi) (5.0 mi) (7000 ft)



CONCLUSIONS

THis paper has presented a practical technique
for the accurate prediction of GPR at electric power
stations. We believe thar this technique is ctech~
nically superior 2o other methods now being used for
the following reasons:

1) The test signal for the measurement of the station
ground grid impedance to remote earth is an ac
signal of approximately the same frequency and
waveshape as the power system current.

2) The use of the ac test signal permits the measure~
ment of the ground grid impedance (not just
resistance) ~ an important factor which takes into
account the reactive as well as the resistive
component of the total impedance.

3) It is not required that the external electrical
conducting paths (alternate paths) be disconnected
from the station ground grid as is required by
other techniques, nor is it required to then
determine the split in the fault current between
the earth path and the alternate paths.

4) The measurement of the power station ground grid
impedance is made under realistic conditions with
the ground grid in its operaciomal configuration,
thereby including all normally available conduc-
ting paths in the wmeasurement of cthe impedance to
remote earth.

5) The use of the recommended instrumentation enables
the station ground grid impedance to be measured
with a greater sensitivity and a better signal-to-
noise ratio, in the presence of ambient noise,
than with other more commonly used instruments.

We are confideat that the new prediction rech-
nique provides a more accurate measura of station
ground grid impedance than other low current mechods
now being used. We are comfortable with this
approach even without a staged fault validarion test,
and believe thar it does not understate the GPR.
Finally, reduced costs for special nigh volrage
protection used on communications facilities serving
power stations will result because this technique
provides more accurate ground grid impedance values
which yield much lower predicted GPRs.
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