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The purpose of this dissertaéion is to evaluate

“different field meashremeni techniques of g:ound~
impedances of electric- péwgr substat ions. Emphasis is
placed to those . cases where the ground impedance

magnitude is below 1.0 @ , and to analyze problems

associated with these measuréments, primarily the mutual

coupling effects between auxiliary current and potential

leads.

*
¢

The investigation begins with a review of the &wo types

of ground testing used: high current injecéiop and low

current injection.: Followin§ this, extensive experimental

. o
data 1is presented,: collqctgd from a series of grounding

tests performed at twd‘shbst&fions~of Hydro-Quebec's power

i

network. In 'pa;ticular, it is concluded that low current

injection methods with magnitudes as low ;s 100 mA, can give

results comparable to a more expensive and less safe high .

¢urrent .method.

—

Also, as a result of numerous field measurements with
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low current methods, tge undesirable effect of\ mutual
coupling between auxiliary test leads was experimentally
verified and favorably compared .to curves determined
analytically. It is also shown how accurate results can be
obtained, - for any " value of the angle between the

auxiliary leads, provided the mutual effects are minimized.

+

by the use of proper analytical tools. Subsequently, a

technique is presented by which the value of the ground
impedance is determined, using interpolating and smoothing

techniques applied to a curve of qround impedance magnitudes

‘»

at different angles betweeen the auxlliary leads.

t

The £inal part of this dissertation presents’ an
« 7 -

extension to the work previously done in calculating the
mutual impedance of grounded conductOrs of finite length
lying on the surface of the ground.. EqUations are developed

taking into qccount*the fact;thgt one of the conductors may»

be at any height above the "earth'§~'surfnce. This ‘has }~:

particular applications in urban and suburban areas, where'

~

it is not always possible to lay cablee on the groung. ‘A

sensitivity analysis

i®gsented to show the influence of

.
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: LIST OF SYMBOLS " ' ]
S " v
’ é// = Auxiliary current electrode, also distance to current
\ . .
. m - electrode in m.
1% . 4 .
P = Auxiliary potential electrode, also ’ais;ance to
potential electrode %g m.
Pi = Potential electrode directipns for low: current
P testing (i=1,2,...5) - - I
M = General expression for the Neumann integral. .
Yy = Horizontal distance between conductors, ‘in.-m.
z = Height of one conductor, in m. ' ' ..
.
. r = Screening or shielding fdctor.
. y L N
I, = Measuyred test currenht magnitude in amperes.
. T S \_./L'\
Ii = Initial current in the de-energized test circuit in
amperes,
ﬁ{/;ma = Current measurement in the synchronous
power-frequency method (position "a"), in amperes.
A
Imb = Current measurement in the synchronous
® power-frequency method (position "b"™), in amperes.
Imax,=4féurrenar,maxima measured because of the phase shif%/"
o between the injected current and the residual current

: o

. in the beat-frequency methéd,[{n amperes.

Inin = Current minima measured beéause of the ppasedﬁhift

L%

between injected/ngtrent and Fhe residual current in

the beat-fregueéncy method, i améeres; .

I, = Induced 'current in the overhead ground wires-due to
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Zm

Zg9

8w

GPR

. 'in .amperes.

~ N
current c¢irculating in the giase conductors, in

*

amperes. .= (l-f)Ifl

Current responsible for the voltage rise= L - Iin
[ 4

Earth-fault current, in amperes.

-Magnitude of ground'fault current q%turning through

the transformer_ neutral, in amperes. .

Magnitude -of ‘ground‘fault current supplied by h.v.
transmiééion 1iﬁe = Iy in amperes:

Magdftude foéround‘fault current into the ‘earth = r
Iél.,,in amperes. )

The part of I circulgtiqg through overhead ground

wires and tower footings, in amperes.

Cond#c;ivé'currgnt that flows through the overhead

* ground wires and tower footings, in amperes.

9q£t~pf 1g flowing ‘into the ground grid.

’

Measured value of substation ground impedance in ohms

¢

R + 3% .

' Calculated- mutual ground impedance between the

-

auiiliary‘probes in ohms.
VZ‘—'Zp\; Substation ground impedance in ohms.
) ‘ "

Rg + j Xg

~Mugual imp%ddnce between overhead ground wires ‘and

' %
phase conductors in ohms.

*

Self-impedance of overhead grdund wires with earth

return in ohms. ‘)‘//'

Ground Potential Rise of the ' substation earfhing

- xiii -




ma

mb

max

system in the event of any type of ground fault (in

H

volts) .
Measured potential rise due to the test current, with
respect to remote earth (in volts).

Initial voltage in the de-energized test circuit (in
volts) . ’

Potential measurement in the synchronous
power-frequency method (position "a"), in volts.

Pétential measurement in the synchronous

power—~£frequency method (position "b"), in volts.

Potential maxima measured because of the phase shift

¢

between the potential rise due to the test current in

the beat-frequency method and the residual voltage,
in volts.

Potential minima measured because of the phase shift

between the potential rise due to the test current in-

the beat-frequency method and the residual voltage,
in volts. L |

In the interference compensation method, -the '"voltage

produced to compensates the residual | vboltage, in

! \

volts. e ’

Angular frequency, inlrad/s

Propagation constant for plane eléctféﬁagnetic waves,
Permeability of the medium, in H/mjL,'

soil .résistivity in ohm-m. -

Angle between P and C in degrees,

Substation ground impedance phase angle in degrees.
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F.

o —yan

>

@ = Oscillator, power source. B

.
.

o = Voltmeter (frequency selective, when needed). °
o = Current mé{:er" '

’

= filter. * ‘ ;
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CHAPTER 1 o

INTRODUCTION

4

1.1 General Backgrouﬁd. . L
3

'

_The first use of the earth as a retptn'.éohdqctor was
announced ’by Steinheil in the "Comptes Rendus" of September
10,1832 for electric telegraphic communicatiéns. Although
;t that time, the earth was viewed as a reservoir presenting
no resistance to the return “éd;rent and introducing no

interference between parallel returns. s T

In the area of electric power engineering, for the last

hundred years "or so, groanding systems have playéd an

wri

important role. The earth is-commonly and frequently used

-t

. : £ ' . N :
as an electrical conductor for systems'returns because its

resistance ‘can «be | quite Tow , owing to -“the large
¢ross-sectional area of the electrical path, althoudh its

resisfivity . is hiqh'\comgaréd to that of a metallic

‘ . ) T e
at e T :
Some ' decades ago, many people® believed that any

-

'Zgrqunded 6Uject, however crudely, could be safely touched.

Nowgdays, basic problems involvihg the wearﬁ%, as’ well as

buried- * conductors ~ -and/or grounded aerial conductors,

/ 4 r f

' mecessitate theoretical solutions that are more complex than

-

- R -1 =
, .

i o =75
—_—
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~ who may come near an electrically condﬁcti&é"dbjecﬁftied to

that of metallic.circuits only [23], first of all, because
) )

the great extent of the earth calls for the use of

electromagnetic field thepry rather than conventional

transmission line and circuit theory in the solution of most

of the problems.. Other factors that may cbmplicate the

analysis are, for example, ionization effects due .to high’

volfages or to electrdiytic action, and the heterogeneous
¢ .
i

character of the earth. . : . E

t
K ’ A

o

One area of earth conduction effects that receives mugh . ‘ .-

‘attention these days is the analysis and design of electric ' - :"vf

i,

power substation grounding systems. As. demand for

B}
v »

electricity grows, and short circuit .levels 'in ‘modern power — : . -

A

systems increase, so does the numbér and complexity of power"

. e
N s

- Substations, reflecting an impértant need for accuraté '’

-

design procedures for grounding systems, both from a safety = - ;i

point of view and from financial considerations [7,23,38]¢ M

Basically, a safe grounding system has two objectives:
B
1) .-Provide means to carry and dissipate elg?;;ic currents
into ground under normal and fault conditions, without o
exceeding any -operating and equipment limits or adversely
affecting continuity ofiserviée.
2) .- Assure such a deqree of human safety Vth9t a persoﬁ

working or walking in the vicinity of grounded’ facilities,

‘e K
‘e S LA
.. yort belT
5
~ .
“ "




;fault, is not exposed to the danger of a critical elegtric

1
h

. the ;qround;ng system under the influence of a major ground

’
-

L3

shack. R . -

N
A}

oy A

With the "~above in mind, the design then must minimize

K the ground potential rise (GPR) of the groundinq SYStem in

the ~event of a ground fault.. The objective is €0 Limit the

interference over control and. communication cables, and to~

‘ -,

o

2

J;imit the potentials transferred via services connected to"

WVL'lﬁz.Scdoe of'the'Tnesis. s

. ( .

the substation such as telephones, water supplies, etc.. But
most important of all, the purpose is to keep potential

fgradxentg at the surface of the earth down to. K safe. level,

"both out51de«the boundary to-protect the publlc, and 1n51de a

“the substation t0 proté;t personnel wno‘ nay ,aleo " be

endangered by either touch or step potentials E37{23;24].

N +

The assessment of the possible dangerous condltlons

]ust mentioned demands a reasonably high deqree of accuracy

o

Jin the value of the substation ground lmpedance; since thie

' parameter, aldng with the magnitude of ‘the fault current’

circuiatinq into the ground, determines,the magnitude of the
GPR., .-

g . s
’ - - a 1 . D S
N . . S

so® N
- ' . t - e i

s

5 v A >

The substation ground impedance_ can be determined

.

analytically or experimentally, and 'in general, a groundlng

- - . -
. 1
-

”



: : egﬁez this last

system may.be analyzed, using several methods, including:

\

1) ‘Approximate formulas.

2). Analytical methods. .

"3) Graphic techniques. .

4) Measﬁfemencs,trom scale models.

Field testing of actual substations.

fhe present ‘thesis addr area. Field

‘measurement tedhniques, when properly executed, will provide a

reliable value of the substation ground impedance, and are

—

" particularly important .wﬁgp verifying the adeéuacy of an

existing substation, in the case where many additions have

Vo

been made over the years aﬁd the original design |is

3

obsolete. ‘ . ‘

-Receﬁtfy}‘the technical literatutre has reported some

-

new methogglogies for measuring,ground impedances when there

o

-is a significant inductive component -in the grounding

"éyetem, and interest in the eccuracy‘of all of them has

. increased lately [35,41].  Chapter Z“diéddéges some of .the

fundamentals common to ground "tesiihg,= and states the
importance of measuring the reactive’ part . of the ground
impedance. iy also discusses “some of the -advantages and

disadvantages ofhboéb high cu:reﬁtr(HCL and low Eutrent (LC)

injection techniques. Chapters 3 and 4 review~these HC and

LC methods, pointing out specific characberistics of~ each

PO 3

. s
. -
BN ,h. .

. .
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-

sone of them. : -

>

. > FuliN ,“ '
Fiéld testing gs,.n?rmally> done e@ther by using high

' -

levels of injected'current, -e.g. staged-fault tests, or low -

levels of injected current, k:.q.. using a portable earth -

tester. A comparison of the.diffefgn& techniques seemed to
be the next logical step. -In this'i;vestigation, Chapter 5
presents results from gw; éydrq-ohebec's power substations,
.comparing the freqdenqy-span&inq low cﬁrrent method wifh a

high current injection technique, as first reported in

- reference [40], and itaié concluded that both methods give

éémparable‘results.‘
& \ .

On the c;hér hand, low current (LC) metheds . have the
’d}sadvaptagé . of mutual coupliﬁg effects between the
aﬁiiliéry!leads. Reference [45] pteseﬁts' a technique for
calcﬁlatinq these effects between any two wires lyinq on the
surface of the earth, and aécountipg'fpr such parameters as

soil resistivity, frequency, length of potentigi and current

" leads.(so called "end effects"), and the angle between them.

- These engtions had nét Been,substantiated with enough fieid

data.. In the measurements reported here, though, using an

LC method, the effett of mutudl coupling is cléarly seen., A
' [ ' W \
successful application of this technigque is achieved, thus

reinforcing the convenience of low current methods. This

~pr6blem of m@tual‘effécts between the auxilary test wires is

L)

taken one-step further in this work, in.two different ways:



-~

First, smoothing and interpélating techniques are
q applied to a curve of ground iinpedance vs. anglg between L
'éuﬁ}liary leads. With  these techniquqs,' the ‘ggogné
impedance magniéude at 90 degrees is extracted (whe;e'mutual
‘coupling is minimum). This is uSeful.whenever measurements
' ‘are not possible with the test leads perpendicular to each
other, but me;surements at other aqgles are available. This
’ 'simple technique was verified by comparing it with results
from a high;current test. ‘ .
Second, an extension to the work done for two

conductors lying on the earth's surface is presented in

Chapter 5, generalizing the expressions for mutual impedance

PY allowing one of the conductors to be at any height,

including resﬁianon the soil's surface (zero height). .

e

In summary, the present work was carried out with the

v
*

- purpose of making é'contributiqn to the field festing of low °

-

éround impedances.
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CHAPTER 2

BASICS OF GROUND IMPEDANCE HEASdRBHENTS

o

271 Nature of the Problem. ' »

When speaking of ground resistance or impedaﬁ‘e field
measurements, the principle is the same, current should be

injecteﬁ through the earth, and the only way to do this is

by inserting electrodes into the soil. Much of the

fundamental work for ground testing was done at the National

5

Bureau of Standards in the period 1910-19207 and portable

instruments !%g resistance measurements became available

P

around 1927. It is interesting to note that at this , time

'

some books on electrical measurements [36}¥ do notreven

+
’

mention the subject.-

Y N ° 4

v ro

Until recentlyy field testing of an electric , power

LY

substation consisted of measuring only thé/reSiétanqe to,I:

remote ground (neglecting the reactive _component) with '3

.commercial earth ‘tester, and the metHods vrescribed in the
literature required that the resistance of the. substation.

' g:ouﬁd' grid b§ determined with alluelegtrical conducting

~ ow b 7

paths disconnected from the grid [21]. . THese "alternative

pathg" consist. of.foverhgad ground wires, distribution

‘ neutrals, counterpoises, coﬁmunigation cablée shields, .and -

any other met§llib conductoq‘conngctéq.ﬁo the é:idﬂ B

¢

—— N o v N

.- - o ~ — . - crvirl s aretee
. ! ‘ [y
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Although other techniques for measdriné tne resistance
of ‘an earth electrode exist f45], the most common method' for
deternining the substation ground grid resistance is the one

L7

known aS3tHé fall-of-potential method, illustrated in figure

. - ‘ ] > .
.2.1. “and explained in Appendix B. Rg is the ground grid.
. T . ! -

resistance to be measured and P and C aré"}espectively, a

‘potential and a current auxiliary electrode, placed at

sultable ‘distances; from the substation and pafallel to, each .-

~

‘Qther. A known current (I ) is passed between*the grld-and f

" electrode c, measurlng at the same time the potentlal ~(Vm)

between the grid and auxiliary electrode P SO.the ratio™ -

Vm/I g1ves the resistance Rgﬂ The reaéon modetn” earth

_ testers ‘‘used in this apglication.givefqnlyvthe/valne of. the

dc resistance is that they produce’ a reversing dc " in the .

- form of- ~a square wave,; wlth a zero perlod at each polarrty

a

‘reversal. to avoid, possible polarlzatlon effects. Reference

Rl

’

.[23] prov1des a good hlstorxcal discussxon on soie models_,"'

comMerc1a11y available.-

o

A

A’ unique characterlstic of an earth electrode .is that

- %

:its re91stance,‘1s practlcally dezermlned by . the body of

'earth‘surrounding thejelectrode. So 1n the above method -it" -

"~

is very important that-tﬁe resistance areas of ﬁg, C and P

;;do not'bverlap. This is achieved by plotting the. values of .

*

" Rg . against the distante of P to the substation ground grid

as shown in figure 2 2. - If the cyrrent eélectrode C is at a

: distance di (resistance areas overlapping),” a series ‘of
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measurements made, with tﬁélpotential electrode P -at various

{

distances from the subst;tion will result in curve "a". The
measured Qéesistance is increasing steadily as P is moved
along the line joining the earth electrode and C. On  the-
other hand, if C is moved to a distance’d, Buch tﬁaq.the
resi§tance areai do not overlap, a curve of the type :b;
will result. The resistance qorresponding hto the flat
(horizontal)‘gection is the true value of the résistance o;/~”
the ground giiﬁ. If the area covered by the g;ound grid is
so large that a suitable distance for C cannot be found, an

extension to the fall-of-potential method called the "slope

method” [44] can be applied.

R
’

Theoretically, in the fall-of-po:gntiai method, the

{‘arqund resistances of the P and C electrodes do not

>

influence the measurement, since they are taken into

consideration by the method itseft [24]. Nevertheless, -in
e

°

ptactice, these resistances sh%?ld not exceed a maxiapm
value beyond which the test current is either lower than the

instrument's sensitivity or. similar to the stray currents in '

the earth. } To avoid one or both of the conditions Aove,’

~
the test curﬁént is . increased by lowering the auxiliary

electrode resistance. This is done by driving the rod’

L4

deeper into the soil, pouring water around the rod, and/or

”f“d\ driving additional ones, interconnectin§ them-tcgether.

e

Many years ago it was recognized that .the measurement

o
)

- 10 -
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of grounding electrodes might have a -significant reactive
but . until recently it is becoming more
4

and more accepted .that these extended qiound conductors

- component  [21,11],

("alternative paths", ‘as we have called them - before)
introduce a significant reéactive component that could
increase the valueA—QE the GPR if only the resistance

e

(since these

s

in the event of g ground fault), and

cbmponent is measured paths will

alternative

also drain current

consequently must be included- in the measurement.

This

latter fact wafd first recoqnized in reference [29], A high

inductive component in the substation ground impedance may

cause a- substantial error when calculating the GPR ueing

. . -
- only-the value of.Rg.  For example: If the calculated fault

curreht into the grounding ‘éystem_ is 4900 A, and the

peasured resistance is one.-ohm, then the GPR = 4900 vy but

if an inductive ,comébnent is present (say, Zq=l.12.Q Y
then the GPR is actually 5488 V. This value might be tQo

high by S?Me-standards [4]. 'A practical example is giveén ih
N ) -

(1] Qherq fests per formed on a. de—energized '400' kv -
substatiéﬁw showed a dc resistance » % lower than the 50 Hz

N ‘ s .
impedance. \ : ' = L

- e Lo
a

’ c . T ] T

2.2 Ground Impedance Measufements. . ‘ Lo s
i ‘ 254 , ;.

¢ g

In general, for all electric power

-substations -(But

articularly for EHV substations) whose grounding sysﬁeﬁs-
particy Y, , : :

- s comprise extended conductors ("alternative paths") éonnected_

fl

T o

1




to the main grid, its impedance may include a‘signific’ant _,'

reactive c

L - '
traditiona

As’

1mped ance

L

omponent, and measurements cannot be made with

1 low voltage portable earth testers. Lo

'

\

stated previousiy, in order to determine the.

of a substation groundinq system, a known current.

( Im) must Dbe c1rculated between this lmpedan;e (Zg) and a

remote cu
Mmeasur ing.
gr_o'u.nding
,refe rence
qz<ound it

Zero refe

" rise of th

Vin » thi

increasing

difference

is negligi

Hence
ctmpr 1ses '
potent ial.
gro(md re

assure the

N
i

‘ -’
rrent electrode (C) ', vla an auxiliary wire, ’

at the same time the voltage rise (Vm) of the - -

system relative to an auﬁlia ry potential-

3

electrode (P) at "remote. ground”. By remote

is meant “thak the potent1a1 probe must be at " a

s
o

rence point (ideally) to detect the full potential.
e grounqu system. To find the correct value of

s auxiliary potential  -electrode is placed at.

.
~ A
¢ '

\'distances from - the substation until = the
. , )'
between at least two or three succesive readings.
ble. L
» the evaluatlon of ‘a substation ground lmpedance

RN

basmally,, two types of measurements Current and
)

.1f it were possible to install an 1deal remote

ference "point and . if it were always possible to

;“.

complete isolation of the test and currenti return

electrodes,- ground imped’ance measurements would be a smple

process.

‘compr ised

v, -

But since' the ground impedance of:any ‘conducdtor is

mostly by the earth surrotinding the electrode,

o

<
.

i®

»

v -

-~




many difficulties need to be overcome. Generally speaking,
measurement problems become more- difficult as the dimensions
of the g:ouhdinq‘SYStem increase, as the ' impedance of the

R L .
e . grounding system decreases, and as the level of ambient
i
noise and soil resistivity both increase. The measuring

N p
-
PRV

techniques that: have been proposed lately are described in

the next. two &hapters and are arbitrarily divided into high .

vy, '

. current (a minimum ‘of ‘50 A as suggested in [28]), and low
current (approximately < 10 A) injection techniques. The

‘Sasic difference among all techniques (both LC and HC) lies

f K +

mainly ‘in the magnitude, frequency and source of the
injected currents. All methods are geared to minimize the

A
effects of residual voltages. These voltages have usually

v -~

- prominent harmonics "and result from residual or stray system

) currgnts circulating through %pe ground impedance.

ay
/

€5'Al;hough with high current testing technigques it is

" © . possible ‘. to "determine the efficiency of each grounding"
- . 3

element;:by measuring the current distribution [15,15], LC

1

testing has the following advaptages over HC testing:

. 1) The maq-hqurs required- to complete the field measurements

-

may be two or threeltimés less, making them less expensive.

" I3

2) There is no partial uég of the power system, whilst for

.~ . . . ,
HC test’ing a transmission line has to be made available,

ith thé’ corresponding modifications i% the protection
- 2 2 )

dgordination.

3) There ' is no neeq\to.account for the induced current in

p . . | L NI

S -

- [ : . f .
. - - -
. ' - ' N B
¥ 7 * - >
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the overhead ground wire(s). - ' ' -
4) And most important‘of‘all,Tit poses‘%955»dénger to shock

hazards. T

. L4
2.2.1 Current Measurements.

. Another basicx difference between HC and LC methods 1is

~

’ \

that the former commonly wuses a phase, conductor of a
i X

. ' i
transmission line for current injection, while the latter

‘uses a temporary field cable or a telecommunication line..

The most relevant requirement for measuring the current is -

i

that the auxliliary current- probe (C) be located far away so

that there 1is no overlapping in the impedanbe areas. As mqa.

‘.

rqle of thumb, a distance of 5D or 10D is choéén [28]1, where
D is éhe equivalent diameter 'of tﬁe area covered by the
substation grounding system. ' Of cohfée,A for extended
systems, knowing the equivalent, diameter‘ might prove
impossible. In such a case, 5D or 10D should be used as a
first approximatibn or starting point (witb'b the equivalent
diame;er 5£ the ground grid only). If no zero slope/is Seen
from the 2g wvs. ,P curve, then C should be placed farther
, : \

away.

.
e

b3S 3
oy ?
i

2.2.2 Potential Measurements.

R

L4 .

e Co ,

[
¢ N

As mentioned before, ~the voltage rise '(Vm) of the
. % :

»

substation under s?gg1<<?ust,be'measuréd with respect to a '
» A c. v

- - * - . ot

_14_\,}, /
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AN

3

A
o

®»

4 " = o
remote reference point, which must ‘be chosen . using the

- L y
, following-guidelines:

¢

a) Its distance to the substation must be large enough to be
outside the zone of infllence oOf the potential ' profile
around the substation. ) R ' .

b) ’The path between the remote*grodﬁd and the substation

i, -
' .

should not .come close to ‘induction  sources (i.e.

transmission lines or d;stribution lines).

c)-.There .. should be no metallic structures in the vicinity

Vol i

(i.e. }underqround pipef).
. ' . ‘ %
In order to validate thé measured voltage rise, several

distant locations around the substation may be used. To

reach the potential péobe,(P), the common practice is to lay

out temporary field cables, for example, multiconductor

cables with four No. 22 copper conductors, two of which are

" normally used to check cable continuity.

]

- 2.3 Other Measurements in Grounding Systems.

2.3.1 Cutrén; Distribution.

[ o
! v

"

When a 'gfdupd fault occurs inside an elgcttic power
substation, ;hé tStal earth fault current I. (that 1is, the
,Eufrént'flowiné into the equipmené's ground conductor at the

poiq; of fault), is divided into two parts [33]: (refer ‘to

figure 2.3) -

- 15 -
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. ",- "+ the transformer neutral (Ige).

'1) The part flowing Tn the ground grid and returning through

T

‘- O

*2) The portiion of the ground fault current supplied by the- .

>

HV transmission line (Iﬁl)' ‘ PR
That is; , e > .
Tg = Ige + 15y ' (2.1) .

Igy itself s divided into the part. I g going into the

g
ground grid and returning through the earth, and the part IS

- -

retyrning through the overhead ground wires:
Ifl = Is + Igg ~ <o ©(2.2)

Furthermore, Is is divided into current ciréulating throdgh

\

the overhead ground*ﬁifes'and tower footings at a short
distance -from’ thé substation (Z It) and current returning

along . the

~
P

potential rises, i.e., the induced current.

P . e , < p :
IS = It +: (l-r.)Ifl . ‘ . (2.3)
where "r" is 'a factor indicating the proportion of the
groend fault current that returns throuqh the . earth

"quﬁrIfl)' .This factor is dealt with in Chapter 3.

ConsequentlY: W

s 799

'?,If'Ift"'I +1 o o

gg . 7

SR SR is the total-current circulating in the earth~

£ Iag

liéf;, This current could also include current circulating

*" hrough additional ground conductors (i.e., - neutrals,

\ counterpoises, etc.), not shown in the figqure for reasons of
. ; ‘ ‘

» ," ,

simplicity. Then: ‘ L.

M [ 2RIV o
et s -
S ad s . » -

sy

shield wires (l-r)Igy without . causing ény'nf

4



1

Ie = I, + (l-r)1gy + I (2.4

q e _"'u , ‘\‘_If '
We note that by substigﬁtidg IgarIfl in equééioh”(2.4) we Jo
back to eqdation'(z.lx, T

If more than one line enters the substation, and also

4y

carries zero—sequence currents, equation (2.1) becomes: N

o

Te = Tee ey ‘ - @5y
At the design stage, it is difficult to determine how

the fault current distributes among the grid of the

2
substation and the other grounding conductors connected to

it. Although fa&lés in transmission lines are infrequent,
and phase té'éround faaibé'in substations are rare (in this
I éase the current ﬁé@nitude can be large, owing to multiple
infeeds from lines and generators), it is important to know
. the current flow for the purpose of calculating step and
touch potentials, determining induction on neighboring e
circuits (i.e. felecommuniéation lines), and optiﬁum
setting of prote?i}ve relays. Refe;epce {12] gives a good
review of the analytical methods available. Normally, a
high .current injection tech;ﬁqu? is used to measure this
current distri?ution. Although tﬁere is no way to directly
meﬁsure the portion of the test cutrent that‘cigculates into
the ground griad only! if the‘ci;culaéihéhcqrrents over the
other ground conducto;g are méasurea, then the rest of thef;
current will hAVe‘ to, éa;s through the ground étid, ;ﬂil‘~_

Reference [15] outlines a procedure to establish the

\
P

e - 18 ="
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~
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complex, giving as we£?%¥¢eld tests results from the Bay P

. 'fulfilled is to design and build test setups which take into

+

efficiency of each grounding element and to have a better

picture of how the  current distributes in the qrouﬂding
James LG-2 powerhouse complex in Quebec.

2.3.2 Touck and Step Voltages. Ny -

_ Touch voltage, as defined in reference [24], is the -

“potential difference between a grounded metallic structure

and a point on the -earth's surface separated by ...:4

.‘approximately’bne meter". Step voltage, on the other hand, >

is the "potential difference between two points on the

earth's surface, separated by a distance of ... one nmeter,

in the direction of maximum potential gradient"”.

As can be seen from the above definitions, the safety

characteristics of a gubstation ground grid are determined
by these two voltages, and their values have to be less than
or equal to the tolerable potentials calculated ’With the

IEEE Guide 80 formulas [23]. For an accurate measurement

of step and touch potentials, and important condition to be

N
v

account the influence of the varioys parameters on .the

measured values, namely, - 'body resistance and contact

resistance ngtween the feet and the soil). Reference ([27]

. ‘presents such a setup, using twoﬁgléctroaes to represent the

influence'q;'the feet, each weighing 20 Kg with an -area of

[l
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-t

V¥

200 cm? as recommended ‘in [27].‘.The conventionalfrésistancg

of the 'human ' body is reéresgnted by a one kilo-ohm

resistance. Both setups are shown in ‘fig. 2.4)0

Furthermore, reference [l14] reports .measurements in/ a
transmission tower, using the above setups with injected
currents of 1.and 1000 A. Results show that the low‘cutrept

injection can be used for safety evaluation of a grounding

.
system.,
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y & CHAPTER 3 -
FIELD MEASUREMENT TECHNIQUES FOR SUBSTATION GROUND IMPEDARCE
C N ‘L . . ‘ -
~ AN . © HIGH CURRENT INJECTION ~
- . .

f . “

3.1 General. ‘ ' '

. . ' ., \ -
The principle of high current injection methods is the

same as the one described in the previous chapter. The test

current (Imﬂtis injected through an overhead line connected

<

'/f> aﬁ auxiliary earth electrode at some distant point. This

. urrent probe could be the nearest substation or a (

transmission tower distant enough with g low resistance to

earth. Preferably, and since the magnitude of the test

current* is dependent on the conductor impedance, all three
phases of the injectipn line should be connected together in ‘

4‘§arallel, thus the impedance of the injéCtioﬁ circuit

becomes léwer in comparison with the use of ohl& one phase.

, Additionally, the reactance of the injectioh circuit can be

{further reduced by installing a series capacitor.

To inject the test current, a power circuit breaker is
normally closed into a grounded phase, and various circuits

can be used depending on the type of substation‘under study,

for example: o \\
a) Use of a transformer from an auxiliary service.’ N
) N R \
by Uge of a diétg@bution circuit passing close to the ’ \\ Vi
S < | |

-22 =
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y

‘ PR i -
= :

o . ’ . =y
substation. . é&ﬁgx

c) Use. of - a’ distribution~xciicu{€ originating in the

4

~Substation. L o ' .
d) Use. of a power transformer. . 5 .

~

Preferabl?,' a system independent‘ifrom that used to
” ' a LA ‘
supply customers should be used. K
-~ R '\" s /‘\
3.1,1 Current Measurement.

<

“\

-The"teg; current can be conveniently measured w}th the

-

-currént'; transformers (CT's) alreadyf‘instal;ed on some
". substation equipment. If the objective is also' to’ measdfe
"the burrent distribution in all groundlng conductors,

split-co:e CT's can be installed on these conducto:s, so as

[}

not to-intentionaliy open ground circults:"v_,f
K S YRR i .

‘.
.

i

- .
. NS
()

The potential rise caused by the cﬁfrént'thtough fhe .

: earth should exceed, the residual voltage[t.thetefare;‘ a

minimum test current in the order of 50-100 émpereé’iéw

-
N %
- )

recommended. ' _ .- co

3.1.2 Poténtial Measutemeht.

B .
' I3
t R »

" The potential rise of the grounding system undéﬁ* study
is ﬁeasufed employing a voltmeter, an: auxiliary conductor

and a voltage probe sufficjently remote to neach the zero

-,

- 23’_
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-

earthﬁ potential. Attention should be paid to possible

induction if this probe runs parallel to other eﬁérqiied
linés. _ The potential probe can be an open ine, a
telecommunication cable or a temporary field cable. It is
suggested to try different lengths and find eut the point
beyond which the result is about the same for at least three

succesive readings. A direct-reading phase angle difference

‘meter, in conjunction with the voltage and current

.‘measurements, or a light beam oscillographic recorder, where

all signals are printed simultaneously, is uged to determine

¢
the ground impedance argument. . '

. * P
3;1.3,Shielding Factor. ' S o——

Normally, the éortion of the transmission‘line'used for
' !
current iojectionkhill have one or two overhead gfound
wires. Consequently, the induced current on thése wires
should be accounted for. This is done by introducing the
concept of "screening or shielding factor".

%

Due to the transfer of electromagnetic energy between a

phase conductor and a neutral condictor (in ' this case an

overhead ground wire), similar to the energy transfer in a

transformer, a current (I; ) will be induced by any ‘test

current carried by the line. This current is defined as:

- . t

. f °
N\ .
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PO L &w o fT : f

PR I . ! e

Lt .

~. + Thé current ‘responsible for the voltage rise is given by

4

{ . N . . .o

[ . . A}
.. -

-, ,‘ ¢I = I - I' " - ."‘ .,'\‘

'-3 Im(l -

I = . ' ' ' L )y
g ‘i??m S i o (3.;{;

where "r" is the screening or shielding factor.
T T . : .
" ) " *,

In 'Sﬁth, the shielding factor is an indication of the
share of th

substation ground imgeéadbe. This shielding factor is

normally calculated, although under certain situations it*is'

. advisable to determine it experimentally (fot ‘éxample, if

4
r

the -overhead liée’has mixed type shield wirési.

/;/"

-3,2 synchronous Power-Frequency Method,' < o
“ ; ! . v

K

& In this method, the power-frequency injected current is

normally fed through a transmission line conductor from a

P {

loﬁfvéftage network or a separate transformer with polarity
reversal and regulation capabilities. A single phase

transfofmer with secondary tappings will generally do the

o
-

job. A series capacitor could be used to reduce. the need to

S ~ . - 25'%‘

s
o &

e test or‘faulp current which flows through the.



2
’shpply reactive powef, and thus decrease the transformer
. .‘Siié- ' . » ¥ ' , ‘ .‘*
If an initial current (I,) exists in the injection J3t#e

when the source of I is short-c1rcuited, the same must be

/‘measu;ed together with the corresponding initial voltage

$

. : ] ..
{Vi). To minimize errors caused by I, and V;, these
' 4

2.
v

quantities should be measured before and after.inject}pg)Im.

Besides, 1t is necessary to measure the total currents Ima

and I b and potentials V., and V mb ~with Ip injected in both
polarities (see fiqyre 3. 1)[421

P

, The values of V. and Vp, includé-the'residual voltage

(see " figure 3.2), whi®h should not be considered when'

dete:m@ning the ground 1mpedance; From figure 3.2, . we note

that: | . | o / t

| 7 . L
R
Celn VeV =Vap - | o €3.4)

Ly

,”1 N

~'iﬁith 'thé' aid of the phasor diaqram in figure 3. 3 we have, -

“

fusing the cosine law: (1n the followfng equations, up to

3. 10, only magnitudes are dealt with) o

T 4 A
C .

' ’ o K
/ . -
v
v .

Voa :[sz +.V12 - 2VpVicosa . o o (3.5)
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i

1 we.square both previous equations and add them:

-
* .
.
\ ‘ .
‘[ ,

Ymb -:/sz + V12 - vavicogﬁ (315')

2
‘

v 24V 2=2v 242v. 2.4V v, (cos4cosf) - T (3.7)

Noting that\a + (3 =180:

-

1
cos a+cosf = 2cos-(a+f)cos-(a-F)=0, (3.8)
2 2

Solving for V_ , and writing a _similar equz;tion for the

current: ‘

A

' \'4 ﬁvmbz 2 o
‘vm- ~a_ 2 - ' . _ (3.9)
—_— I 7+I X ’ a s ’ e .
- 1,2 . (3.10)

/

Finally, the ground impedance that we are looking for

- : v R A A T
72 = — -()‘[ a_mb__ 1 (3.11)

('r)I 1 2+I 2-2112

where "r" is the shielding factor of the‘transmissic'm yline:’,
and is introduced to account for the induced current in the

overhead ground wi&es. If tfie rms instruments afé used
‘ll. ! 4 'L
i .’-,- 29 -
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' w;th-this polarity'reversal method;\the effect of,'harmonics i

truly disappears [13], but the magnjtude of the test o

current and associated potential ,nise' should exceed th&f:i

interference level, since it is assumed to be steady. Some
companies in Europe use an automatic qﬂ;hijover device for

N 3 . - ' v
building the ’circuits to meésute Vaar Vmpr and A fgr
various test current periods (e.g. 208, 50s, and S5s,

.-

respectively) [13].

w

3.3 Interference Compensation Method.

This 1is also cbneidered a synchronous method.l It uses
powet-fr?quency injection current and compensates’' the
power-frequency residual voltage to zero with the injection
circuit open [2B]. fhis compensation is achieved by a
separately ' adjustable voltage source both in magnitude and
in phase angle, (-V.) or two independent adjustable
perpendicular voltage sources (sée Figure 3.4)£a

After the compensation, the test current is injected by
means of a transformer WQJWNER’ ac generator and the
instruments will then measure the required values. In order
to succesfully apply this method, a frequency-selective
voltmeter should be used to read the potential rise, or else
strong harmonics could interfere with" the measurement.
Sinqe this method also presuppéses a séeady‘interference
level, the interference voltage measurement should be made

1

]
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General lay-out of the interférence

compensation method.
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Usually, a mobile ac generator with a frequency 0.1 to 0.5

' "the frequency  difference between the injected current (I

pbefore -and after the current injection.’ .

) Yy
If current is injected with only one polarity (I ., ah
alternative method could be ¢to measure the magnitude and

phase angle with the test circuit open, and then substract

it from the measured value: ~

Vm = vma - Vc ‘ (3.12)

3.4 Beat-Frequency Method.

]
X

-

This method inveolves an asynchronous test current,
3 f

which needs a séparate( power supply (see figure 3.5).

.

Hz above or below the poweg-frequency is uged [28] . Due ¢to

m

.and. the 'interference caused by the network in ngrmal**l

operation, the beat-frequency maxima and minima will occur
in the test line as well .as in the measured pptentiai.

Provided:the insﬁruments used have a fast response ‘time, the

P . ‘

\Y/

values of t?e maxima and minima (I max’ Imin’ Vmin) are

max’

' measured, then the injected current and voltage rise is
‘calculated as the mean-of the maximum and minimum instrument
-réadings: (The following equations, up to '3.15, are in

‘magnitdae only) - *

- 32-
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1 o

'n=; Imax*Imin) ¥or In> Iy P € I8 £
- < v
. ' T |
V = (Vmax Vmin! for Vp > V4 . (3.14)
L - o |
P - ‘e T. r- . : . ;
m\z(Imax Imin) for Ip< Iy - . (3‘15‘;)_
’ ’
Vi\fzf"‘(u\ax'vmin) for Vp< V3 -+ (3.15)
) ‘ 1l V +Vv ' ‘ .
Zg= (- max._ min (3.17)

L s maxi'Im{.n

v
v - S '

The residual voltage and current (Vi and I;) ‘should also be
2

measurved before and’ aftet injectling the test current, but

t

for the sole purpose .of knowing which formulas .to apply.

3.5 Frequency Different from Power-Frequency Method.'

t

v

‘To use a frequency different from the power-frequency,

at least 5 Hz difference is recam\ended and that the measu},‘}nq

instruments are of the selective type. Thls method avoids‘:

power-freque,ncy interference, but a dev,iation of more than

10 Hz 'can i.ntroduce a significant error when OVerhead ground

-wires or cable shields have an important contrxbution o the

grounding system, ‘since they will 1ntroduce ‘a reactive’

component that will vary with frequency.

o

i
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An exampie of this method is given in reference [9]/
uhere measurements were performed at a complex cpntaiuing
two nuclear electric plants. A current signal sléghtly
offset from pcwer frequency was injected into selected lines
(the remotely grounded point ranging in distance from 015 to
100.0 km) , while normal power transm1ssion was mantalned on
the remaining llﬁes " On the longer 11nes ( 10 and 100 km) ,,
all three phasesrwere energized in parallel to ‘minimize
. circuit impedance. The faulted lines'were energized usiug a
gasoline-powered ac weldlng set capable of supplying up to
20 kw, and adjusted for an output frequency of 58 .Hz.

. .
- > i
0

Additionaly, a step-up transformer was used to improve
the impedance ‘match. On thejremainiqq circuits (less _than
,,’10 km) and, 4n order Jto simulate the impedance
characteristics of a sinéleJline-toegrouna fault, only one
phase conductor was- connectedl ‘ The objective of these
measurements was mainly tq determine the transfer impedaﬁﬁ%
eetween communicatian and .control cebles and the local
ground, in order to -calculate the yoltage stresses on these
cables in the event of a line to ground fault, taking into
account each transmission line segment contrlbutlng to the
fault. The measured quantities were the amplltude end phase
of . the fault-produced voltages and currents relat1ve to' the'
1njected current. These quantities were extracted from the
power-frequency interference by first passinq the test
. éiguql thtough a 60 Hz notch filter, adjueted to reduce the\

e
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interference by a factor of up to 100. Then, with the aid
of a dual-channel ‘oscilloscope, a phase-locked oscillator
was adegted in amplitude and phase, until the "beat" of the
8 Hz frequency‘offset disappeared. This indicated that the
output of the oscillator was equal in magnitude and in phase
to the 68 Hz test signal (figure 3.5). This procedure was
used to measure both the current and voltage signals. The
ratio of, the two results gave the test impedance with the

error in magnitude and phase cancelling in the notch filter.

3.5 Safety During Field Measurements.

-

As pointed out earlier, grounding tests with injected
current in the order of tens or hundreds of ’amperes
.8

represents a dangerous situation and every effort should be

made to minimize the risk of possible hazards.

In general, these safety rules should be kept in mind

and followed: . o+

a) Extended test leads or out-of-service transmission lines
present a high degree of exposure to atmospheric
disturbances. Consequently, power systemL grounding tests
should not be sc@gﬂgled, or should be stopped if already
underway, during»ﬁg;iods of lightning activity. :

b) When tests are not in progress, all external laid out

field cables 'should be opened and isolated from the grid.

_36_




During testing, cables used to measure the voltage " rise
should be considered live at all times and over their entire
length.

, |
c) The HV line used for current injection must be earthed at

— ~

both ends when the test is under preparation. : The injection

end cannot be grounded during the actual measurement, but a
' ' -

safety spark gap with a sparkover voltage of 2-3 kV is

@

advisfble at the line entrance, in view of atmospheric
oVbrvoltages or inadvertent energizing of .the line.

a) Measuring instruments should be -connected °‘to the

injection circuit, through instrument transformers or

resistance voltage dividers. "

-/, .
e) All personnel present in the substation, under study must

be informed of the nature of the tests, and in particular. of
¢
2] - . . .
the consequences of current circulating in the ground.
f) A test séquence'should not be considered terminated until

the opening of the_tést'circult is confirmed visually.

g) Applicable state or national saféty“electric codes should

bf followed.

<
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CHAPTER 4

FIELD MEASUREMENT TECHNIQUES FOR SUBSTATION GROUND IMPEDANCE
. LOW CURRENT IRJECTION
2 : =

4.1 General.

» . « P}

W

The principle of low current (LC) injection methods is -

the same as the one described in Chapter Two. The test
current (Im) is normally isjectéd through a temporary field
cable or a telecommunication line. The use of a phase
conductér in a transmission line is not recommended -since

contact resistances (e.g. between overhead ground wires and

N : :
~ towers) or ferromagnetic paths (e.g. ' steel ground wires,

“gteel armoured cable sheaths,etc.) in the ground electrode

system at or near the injéétion line’ may introduce

\

non-linearities ‘(dependenc§ on current or vo%ﬁaqe, [281]),

yielding pessimigtic results up to 70 per cent higher measured
. 7
impedance, gee figure 4.1).

.« .All of‘ the existiﬂg techniques to méasure ground
impedance with low current injectioﬁd use ac currents at
fiequeﬁcies digferent from 50 or 50 Hz, or else residual
voltages‘resulting from unbalanced powér system currents

. would surely interfere with the potential measurement. This
ﬁ/al§o1implies the use of a frequency-selective detector ‘in

.

the auxiliary potential lead.

_39n.. %
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4.2 Oscillator-Voltmeter Method.

[}

Q “This technique was devsloped using an ac signal close

to 50 Hz to measure Zg. The value measured represents the

Thevenin equivalent impedance of all series and parallel

paths that exist between the substation grid under test and
remote earth. The 50 Hz impedance is taken to be the same

as that measured at the test frequency.

An example of this method is Presented in reference
[29] and illustrated in Figure 4.2. The instrumentation sche
me qconsist‘eq of the-following items: ™
a) Tuneable sine-wave power oscillator for the current
source, ggapable of 100 W output.

b) Hiqh‘ ihput impedance frequency-selective voltmeter as the

detector .

c) .Telephone cable pairs as the current and voltage probes.
d) A60 Hz rejection filter at the voltm}f\er input, when

required.

A summary gf \th’e rfxeasuring proéeéure of refere;xée 29
is ;15 follows: * : o o~
1) Set the instruments as shown “in ‘figure 4.\5. ,Voltage and
current auxiliary' pr;o’es should reach remote earth.

2) With the voltmeter connected to the voltage probe, scan

‘the frequency band around §0 Hz to find a low noise "window"
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in the ambient noise. Such a window was found, for this

particular case, in the range of 55—8 Hz.

3) Set the oscillator frequency tdﬂ that found 1in the

previous step and adjust the output to the selected current -
(0:5 A in this case).

4)‘Tune the frequency-selective voltmeter to the oscillator

frequency and read the voltagé on the voltage probe

resulting from the oscillator current. ( A 50 Hz rejection

filter may be required ahead gf the voltmeter if the voltage;
probe has a high ambient 60 Hz on it).

5) Repeat steps 1) thru 4) for other P 1locations wuntil an

asymptotic value of Zg has been obtained. (As discﬁssed in

Chapter- 2) .

One disadvantage in this method is that the phase angle of

€

the ground impedance cannot be obtained.

4.3 . Portable Instrument for Ground Impedance Measurements

d -

~[34] .

. . ™\

t

This instrument (still in the experimental stage, not
yet commergially available) 1is capable of measuring low--
impedances in the presence of high iﬁterfereﬁce (20 V). The
instrument drives a knowﬁ ;c current through the groundiné
system and measures the in-phase ?nd quadrature components
(with the use of a phase-sensitive detector) of the

fall-of-potential method, and diéplays these voltages as

resistance and reactance. By using a sine wave test current
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the measurements are made at four fixed frequencies, three
aof them above, and one below the power- frequency (¥ .47,
85.33, 128.00, and 145.00 Hz). The instrument is designed
to measure from 2 @ /2mH full scale up to 20 kQ /200 mH

full scale.

At each potential probe location, measurements are made
‘of the resistance and ;eactance at each of the four
frequencies, which means a total of eight reédings .at each
lo;ation. If the display 1is noisy, the instrument has a
filter that can be switched on to help smooth the reading.
The impedance at the power frequency is obtainéd by
interpolation. The output voltage is limited to 50V for
personnil safety, and the battery size limits the current to

-

€
10 mA.

An example of the step-by-step procedure using this
instrument is presented in reference {35], from measurements
taken in an 80 by 8@T_Qistribution substation in the city of
Guadalajara, Mex. The current probe (C) was located 400m
away from the substation, and the patential probe (parallel
to C) run in 20m steps (beginning at 50m) . The measurements
wére performed as follows: ¢
a) At each P location, the readings from X and R were

)
procured, at each of the four frequencies.

b) When all readlngs in a) were taken (up to a distance of

190m for P), the 50 Hz value was interpolated at each-* P,

- 4l -




location, both for the resistance and reactance readings

(see figure 4.3).

¢) With the 60 Hz resystance values, the Rg vs. P curve was
3

built, as shown 1 figure 4.4. If the distance to the

current electrode ig enough, then the flat portion of this

curve indic the substation ground reeﬁstance (in this

/
»

case 355 m Q). o

d) For the reactance values, the mutual inducgance between
the test leads has to be accounted for. This problem'ig
addressed in reference [45] and later on in this thesis.
After the mutual coupling is removeé, the curve X vs. P is
buitt (figure 4.4). For comparison purposes, this figure
also presents the reactance value with the mutual coupling
present.: Theoretically: a mutual ac resistance is also
present, -althouqh in this example it was negligible. Note
that after thé\Emtual effect is removed, the reactance curve
éhows a flat portion.

e) "Finally,the ground impedance was calculated to be

19=355+3200=407/ 29 m-ohm.

4.4 Frequency-Scanning Method. §

x\m;p the previous two methods, the ;round impedance is
either interpolated from measurements atufixed fgequencies,
or the 50 Hz impedance is taken to be the same as that
obtained af the test frequency. The purpose of this method,

first reported in [32], is to avoid possible errors when the

—US—
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3

éround impedance ddés not vary smoothly with freguency.
3

This technique allows for a complete plot pf impedance
and phase angle over a wide frequency range. The signal
gource consists of a pseudorandom noise generator, a noise
conditioning filter and a power amplifier of about 1.5 kW
(see figure 4.5). The outpUt\gf the power amplifier must be
high enough to produce a voltage change in the grounding
system under test, larger than the residual ground system
voltages due to power system unbalanced currents, and to the
Background random voltage present at frequencies other tﬁan
the power-frequé;cy or its harmonics. The bandwidth of the
noise source was set from 0 Hz to 400 Hz. An external

filter was wused to limit the noise signal to a range of 10

td 400 Hz in order to protect the power amplifier output.

trinsformer and the power transistors from the effects of
low frequency saturation. The digital signal anlyzer must

be a dual channel instrument.

With the instruments set.up as shown in figure 4.5, the
current and voltage signals were first filtered, then
digigalized and transformed in the frequency domain throuwgh
an FFT (Fast Fourier Transform) rout'ine. Using the transfer
function of the specfrum analyzer, the display (either CRT
or X-Y plotter), will show the impedancg magnitude, and phase
over a selected frequency range. The existing background

power system voltages in the grounding system lead to strong

- 48 -
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peaks on the transfer impedance diagram at 50 Hz and its odd
harmonics. However, these are ignored as it may be assumed
that the magnitudé and phase curves would be smooth without
the presence of these residual voltages, and 2Zg at 0 Hz is
found by interpolation. The FFThanalyzer is programmed to

make repeated measurements, which are added and averaged

several times to reduce the effects of external noise.

-
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CHAPTER, 5
COMPARATIVE FIELD MEASUREMENTS WITH HIGH AND LOW

CURRENRT INJECTION METHODS

5.1 Introduction. ;

‘ -

In 1981, as a resulé of a collaborativen program with
Hydro-Quebec, this author formed part of -the team that went
to the field and conducted a series of ground \}mpedance
méasurements at a distribution substation called Yamaska,
and at a power ‘substation called Becancour.

Yamaska hag\fn area of approximately 4000 m2 sand is
located in a rurgl area surrounded mostly by corn fields.
There is one 120'kv transmission line coming in and out of
the substation, and .several 25 kV distribution feeders
originate from it (see fiéure 5.1). The main purpose of
these tests was to compare~high and low current injection-
methods:

.

For the high current testing, a power.transfdrmer‘ with

a secondary voltage of 25 kV was used to inject current

magnitudes in the order of 500 A through the 120 kV line.

For the low-current testinq,*the frequency-scanning method

.described in [32] was used. Because measurements with the

latter method were taken at different angles between the

\—51—
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Experimental data has also shown <that the earth cannot

potential and current leads, the effects of mutual coupling
were clearly observed, with the opportunity to further

substantiate the equations developed in [45].

¥

All ground impedance\measuréments\were per formed with
the grounding system in its normal opérative configuration,: -
that is, keeping all external cammrections (overhead ground

wires, couTzifpoises,'distribution neutrals,etc.) in place.

P

~,

5.2 Resistif ity Measurements.

x‘&

-

Published work by Tagg [45] shows that the earth
impedance of an elec?g;de is largely detetrmined by Eye e
components at the periphery of the éysteﬁﬁﬁ Accordingly, a
soil resistiviiy survey [48] was taken with a digital earth .

i

tester,. as close to the site perimeter as possible. -

usually be regarded as a uniformly conducting medium [43].
Two=layer‘fdrmulas have been found to give saﬁisfactory
resulEEﬁ and its use nowadays is widely spread. Therefore,
the results of the resistivitf survey were fed ipto wa

computer program in order to obtain the two-layer model ([19]

‘with the following results:

¢ A
. . 2 v
First layer resistivity = 28.1 (-m '
Second layer resistivity = 25.5 {-m /J(//
Height of first layer = 8.9 m : s
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T

_ The éqﬁTGAient resistivity . was éetermined from the’
Acques‘ éhqwn fin Chapter 2 of'Sunde'[iil. This value of 28
ohm-m was used"in the calcﬁlaiions of both -the mutual
coupliqq _effects bétﬁegn auxiliary leadé and the shielding

factor of the line feeding ‘the test current.

A}
1

5.3 High Current Method and Results.

¢

The test current was injected via the 120 kV line with
its three phases connected in parallel to further reduce its

5
impedance, and grounded at the nearest substation’ (Hemings

Falls), conve&iently chosen as the "auxilidry current
electrodg (C), located 35 km away from Yamaska. Current
injection (I) was possible by means of a power transformer
with a secondary 601tage of 25 kV. A simplified diagram of
the tést gircuip is shown in figure 5.2. The purpose of Ehe

circdit breaker was to limit the short circuit duration to ’

10 cycles of the 50 Hz. ' .

[

was measured with potential

The potential rise V) .

probes at threehpoints, extending-éway from _the ‘substation.

- by means of temporary field .cables, laid out at an angle of

90 degrees with fespect\to the 120 kV line ‘used for current .
e CoE ) !

injection (fidure 5.3).

Both ' current (I,) and voltage (Vy) signals were

displayed in an cscillogfgphic recerder: which aliowed for

s
~
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the calculation of the ground iméedance magnitude and its
phase angle. The average magnitude of the test current was
591 A, (Appgndix D elaborates in more detail on how this

current magnitude was arrived at), and the fo]{.lowing table

.,/ shows “the measured@ground ‘impedance, with £igure 5.4

displaying the corresponding curve:

,
! &
.

TABLE 5.1

P(m)|2(m () '

P1 - 1310{113 [5_

P2 1490|115 /15 ~
P3  1830(115 /3 '

!

From figure 5.4 it can be stated that tﬁe neasured
ground impedancé has a value of 115/ 9 (mgq ). The phase
angle was taken as the average of the last two measurements.
Neverthéless,, the in;:luced current in the ground wires of the

test line has to be taken intb account. The final ground

' L
impedance is given by: ‘
v , .
2g= —T e (5.1)
rIm , ,

where "r" is the screening factor defined in Chapter 3. For
this particular line it was calculated: (Refer to Appendix

o’ r s

)
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r = 0.924/~7 o T (5.2)

Consequently, the final ground impedance .is: ltg%
115 ’ -
.924 /=17
5.4 Low Current Injection Method. . .
. ¢ ‘
5,4.1 Instrumentation. ‘ L

A similar procedure as the one gégcribed in the
frequency-scanning method was’selected, Figure 5.5 is an
schematic diagram of the configuration emé oyed. The
~ current was Ih ected by means of a swéep generator and
amplified yithra power source. After some testing was doﬁsj
the current chosen .for injection had the \follow;ngl
characteristics: 4 A, 0.15 s sweep f£om 50—250 Hz. Both the
voltage and the currént signals (P and C) from the auxiliary
iprobeS’ were- recorded agd, procéssed by a digital signal
analyzer equipped with a Fast ‘Fourier Transform a(?ﬁT)

routine. The result is a transfer 1mpedqnce-diagram with

infogmation about the magnitude and phase ' of the ground

.

impedance in the specified frequ%ncy rénge. A typical

transfer éiag:am is pictured in figure 5.6.

w7

-D58-
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5.4.2 Measurement Points.

In the application of the low current method, both the
potential and the current auxiliary ‘electrodes were
insgélled by means of temporary field cables extendeé away
fFrom the substation. Figure 5.7 shows‘ the Sgifferent_
directions in which potential probes were installed with

respect to two current injection points (Cl and C P

2 By
to PS show the directions in which the potential readings
were taken. In this way, measurements were taken at the
following angles:

8=0 (direction P1 with current injected at Cl).

8=45 (direction P2 with current injected at Cl).

8=90 (direction P3 with current injected at Cl).

6=95 (direction P4 with current injected at Cz).

9=140 (direction P, with current injected at C,).

This does not mean that only one reading was procured
at each angle. Two examples will show the procedure
fgllowed.

[N

5.4.3 Analysis of Field Measurements.

a) Example with 8 > 90 degrees.

The following example will illustrate the manner in

- which the ground impedance magnitude at 60 Hz was determined



L -

q . I
for each potential probe direction ( Pl to'PS)' Let's take

direction PS which makes an angle of 140 degrees with
respect to the injection circuit C2 In this " direction a
" total of five measurements were obtained at increasing

>

distances as shown in table 5.2.
TABLE 5.2

P (mj 2 (m{)) at 560 Hz

229 | 95 [15
343 | 109 As ._ — ‘
157 121 f15
97 | 121 fs

6§10 | 115 As

4

At each of the measurement points indicated previously,
5 tradsfér impedance diagram in the frequency domain was
obtained from the spectrum analyger, suchlike the one shown
in' figure 5.5. The upper curve shows the ground impeédance
phase angle, while ' the lower one displays thec grougg/'
impedance magnitude in a frequeney range from 20 up to 550
Hz. From these diagrams, the 50 szvalue was determined as
accurately as possible by interpblation,\bbviously ignoring
the peaks. After this was done, the next step was to remove

the mutual coupling effect from each of the five values in

- . =61 =
Ve
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Table 5.2. The technique employed is described in reference
{46 ] ang a digital program was used for .this purpose;
Because the angle between P and C is greater than 90 degrees
(140°), the resulting effect is a negative mutual coupling.
This is observed in figure 5.8, where the two ground
impedance curves at 140 degrees are shown, curve 2
represents the measured values, and c&rve Zg is obtained by
taking the ground impedance measured and substracting the
calculated mutual coupling effect. From figure 5.8, Zg was

found to be 137 /16 (m @ ).

b) Example with 08< 90 degrees.
Direction P, has an angle of zero degrees with respect

to Cl and so a positive mutual effect is expected. As in
r

the previous example, figure 5.9 displays both the curve

b4

with the measured Qalues (Z) and the one with Ehe final -

ground impedance magnitudes (ig), without mutual effect.
From the former curve, a value of Z cannhot be estﬁblished
because of the increasing mutual effect, but after removing
it, the Tlatter curve shows a flat portion at approximately

127 maq.

5.4.4 Final results
o~

In the same way as in the ¢two previous examples the

ground impedance 2Zg for the other three diﬂ%&g}ons was ¥

1

NS
..63_
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established. The results are shown in table 5.3.

~ TABLE 5.3

2mQ) | za(mQ)

0o -- 127

, Bs

45 173 [25| 13 /4

90 128 /15 | 128 As
95 127 [18 | 130 é&,
140 121 /15 | 137 hs

From table 5.3 abqve we can plot the values of 2 and Zg
agpinst the angle 8 between’the auxiliary probes P and C,
-as  shown in figure 5.10. In the.' curve for the ground
impedance @easﬁred values (2), we cleaﬁiy observe how these
valdes are affected by mutual éoqpling as the anéle 8
between P and C Va:ies, This laét‘curve is very similar to
the one analytically ‘calculatéd ‘,in figure_i of reference
[4%5]) and reproduced here i;n fiéur’:g 5.11.

. ' , ., . ?

On.thAotheg;?anq; thelcurve for the ground impedance
z§ gives- éidila;f values at every angle & , suggesting a
sﬁéceéfu;vapplicdtiqn’ofvthe technique té remove thé ‘mutual
.éoupliné effects. fiﬁ;;ly, let's ' perform some simplé
,stgtistieai operations on the valﬁés of 2g in.table 5.3:
;'Ave?aga 6; 29 at 560 Hz = 131.§ 11£1 (mQ)

- 65-



Standard Deviation (s) = 451 mQ )

Coefficient of variation = 3.5% .

e

Q@

From the results presented in this chapter it |is
concluded that low current testing gives accurate results
(comparable to a more expensive and less safe high current
injection technique) as showg;below:

< . R
. 29 (with HC) = 124 [15  (mQ )
Zg (with LCY = 132/ 17 (mQ )

‘ A difference of only 5% is observed if we take the HC

value as reference.

'5.5 Interpolation of the Final Ground Impedance

Without Calculating Mutual Coupling Effects.

. U
Another set of grounding tests was performed at a
substation called Becancour, also part of Hydro-Quebec's

electric power network. As was the case at Yamaska

: . . LA .
substation, the primary objective was to compare different

* techniques fogbmeasuring low ground impedances, particularly
compare high ;nd .low current {njection methbds. The high
current teéting §Similar to the one described in the . above
sections) yielded 7a ground impédance of 55.-m=Q . One of
,the low current methods employed was the':One reported by

/’ Zupa-Laidig [29] also described in Chapter 43Lsection 4.2,
. ‘;Y

~
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' since it shows an alternative way of getting around the

©

For the tests at Becancour, a frequency of 54 Hz was used,
. n

with the current injected at 100 mA. The phase angle was

not measured, ahd so the mutual effec%e cannot be accounted.

for accurately. Nevertheless, it was possible to take
several measurements at different angles between auxiliary
electrodes P and C. Once the curve ground impedance vs.

%

angle, 8 was obtained, two analyses were done: |,

e)' Smoothing of che curve by means of a computer[subvcgtine
called 1ICSMOU which . is carx of the International
Mathematical and Scatistical Library (25]. This subroutine
was designed to smooth a data set which is mildly
contaminated with isolated errors.

|
b) Interpolation of the value at 90 degrees (since we know

[}

that at . this angle the mutual effects are minimum), again
with the use of another IMSL routine called IQHSCU which
computee the coefficients for a set of cubic polynomials
(quasi-Hermite spliney‘ to be used'to interpoiate a set of
points from a single-valued function. The purpose of a

quasi-Hermite spline is to approximate a curve drawn
. .

“manually.
AV
The final curve is shown in figure 5.12 and the

A}

inteigglayid value i8 56 mQ . This result is interesting

mutual coupling between auxiliary leads provided it is

e ~c7_;~imp#;3{bﬂ§indurin§ field testing to take measurements in

L69 -
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differeﬁt directions. On the other hand; since 56 mQ - is

almost equal to the value obtained at -HC testing, this

result shows that very low ground impedances can be measired
with very low test currents, with values comparable to a

high current test. %y
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- FIGURE 5.13

Delta-star 120-25 kV three-phase transformer

used to inject fault current into the ground .
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Test Bernich: Where all signals from . current
. . (:‘ 4 “u

and poténtial probes are collected.
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FIGURE 5.16

_Spectrum Anaiyzer, filter, and oscillator, utilized

in the Low Current injection methods.
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CHAPTER 6
. MUTUAL COUPLING EFFECTS BETWEEN AUXILIARY

CURRENT AND POTENTIAL LEQE?

N\

5.1 General Background. o

The mutual impedances of earth-return condyctors are of

4s .

relevance in studies of inductivé . interference in

communication circuits = from 'neany power lines or
electrified railways, in connection with propagation along
extensive grounded structures, and as a first step in the
calculation of voltages in power lines or communication
Qh circuits duef to 1lighthing surges or othe transients.
Within the framework of the present thesis, the importance
of the mutug} impedance between auxiliary cureent and

potential probes was illustrated in Chapter‘ S, when

attempting to medsure very lqwéhground impedances, in the.

order of 1.0 ii,/or less. fhis mutual coupiing effect is
defined as the véltaqe induced in the potential probe by
virtue of one ampere of circulating current in the current
probe. This induced volfage.is vectorially additive to the

“desired measured voltage~and produces a measurement eté@r.

e

v EQer since the £first 1low current methods for qround

impedance testing were reported in the literature, the need’

to account for the mutual coupling was mentioned, since some

- 77 - e . N e
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of the traditional ways to calculate mutual impedances prove
inaccurate for this type of application. The following

3 i
section elaborates on this subject.

6.1.1 Mutual Impedance :;%wcbn Twa Conductors in the Scope

/
of Z¢w Ground Impedance Measurements.

Thquroblem relies on the fact that equations for

riesolvin

infinite parallel wires; and a corresponding expression is

then derived. For example, in the case of two wires, one
longer than the other, the mgtuai impedance calculated 'with
Carson's equations (5] would give the mutual coupling up to
the length of the shgrter wire ;nly.‘AThe following example
will 1ilustratev how formulae\ for infinite conductors can
somet imes éive erroneous results when measuring low ground

impedances.

During field measurements at Becancour -substation, and

~

with the instrument described in Section 4.3, the following

. reading was taken: _ ..

bt \4

~

X = inductive reactance at 14 Hz = 691 m{)
with the following set-up:

C=225m S !
P=134m | - ‘ |

mutual impedances traditionally consider two .

|




y =7520m

p = 25 () -m

The mutual effect ‘'was removed with three different

A

exp:esgions: | ' q s
1) The folllowing siiuplified equation, which gives the mutual ))
inductance in henrys. ' . %
'Lm = 2P( Ln(28/y) - 1) x 1077
2) Carsons's equations for mut;.ual impedance. ’
3) Equations developed in (4] for finite co;xductors.
. : | 1
"The final mutual inductive reactance éor each of the three
cases is:. - . ' )
1) Xg = X - Xm - 591 - 11% = -505 nQ
2) Xg =691 - 880 = -189 nQ
3) Xg =691 - 49 = 195 m{}
. Since we are dealing with ‘an impedance (bf less than 0.5
0, the forinu}ge for infinite conductors are not accurate .
‘enough; only ipe equation for finite ‘conductors gives a .’
logical result.
What is needed,\ tl?en‘i are expressions including the so .

called "end effects", or in o.t:t;et words, exprépsions fiealing
" with finite conductors. Additionally, as illustrated in the

previoué chapter, ‘the auxiliary leads P and C do not always .

i

run parallel to each other, but may form an angle between

)
=91

» !




4

them. Clrson's or similar equations are _not ’suitablﬁ/;:jﬂ

calculate ‘the mutual impedance for these cases.

6 .1.2 Two Conductors Lying on the Surface of the Grbund. A\

[

{
3 < [
The first results- in this direction were reported by
Velgzquez, etial.“ [45], for two ‘'conductors 1lying on the
earth's surface. This is a typical arrangement for ground

impedance measurements with low current methqe?,'where both

the curfent ~and potential probes are laid out in the field-

by means of temporary field cables on the soil surface. The
expressioné deveioped in that paper originate fro;'the
general equation proposed first by Foster [17]:
o . ;
]

» C p ‘ | C
, \ . 2 1 )
zm: ff d r +’ )
. 2r dPdC \r . .
0 .0 )

\ :

- )

/> - R
.

- . _ e
+ lecosl { 2, [1 - (1 4yr e dpPdC -
r (yr)© - -

U/ : . o - % (%-1).

LN

This formula gives the ‘fgtual iﬁpedance' between two

insulated wire§' of length P and C, '0of negligible diameter,

lying on the surface of the earth, and g|3pq9ed at fheir
K ) ) Ay e

end-points. This mutu;l effect is the Eésult of /the axial, .:

\
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\ N Vv
. ‘ electric in{:ensity in one of the w}{eé due to the ' varying
. \ ' i ' i

magnetic field of unit currert in the other wire and its

’ .
. accqnpanyqing distribution of ground current. '

\\ * ‘The terms in this equation are: ' ,

\ P =goil resistivity in ohm-m (from a two layer model,{~an

equivalent resistivity can be determined from the curves
‘ in [43], Chapter 2).

r = distance between two infinitesimal elements

dP and 4C of conductors P and.c.

\"

w =angular frequency in rad/s =2 »rf (where £ is the
X | ffrequency in Hz). »

6 =angle between conductors P and C.

Y. =propagation constant for plane electromagnetic waves

-'\liwv/p

&
I

- e .

. o & B
. ‘This equation was reduced to the following expres?i_on, as

shown in [46] and [47]:

~

Zm = R (P)(C) + iwrcose@ M-2Y PC
x 3
6 .2)
where: ,
c . P ’ ¥
R (P)(C)= » a1
e —ee (-) dP4ac
2; . ardc T
A 0% o _
< : - (5.3)
AN ‘.
. ‘ Rpc - m%utual dc resistance

L
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is called the Neumann integral.
o

.~

Subsequently, expressions "are found for establishing
the mutual impedan?e’ of two condu;tors ‘'on the earth's
surface for: tﬁo cases, representing typical field
measurement arrangements: s :
1) Parallel conductors ) .
2) Angled conductors starting.at the same point.

These eqqati&ns weré\ugsted and calibrated in the present

work .

The purpose of tMis chapter is to extend this work for
the case wﬁen one of the conductors is lying on the surface
of the earth, but the other one is at any height, either in
thé same direction as the first one, or with an angle betwen

their directions. This case usdglly arises when using high
current methods,;im-;hghh a HV transmiss@on line conductor
is used té. E%ﬁeét the test current. In some other cases,
telephone pairs qg,distrfﬁution lines are uéed, particu}arly

with urban fs?3‘>urban'subs£ations, when it is difficult to

O

lay out cables on the ground.

i




6.2 Analytical Development.

F

 Foster, in a later paper’ [18],. shows that the same

equation (5.2) can be apglied for finite conductbrs grounded
at both ends and above the ground. That is, all terms
remain the same as‘with the qasepfor conductors lying on the
earth's surface, except the Neumann integral is to be solved
accordingly, fo; each particular case. Hence, our problem

has been restricted to findiné the solution to this

integral, thch is done in the next sections.
6.2.1 Basiic Assumptions.

In arriving at equation (5:2) and in solving the
Neumanﬁ integral, the following assumptions were A made, and

£

femain the same during this development:
1) The earth. is of negligible ;;paditivity,h and of
inductivity equal to that of free space.

2) For low frequencies, it 1is ordinarily permissible to
neglect attenuation effects Jiong the two’wires, and lﬁ
doing s0, radial displacement currents are disregarded.

3). On a three dimensional space, the angle between two
directéd lines cal be different from an angie between two

coplanar lines. Butlfor the two cases studied in this

Chapter, it can be shown from solid geometry equations [11],

that the angle is the same as in the case of two conductors

on the earth's surface.

—83-
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4) As pointed out in [di]vand treated in more detail in

(47], Rpc represents the mutual dc resistance between the
egrth electrodes at the end of the two conduétors. This

* term does not influence the value of. IZm if the

fall-of-potential method is followed carefully, and’

furthermore, if during the measurement itself the cables are
well insulated and properly connected to the measuring
instrument. . "

4 ©
5.2,2 Solqtion to the Neumann Integral.

£}

'

The Neumann integral is solved for' two cases,
representing common set-ups for the potential and current

auxiliary leads in ground impedance measurements:

a) Skew conductors-Parallel directions (Fiqure 6.1)
b) Skew conductors-Angle between their directions (Figure
]

5 '2) .
a) Parallel Directions.

'A~ solution is desired in terms of quantities usually
kgoﬁ% or easily determined during fields measurements:
Length to the potential prebe = P
Length to the qpeient pfégé = C
gprizontaIIQiétahce between both conductors = y

P

vHeighE of one of the conductors = z

, y
A -84 -
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FIGURE 5.1

Conductor arrangement for parallel directions
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FIGURE 6. 2
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Conductor arrangement for angle between directions
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Referring to Figureﬁs .lA, the following {s noted:
A (0, 0, 0) and B (P, 0, OF o
(that is, conductor P is placed on the__;‘t:axis, and the x-y -
plane représents the earth's surface) .
dx (x, 0, 0) - \ ‘ 3

dxl (xy ¥, 2)

°Al 80

2
P

J(xl-P)2+Y2+2

a = angle between line segments £, and P

2

and

v

2 = r:l2 + x2 - 2r; x cosa.

. Substituti'ng this last expression in the Neumann integral,

" eq. (3.4)

b
; . rl+ X -2rlx cosa -

“The folxlowing integral is solveld ff:st:

f ' ax
2 T30

The solution to this integral is [3]:

» . L %

"8.6""
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P [ g:_s‘ =__l__"Ln(2f£'_Vlax2+bx+¢+.2ax+' b) T
| ‘/ax2+bx+c\, j\/; - ‘ '

{

where:
a = l‘ ! * i . )
1'2-..--21-:L cos a K . ‘ . ‘
2 i f
I'4 - . . S
c = I‘l . i} /
4

. \ L ’ . , Lo
Then: ' ' /

P . C T
. / © oy _ ‘ _ o ) / ;
R ' 0 sz -2r,1 cosa X + rf ‘ ’ :

1
. P /
. . 4 : . /
=Ln [ 2“/x2 - 21:'l COoSaX 4 ri +' 2x - arICOSa] / Lo
‘D N / »
. After substitution of the limits of integtat‘ior\/ ,
B - YA
- ' 2 [ 2
dx o In [P -ry cosa4 YP -2Pricofa+ Iy,
. - ‘ 'y =~}
A ;'l(l-cosa) | N .
; o .5) ;
The next atep is to solve tﬁé following Antegral: ‘
' ‘ 4 ' !
P B {
~. r
E . A y
® ¥




C C - : .
o - , 2 _. 2
=f ‘1n P rcosa 4 ‘\/P ZPrlcosa + rl_ dxl

0 . ry (1 -cosa)

Noting from Fiqure 5.1 the following relationships: -

1 oSO = xl

2
ry = fo-i' y2+ A
_And making the above substitutions:
¢ c -
2 2 2 2
~ P-x+\lP - 2Px 4 XT 4 ¥4 27 \dx
M = f 1A 1 1l 1 1

.o 2 2 2 m
' \lxl+ Y + 2 v Xy

0
Breaking down the above 'exprgsion into two integrals:
¢

where: ~ ‘.

+

c ( , ,
M, = in P-x+V/f’2-2Px+x2 24 22
Moo= | -t ¥ X+ ¥t 2 ) dxy
0

. . o ' 5 .5)
. o .
M. - 2. 2. .2
,~M2 = - f < In (—xl+ '/xl-i- Y+ 2 ) dx,
0 ’ - B
(5.7)
Solving Hz first, with the following change of variable:
u - ‘xl
X = ~u
dxll- "'du -
!
%

rpar

Y )
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- - o'
-C .

mzsf In ( u+ Yu2+ 324 zz_) du

bhe solution to this integral is, from 3]z

M, g'uan(u+ \lu2.+ y2+ 22.)_ 2+y2+ 22

Y

?dzg (-C) Ln(-c+1f.c2+ y2+ 2,2)4- C—

'VICz"' }’,24- 22+ V%4 2%
\Ekpreasion (56.5) is now solved, with the folldwing change of
variables: |
us=P-x

JCI,P-U

dx; = - du ; 5 .
P-Cc. . - IO 3
h=- f ' Ln; wtVu+yiy o fdu.
‘ P’ . ! t

u. - -( ‘ . .
o ' N

= (C -P)Lng ~C+V(P-C)+ v+ z ;*‘(PC)-l- Ve 22 +

+(P)Lngp+ﬁ+y+ 22 } Vrz+ y+ 22

Finally:

by




MM o+ M, / L -

M= (C) Ln{P-q +‘[(p-c)'2+ R 22}4.

A}

. .
-(P) Ln{‘I?~C+ (P-0)%4 v% 4 zz}* - <
. ( - a T

-(C) In {-Q+IC2+ yz.,. z2 } + (P) Ln{P‘j-\/PZup y2+‘: z

T N B T

+J(P C)%4 yi 4 22

fl

Rearranging terms and after some 'algebx_:aic manipulations to.

- homogenize the presentation: - ¥

‘sz-l- yz-i; z2 + C

. J:‘ﬁ"
M = (C) Ln +
LY (B-c)2+ y24 224 (clp)
e v%+ % + P R _
+ (P) In J(P-C) + y2 4 2% & (P-C) _ S )
g T

+J(P—‘C)2+ yz;b 2% \/;2+ Yo+ 2% Vlc2+ v+ 2 + |

+ Yyi4 2

i

(6.8)
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. . —
This solution to the Neumann integral, ed in the following

equation, will give the mutual jimpedance of two skew

coﬁauqtogs with parallel'directions:

[
]

Zm = j(*g_V_)[M'-'Z'yIPC] 0 o
.\ 4 3 .

b) Angle between thébr Directions. (See figure 6.2)

v

£

Again, it is desired to find a solution in- terms of

known or easily deéer;nined quantities: P, C, z, and in this

case ©.. Equation (6.5) already shows the solution to one of
the integrals and’ is repeated here:

s 3 - -— -
. 4

| ) ' [Z2 2 « e |
_In { P r,cosq -I-J T+ pT =X 2Prlcos : ' “
Lo r; (1 - cosa) : .

From Figure 6,.2, the foliowing' relationships apply:

L g

s [
L) * . :

4

.- . é

p a %

- ‘91 - 4
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n;;“i‘fz?’ | o

2

2 ¥ ‘

. Thr = Jxl+ b~ - belcosﬁ . \
- ) . ]
ricosa = xlcos 0 -

- b cos@ = P coss

The following integral, then, is to be solyed: .

© C . . . 4 ) 1

. P - ricoSae4r

M =_.f tn 1 + 2 fdx

Making the substitutions outlined aboves .

C " [z .2

' P - x,cos9 +\/x + b -2bx10083 .

M =f In L - l * - dx,

‘/ 2 2 '
0 X) 4 27 - xlcoso

The above integral is split in tWwo: S
M= Ml - M2 ’

-

where: ”
’ C
’ | "y dos .+ (x -beosB )2+ (bsin,g)2 dx
Ml - . — Ln P - xl 080+ l / l
0
Note that: ‘. v
\ — 2 ; 2
xi.q. bzl - 2bxlcosa= (xl - beasg )*+ (bsin)
- \ L
And: ' i\n_‘

c

Mzaf Ln{-—xlcOS‘o 4+ in-l-.,z?' } dxl
T

The solution,to the above integrals .is of the form [31]:

Py -

-92 -. ‘
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' -
. A il “« .

. - v 4 o
‘ ' - t 4
<
N ° . . -

.
’ ’ i N -
. . .

[+
i.
e

.

'Ln(m+n{1+Ju+k)du= < o
- o .J . ~ ' to- .
" | ’ N 13 "_r ’ o
L d ‘-r - X 2 |'2 ‘“
_(u . 2)Ln(m-{- 4 ¥ Ui+ @,,-)"'
- l-n r - ,
‘;- * \~ Al PR ~
- 2 - I\
_m_ Ln{u+Vu2+k }-—u+ )
¥ 1-n , » - .
14 ] [ ~L “ ' I
N ‘J_——_. &
' 2y L2 ) 2, 2y,
+ 2 Jil-nzl i - m? tan-1 ] 1F n) (ut+ Yu'+ k") 4-m
‘ T2
1-n 2 {(l- n?) k% - o' o
) (6.9)

v

Starting "it\hmul,' the following change of variables is made:’

U=% -V c‘osB

¢

du = 4x: ’ ', r ' ) K
1 | ~
Then: '
C-bcesf ;
' . 2 . 2
wml = . Ln{P-bQOSBCOW' u cosp + Vul 4. (bsing) }.du
-bcosf ) .
Where: : ) . . : ‘ ) .
m=P - bcosﬁcoso 1 :
N = «cosg | : -
k = bsing e N ' 7
M’akiné ‘the necessary aubatitgti‘o'ns in the solution to t,he‘
integral and replacing the ﬁppe‘r and lower limits: )
. * ) ‘ g .. ) . -
+ v} . . ’ .

—92 _‘ ‘ [} .‘ ,n'
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Fe

. C - beos@B - (P-bcosBcos® )(-cosd ) '
¢ - LI Ml= ) 2 x
- i\ 1l - cos™é ‘

. gl
' + [ P - bcosfcos® ] Ln

-
B
.
N LN

&_‘ In { P - bcosﬁcosaf— ('C-bcosﬁ) ,eq\so-F

L

R
. v

+ “/(70- bcosﬁ?2 + (bsiﬁﬁ)z} "'%, " |

-~

) ' — -
+( P-bcosﬂc%so)Ln { c- bcos[3+ﬁr(c bcosﬁ) + (bs:LnB)

1 ;r cos 6
- (¢ —bcosB )+

-
[

2{(11. - coszo) Lbsinﬁ)z - (P _-4bcosfcose)

- > , . X
1- cos”e
/n tant
\

- [ -bcosﬁ - (P-bcosfcose) (-cosez ]L {P bcosBco.ao-f-
- l‘/-~ coszo

A Y \_/\

yl(l - cos®e )(bsinﬁ)2 - .(lf’-bcosBcoso)?‘ ’

-

- v

-

.,-w(-b()‘,os‘ﬁ)cose + {(bcosﬁ)z-g. (bsin g )2 }4- )

I - coszo a

{-bc‘osﬂ + V(bcos'B)z+ (lbsinﬁ)z}+

“4

(1-tos@) (C-beosf . 4 \/ (C-bcosg) 2+(bsing)%— P-bcosgcose)

.
.
) 3
. et e
r-ﬂrﬁﬁu”égm&w«A -
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. 2 2
s+ bcosf 4 _2 {(1-cos\20 ) (bsinf)” - (P \-kzﬁp(é'ﬁkcose) x
1-cos?y A A .

A

\ 5
DAY
tan™t (1-_cos®) (-bcosf + V(bcos'ﬁ)z+ (bsinB)“+ P -bcosfcose

. 2
ﬁl ~ cos%) ('bsinﬁ)2 - (P-bcosfcose)
Using the following equalities:
b. ¢os@ =P cose

«

b= Pz-i.z2 . | 9 -

tan f_= 1l - cos®
2

- sine \\,, .

And after some algebra: l e

-

+ P -C COSG}-}-' :

' M M1= (C) LIn {\/021- P2 - 2CPcose +z‘§
. * *
> :
+ (P) In {ﬁ! + P2—2CP c0§e+z2+C—Pcose ’ } -C
& 2 '
o YP°+ 2° - Pcose ‘ '

. . .

3

. , X
+ 2z tan™!| tan e Vlc2+ p2 ' 2
- = 2CP¢
hvnpet] : ; ose+z+C+P)
- tan™ | tan ."_(JP?- ¢ 24 p
L7 2 z / ‘
- 7N e S
" ‘ . .\ ;
Now let's proceed with M, ' : . %’;
c —_— \
M, = In{ - x,cos@ v z 2 dx. : !
2= 1 + {‘11 +Zo () - ‘

. ' i
0 , ‘



}

.

+

\ J ’

¥

Substituting in the proper solution (5.9) ‘and with:

N = -co0s8@

<

k =

Therefore:

My = (%xq9) Ln{«—xlcose+ in + 22} -X) +

4 2 \/g 1—60329 ) z2 tan'lA (1-cose) (xq+4 Vxl.;. k )
1l -~ cos™e '
— ‘J(l-—cosze )z 0
\ b . .
Substituting upper and lower limits:
M, = (C) Lniv -C cose + V 2“'} -C+ 2z | tan lx
sine
tan _@ [ Ve + 2%+ C] - tan™1 [tan _6__]
2 2 2
And finally, after grouping terms: 4
M - Ml - Mz N
‘ Y+ 2 - 2cpeose +2° + P - Ccos® +
M = (QLn > > '
™~ YC©°4 z - C cose
? 2 " .
. c + P2 - 2CP cose + z2+ C - Pcos®
+j(P) In ) 3 ~
P 4 z - Pcose
22 5 2, o2 2
4+ ———1{ tan tan @ {(YC'+ P~ - 2CP cose@ +z +
sine -T2 (‘I 2CE z =

S

- 96 .
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-1 -
- tan tan _@ CZ+ z.z' + C )|+tan 1 tan _@ ’
2 z Z
/ ’ ’ .
* ' 6 .10)

It is important to emﬁhasiie that the solution to the
Neumann iﬁtegral found in equations (5.8) and (6 .10) above,
represents broader expressions than the ones in [45], infthe,
sense’ thét~ one of the céndpctors can be a; anyuhéiqht;yand
by setting this height to zero, the equations areK converted
to the ones for two finite donductors resting on the earth's

surface.

5.3. Sensitivity‘Analysis. c C

Before discussing the results of these analyses, it

v

"should be pointed out that the problem of finding the mutual

impedance of two grounded conductars, in this paftigular
:;se one of them at any height and the other lying on the,
3;rth's surface, is a bouﬁdgry value problem iqvoivinq
cylindrical conductors. Hence, the "method .of images® can
be applied [2]. This well-known method makeg juse of the

fact that the influence of the‘ground on the charges and
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potentials of éhe conductors can be equivalently replaced by
the influspce of the images dJf the conductors below the
surface of the ground. Any one conductor and its image are
located at equal distance, but in oppos%te directions from
the ground surface. The potential at any point in the

system can be obtained by calculating that due to the charge

itself and adding to it the potential due ¢to its images.

(45]. In other words, for the dases dealt with in this
chapter, the’so;utionlio the Neumann iﬁtegral is Siﬁply
recalculated, inserting a negativé height (-z) to account
for the overhead conductor's image [22].

With the expressions derived for the two ‘cases
described in Section 5.2, the behaviour of the real

(resistance) and imaginary (reactance) parts against

variations in the following parameters was anlyzed: Soil

~

resistivity, length of condpctors, angle between the
conductofs,4 horizontal distance betw;;n thé coﬁduétors, and
height of the overhead conductor. Only those curves where
the height of one conductor is varied will be shown, since
;
other results from the sensitivity analysis followed very
closely the one presented in [4] for two conductors resting
on the ground. The main points, though, wiil sbe repeated

T

here:

i) At 90 degrees, Zm is minimum, and should be the preferred

conductor disposition, provided the field conditions allow
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ii) 2m increases linearly with increasing lengths of P and
C.

iii) Zm tends to increase the measuféd value of the ground
impedahbe in the ?ange e greater .than 90 degrees. For
values greater than 90 deqteeé, the measur?d values are
somewhat less.

1]

iv) Hotizonthl separation y has minimum effect.

Figures 6.3, 6.4, and 5.5 shoW the effect of the height
on the mutual ground impedance values. Only“typ{cal heights
lof telephone, distribution, and HVx lines are p;esentgd.
These structureé -are commonly used as potential and/of&‘
current auxiliary probes. The conclusions drawn from these ’
curves are: ‘
v) For ; wide ‘variety of soil tepistivity values, the
imaginary part of the"mutual impedance shows a smail
variation Qith different heights, and has no'bearing At all
on the real part. | ’
vi) Keiéht is inéignificant when the horizontal distance (y)
‘between the two conductors is varied, except at very ;tht
distances. g \

' vi;) The height has no impact with variations of ﬁh; angle ’

between the auxiliary probes. All the analysis was made for

_a‘'frequency of 50 Hz.
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_CHAPTER 7
CONRCLUSIONS

This thesis has presented a':éombination of experimental

and analytical procedures for computing the ground impedance:

of a power substation by the use of low current techniques.

%o
This is supported by the following results:

1) In Chapter 5 it was concluded that the 50 Hz ground
14
impedance with a low current injection method is:

B

2g = 132 /17(1+3.58%) m()

A
¢ -

- On the other hand, the result from the high current injection
method is:

%g = 124 J15 mQ

A difference of only 5% is observed if we take the high

current value as reference. b

-

F:oﬁ the comparison of the measuring techniques, it is

' concluded that low current in écgion techniques give results

compgtabie.witb a high current injection test, making them a

,praqf.icél choice for reasons of economy and safety.

.
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2) Some authors have suggested measurement techniques vusing
current ‘1njeetion at frequencies slightly different from 60
" Hz. Just for comparison purposes, and since - in this case
the application of the frequency-scanning method permitted
“the evaluation of grﬁpnd impedance values at 70 Hz, a
similar analy;is to the one presented in Chapter 5 arrived
at the following results:
’ 4
-~ Average of Z%Zg at 70 ﬁz: 139 Zig_ (m))
Standard deviation 8: 5.2 (m Q)

Coefficient of v§;iaticn v 4.5%

For this particular site, the 70 Hz ground iﬁpedance
‘was only 5% a{éater than the 50 Hz value. This is expectéd
because the angle of 15 degrees in the final ground
.imp;dance indicates a strong resistive component.
Nevertheless, it has to be emphasized that this 1is. not a
general eonclusiqn for every case.
3) The field measﬁrements reported in this thesis have shown
that low current testinq'gives similar values at different
angles between current and potentiaiA auxiliary leads,
wheneve:‘the mutual coupling effects Qefween them can be
aééounted for with the approppriate -analytical tools. This
is important since the choice of directions for the P and C‘

leads is many times limited by field conditions.‘

-
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4) Equations are developed to correct for the undesirable
mutual effects between auxiliary leads, when one of the

conductors is above the surface of the earth. When this

height is set to zero, the’ expressions first reported in

(6], are obtained. Hencé, the equations reported here are¥

'

applicable ' in a broader number of practical cases, mainly in
s‘ ’ N «

measurements at urban and suburban areas. A sensitivity

analyais unveils that height has almost no impact. on the

*

" mutual impedance, and that the 6verhead conductor can be

o, P -
placed at any angle with reSpeq} to the one on the surface.’

Wwith minor modificatichs, this work can be extended to the

. field of high frequencies. S o
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- APPENDIX A
INS?RUHENTATION RBQUIRBP FOR MEASURING GROUND IMPEDANCE
B

Al) ‘Introduction.

When the grounding system impedance of a particular
substation is. less than one ohm, the choice of proper
instrumentatxon is of utmost importance to achieve a better

\ signal-to-noise ratio in the presence of ambient noise, for

any of the measuring techniques described in chapters three °
and four.
* The following 1list, although not intended to be

quantitatively and qualitatively complete, serves as a first

anatysis for choosing the required equipment.
s

: /

A2) Instrumentation: for Cufrent Injection.
A

1) Transformer . o ) ‘

-

Purpose: To use as an ac current source of 50-100 A at

-

power-frequency in the high current injection methods.

. oy .
Ao ] ®
[

A single phase transformer with polatity reversal and .
secondary tappings is enough. A transformer with magnitude
“and phase control is used in the interference compensation

*
method.
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2) Mobile ac Generator

Purpose: To use as 72an ac current source of 50-100 A at a
frequency different from 50 Hz in the high current‘injection
methdds. ‘ H

Of course, if 'necessary, .it could also be used to
deliver power-frequency current.
\

3) Oscillator (Function Generator)
.Purpose: For. use as a sige wave current source at
frequencies different from 50 Hz in the low current

injection methods.

A capacity of 0.1-0.3 kVA is enough, but can’ be wused
together with a power amplifier to give the desYred current
magnitude. A phase-locked detector slaved to the éscillator
is desirable, 1in order to keep the voltmeter tuned to the
o;cillator.

L
4) Power Amplifier. ‘ . .
Purpose: Increase the current magﬁitude‘ in the injection
circuit. |

In the oscillatof-voltmeter and frequency;scanning
methods the injected current should be enough to produce a

- <

significant wvoltage change in the gioﬁnd system under test,

’
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&
with additional possibility for testing at different lev?;s :

of current. A single phase unit with a capacity in the
order of 0.30 kVA is recommended (of course, if -the
‘ 3

impedance of the injection circuit is high, more power will

be needed to drive the necessary current).

.

5) Noise Generator. ' ' N
Purpose: Provide current and voltage signals over a «wide
frequency range, approximating white noise over the analysis

band, in the frequency-scanning method.

Some spectrum analyzers have a bult-in noise generator

»that could be conveniently used.

A3) Instrumentation for Curfent Measurement.

1) Spectrum Analyzer

Purpose: In the frequency—scann}ng method, after the current
and voltage signals are detected, the instrument is used to
produce a frequency domain impedance piot. It is also used

as a white noise gene‘gtor in the frequency range desired.

[It is necessary for the instrument to be dual channel
ih .order to éisplay the ratio and phase angle diff;rence
between the voltage and current - signals at both input

/’ ‘ channels. A conventional ‘network analyzer can be used,

which digitizes and correlates the current transducer and

*

D
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(2]

potential signals, switchiﬁg the two channels altetn;tively
over the integration _(sampling) time. Nevertheless;
frequency domain measurements are made faster if the
instrument uses a Fast Fourier Transform (FFT) algorithm,
vhere the two channels are simultaneously digitized,
eliminating errors caused by femporary changes in test
signal levels. "Another useful charactetistié is the :
measurement of the coherence function. This‘fs a frequenci Nkh
domain measure of the fraction of the power output caused by

the input. If this fraction is 1.0, the output at that
freqdency is caused entirely by the input, and the transféi

function (1mpe§9ndé) is valid. 1If close to 0;0, the outpuil.‘
is caused by something (noise) other than the measured

- I

input.

2) Analog or Digital Multimeters.
Purpose: dseful for monitoring currents and voltages during
measurements, and continuity ' checks for current and

potential probes. !

When monitoring voltages, a high input impedance

«(1 M{)) and a low milivolt range are required.

3). Trenducers for Current Signals.

Purpose: Convert parameters to- a suitable form for

measurement.

Ld - 116
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.

4) Transformer.

' Purpose: When using the transmission 1line for cu;;th

injection; it may be uéed to match the load impedance

!

(mainly the transmission line reactance). -

5) Current Transformers.

Purpose: Measure test current in high current injection

methods. Current transformers already installed can be
conveniently used. For current measurements in other
grounding elements (counterpoises, ground . wites,etc.),

split-core current transformers are normally used.

A4) Instrumentation for Potential Measurement.

-

1) Spectrum Anaiyzer (Already‘described above) .
2) Analog or Digital Multimeters (Already described above).

3) Filters (for use with non-30 Hz meghods).

Purpose: When a high ambient 50 Hz noise is detected on the
potential probe, a 60 Hz rejection filter may be used. 1In
the frequency-scanning method, a noise conditiohing filter

is used for p:gpection from the effects of low frequency

saturation.

-~ ‘
. -

4) Frequency Selective Voltmeter. °

——

Purpose: To measure the voltage on the potential probe
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3

resulting from the injected current at different
frequencies. Power frequencies 5-10 Hz from the test

frequency can be - rejected by commercially available

, instruments.

A high input impedance is required (more than 100

. s ‘ ' .
ka ). Other useful characteristics are: resolution and
bandwidth in the order of 0.1 Hz and 1 Hz respectively. A

selectivity from mV to tens of volts is generally enough.

A5) General.

1) Oscilloscope. . ‘ \

Purpose: Check waveforms and presence of signals in the

current and potential probes.

Ve

2) Light Beam Oscillographic Recorder.

Purpose: All voltage and curreni signals can be conveniently
displayed on a strip of 1light sensitive paper, with the
advantage that phase angles can be determined. (With a

frequency response in the order of 5 kHz).

Measurement of the grounding system . impedance
components requires the recording of voltage and current
amplitude and duratién long eﬁéugh 80 that magnitudes and
phase angle differences can be accurately scaled from the

oscillogram. Peak to peak amplitudes 6f 4 to 6.5 cm and

o ‘ - 118 -
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/

recording speeds of between 3 to 4 m/s will satisfy these .-

requirements. Owing to an adjustable chart speed, it is
possiﬁfe to improve the accuracy of measurements for several
phase anglé displacements. \ It allows for some signak
processing;after the test: for example, disregarding /poise,
harmonics or assymmetry. A Newer models of oscillographic
reco:dets are e?pipped with variable gain’ inputs, which

allows for a simple calibration process of the signals ,to be

g
measured.

3) Time Controller
»

Purpose: Test measurements can be controlled and’

N .

synchronized from a central location; it “is used to start
th oscillograph, open and close one or two circuit
breakers, and stop the oscillogriphicr recorder. The
éequence and duration of the various control signals can be

H

adjuéted.

4) Test Bench. ' !
Purpose: Concentration of all signals for easy testing and
reading. A typical test bench <consists of the folowing

items:

-a) Suppiy ‘Circuits (to satisfy the needs of the various

pieces of equipment). 0 .
The supply source must be independent from power sources
used in the high current power-frequency methods.*

b) Isolating PTransformers.
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c) Calibration Circuits.
d) Oscillographic recorder.

Time controller.
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APPENDIX B
THEORY OF THE FALL OF POTENTIAL METHOD
. .
x
-
14 ra //’/// 7 /r/
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-
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B Figure B.1 . - *

Fall<of-Potential “Method
. e *

R : E
Bl) Basic Definitioas.

o
¢

1) If electrode E does not conduct any current into the )
soil, and is located faraway from any other current carrying

electrodes, its self potential Pée (or GPR) is ie o.

2

kKl
2) If current I enters the soil through ele€trode E, its

‘potential rises to Poe

]

= Rg(Ig), whe}ekgg is- the electrode
resistance (or impedance). If I = 1A, then:

¢

n

[} o

Poe:™ Vee ™ Rg x 1.0 = Rg . 4

O

\ "
]
H

N -
—
1

-
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B

initially at zero potential, will be at potential P

. into the ground }hfough E is assumed positive, and I

L2

Thefefor » in the following analysis, Voo designates

the potentialjrise of electrode E when 1A enters the soil

through the electrode. V., -is numerically equal to the
e%ectrodefs resistance in ohms. ‘

3) Assume thattat some finite distance from electrode E, a

current Im . is inject’ed through the auxiliary current probe

C. Because of the local earth potential rise, electrode E,

ec (this

phenomena is often called "resistive céupling"). If. ImzlA,

then Peégvec' (numerically equal to the so called "mutual

resistance" between E and C).

-~

4) I1f electrode E carries 1A while simultaneously electrode

C 'conducts 1A as' well, the potential rise of electrode E

e

o

‘ L
: - #
will be Vae 1V, é, ’ _ ‘

B2) Fundamental Equations.

Current "i" in electrode P is assumed negligible with
respect jto I~ At a given time "t", current I, injected

ml
collected by C, is assumed negative.

g ,

4
If ‘Ué and U, represent the GPR (with respect to remote

ground) of electrodes P and E respectively, then based on

’ . . .
the definitions previously presented:



¥

.
.

° 3

U = -T1! ' -t

D VpexI'm + Vpcx( ' | ' (B.1)
Ue - VeexI'm + Vecx(-I'm) v : (B.2)

' where: ’ .

I'm = I,/1.0 A

&

- 4
The VYoltage Vn‘measured by the fall of potential method is:

Vm = Ue - Up - :
T ¥
= 1! - - ~
Vm I m(Vee Vec Vpe + Vpc) (B.3)

As seen before, Ve i3 the potential rise of electrode

E resulting from its owns“current of 1A. This is by
definition the resistance Rg of electrode E. //, J
11

Therefore, ‘eq. (B.3) becomes:
——vT—

- J
‘

Rm = -‘ff = Rg + (Voo - Ve = Vpe) /1A (B.4)

ch and Vg, are functions of the‘ spacing between the
electrodes (E, C, P), the electrode configuration, and the

-

soll cHaracteristics,

¢

! According to figure B.l, let us_define the functions f,

g, h assuming they are 6;1y functions of distances D and x:

¢
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’a

ec ™ £ (D)

< «'f

pc = 9(Drx)

<

pe = h{x)

S

—YAccording to eq. -(B.4), the measured resistance will be

equal to the true resistance Rg if: “

-

vpc'vec'vbe = 0
or

J

g(D-x) = £(DY *= h(x) %= 0

B3) Identical Electrodes and Large Spacings.

ok

If electrodes E and C are identical g=h, and if D is

large enough such that V,_ = £(D) =0, then condition (B.5)

‘becomes:

. (D-x) = h(x) = 0
thus' )

xo = D/2

o

1

3

which means, the auxiliary potential probe should be located

midway between E -and C.

B4) Hemispherical Electrodes.

If electrodes E and C are hemispheres and

are s small compared to x and D and 'if soil is

S - 124 -

* their radii

Kuniform,‘then

m,, - U‘W“‘
' 4



the potential functions £, g, and h are inversely

proportional to the distance relatiye to the hemisphere

[

center. If the origin of the axes is at the center of

hemisphere E,lthe eq.(B.5) becomes:

t
1/(p-x) - 1/D - 1/x =0 : (B.6)

» -

The positive root of eq. (B.6) is the exact potential pfobe

“

location Xyt

X, = 0.518D

N
\ o

3

This is thélwell‘known 51.8% rule [6].

BS) \éene:al ‘Case.

>

If the:soil is not homogeneous, or electrodes E and C
have complex configurations, or both; .the functions £, g,
and h are not easy to calculate. In such cases, computer

' solutions are generally required. [7,8].
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APPENDIX C ‘
SCRERMING FACTOR AT YAMASKA SUBSTATION

4.6m 2.3m
2.3m .
" QWI gw2
— y \ l
- é ‘ L 40m
~ 2N\ / & =
0 b e F
4
102m "’
/ \ - ¢
' . -
' N } ' ) . "

////////////7//////‘////’7/////////75///7/////// - \\

Pigure C.1 - /

~ Single Circuit, 120 kV line at Yamaska Substation.

To Calculate the screening factor described in Chapter

3, we n;:;\khe following distances: (Refér to Figure C.1)

-
v

s Da (gwl) -442 +2.32 2451 m

A

e e T N 3 AT T

‘% e
P

i




J O i i

C . —— Yt

Dc(gw2) = 4.61 m

‘ ’ ’
2
Da (gw2) -Vé.g + 4.02 = 7,97 m

g ‘Dc(gwl) = 7.97

Db(gwl) = Db(gw2) = 4.51 m

G
, /<
D(gwl) (gw2) = 45 m

Phe characteristics of the two ground wires are as follows:
Resistance = 4.2 ohm/km

GMR (Geometric Mean Radius) = 2.4x1078 p

Figure C.2 displays the output from the computer program:

\ . i

i
'

-y

- 1»27 ‘e

s s s




RESISTIVITY OF THE SOIL IN OHM-M.: 28.10

H 00
NUMBER OF GROUND WIRES: 2.

ﬁN HH 3 :00‘ - 4
REACTANCE OF GROUND RETURN EFFECT(OHM/MI.): 2,65639

RESISTANCE OF THE GROUND WIRE(OHM/M1.): &,780
REACTANCE OF THE GROUND WIRE(OHM/MI.): 1.984

DISTANCES BETWEEN PHASES AND GROUND WIRES!
15.10 13,10 15.10 15.10 26.20 26.20
NCE( T
15,10

*

MAGNITUDE OF SELF IMPEDANCE= 11.62359 ANGLE= 26.24
MAGNITUDE OF MUTUAL IMPEDANCE= 1,62680 ANGLE= 79.88

= . n33.64

./
LY

MAGNITUDE OF 1.~ZMUT/ZSELF=  0.92393 ANGLE= -7.,01

\\ FIGURE C.2 Tuw ‘

, Output from computer program
Consequently, the screening factor used for calculating the

" final ground impedance at Yamaska is:

r = 0.92393 / -7
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APPENDIX D ‘ A

COMPUTATION OF Tﬂq TEST CURRENT MAGNITUDE
IN THE GROUND IMPEDANCE MEASUREMENTS

AT YAMASKA SUBSTATION

[\L] . 0 E38An

1—-

itin

v

LIGMES INT ot 12 svee los 4
|

M TERMATELRS do RAPDE 1

~ ey

r

Figure D.1 Typical output from the oscillographic recorder
displaying different voltage and current signals.

(Printed with permission from Hydro-Quebec).

Before any actual measurement of voltage and current is

/ -
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/ A

taken by shortcircuiting to earth the secondary of the
transformer, all signals must be calibrated. 1In short, this
means knowing in advance hoa\many volts/cm corresponds to

each output channel in the oscillographic recorder..

After the calibrétion is finished, all signals are
identified, and once the actual measurements are made; i; i;
only required to measure the distance in cm between'pgg%”{b
peak in all voltage or current.sinusoidal waves, Although

-+

not quite apparent from figure D.1l, all measurements should
be made after the dc offset disappears. \ \\\t\\ ,
For the grounding tests at Yémaska, five short circuit
- . * , )
tests were done, with the three phases of the transmission o
line connected together. The oscillod}aphic recorder

yielded the following magnitudes of fault current:

s.c. no. 1/586.14 A
8.C. no. 2{594.51 A
s.c. no. 3;595.08 A
s.c. no. 4|595.91 A

s.c. no. 5 583.23 A

The average of the five current magnitudes, and the

value used in further calculatiéns ise

« Ip =591 A

In each of the five short circuits, potential rise




T

measurements were procured ‘at the three potential probe
locations shown in table 5.1. These potential readings were

then scaled to the average fault \Furrent, giving the

follomihg results£ °
P =1310 m V=66 .54 V o ’
P = 1490 m V,%8.09 V |
P = 1830 m v =68.13 V .

Finally, the three ground impedance values appearing in

f
Table 5.1 resulte§ from the ratio vm/Im'

<

v
e T



