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Power frequency and Impul:;e tests were performed on earth electrodes
which are being used in MV networks. The electrodes are combinations of -
conductors buried in a trenrh and earth rods, whxch are dnven vertlcally

. mto the ground -

The power frequency tests included measurémént_s of apparent ele’c.trodé-_:'
resistances and measurements of the surface equipotentials in the proximity
of electrodes while they were carrying fault current. It was found that in an -

- area where the soil resistivity is decreasing with depth the use of long rods

reduced the low frequency electrode resistance s1gmﬁcan’c1y Step potentlals
_ :around the electrodes were quanuﬁed.. _ _

The mpuise current dlstnbutmn in the electrodes was measured and it was
found that most of the current is dissipated from the rods. The reduction in

electrode resistance under impulse conditions was quantifisd for soil with ~ ”

" resistivity of a few hundred ohms in the top layer drOppmg to 150- 200 ohlm
at depth of 3 meters _ .

The study prowdes a better understandmg of the prmclples which should be '-
apphed in the de.,lgn of earth alectmdes
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d - wire dzameter, :
b buried depth ofconductor m.
k ° cmpirical constant (in body. current calculatmn)
1 rod length, m. .
v . apparent electrode radms,
Tom  D2ximura apparent copdactnr zadius, m
T electrode conductor radius, m, -

§ - characterjstic dzstance ﬁ'om centcr of elech-ode to the outermost point, m,
t . time,s. - . .
1 duration of current exposure 8.

p soil resisiivity, Qm . o

P lowcurrent 5011 resistivity, Q.

T 10nmnonhmeconstant,s S o

15 deionization time constant, 8 o
‘electrode surface area, m’. o

Ec - critical slectrical field, kW/m, - | _ .

‘Egrpp  step potential .~ - S . 2
Eroucy touch potentxal _ S S U
G ground conductance per umt Iength, 1/Q m. _—
I cument A - _

body current, A.

J current density, A/ m’.

Je critical curreut dens1ty, A/ m?,

R resistance per unit length , O/m ,

Ry  equivalent body resistance, Q.

Re  electrode resistance, Q. -

Ry,  series footing resistance, .

Ror, - parallel footing resistance, Q.
SF;; scaling factor for 11kV network voltage.
SFy  scaling factor for 22kV network voltage .

_ volw.gc, : .

Zz conventional impedancs, Q,.
-Zo

impuise impedance, £2.



-' conventional mxp.,dance. The ra’uo between the maximum value of the total earth :
 electrode voltage and the peak val‘ue of the impulse current,

ground A cnnducungr connection, whether mtennonal or accldental by which an
_elecinc c::cmt or equlpment 1s comected to the earth. -.:i o

.ground refurn cirenit. A circuit in whlch the earth ar an aqmvalent COI'ldIlCtln“ bodyxs
_ut111zed to complete the circuit and allow current c:rculauan from or fo its current source,

ground electrode. A conductor :mbedded in thc earth and used for collec’nng gmund
' current fmm or dxsmpanng ground enrrent into the eartb

ground potentml rise (GPR). ’Ihe maximum voltage that an earl:h electrode may attam -
relative to a distant grounding point assumed to be at; ﬂle potentlal of remotc earth

: impulse impedance. The ratio between the instantaneous v alues ofthe total ground voltage_

. of an earth electrode and of the total current ai the mjcctton pomt.

Rognwsln coil. An open cmcmted air-cored current transformer with a resxstor-capacltor
(RC) integrator on the secondary sxde used for measurements of very hlgh curTents. '

~ step potential. The dlfference in surface potcnnal experienced by a person bndomg a
distance of 1 m with his feet without contactmg any other grounded object. - '

“fonch voltage, 'I‘he potentlal difference between the ground poientlal rise{(GPR) and o
the surface potential at the point where person is standing, while at the same time
havmg his hands in contact with a grounded stsucture, . '

- fransferred voltage. A special case of the touch voltage where a voltage i5 asfcrred
- out of the area of ’rhe earth electrode, _ .




* In South Afiica millions of féople still do not have electricity - fhis is the reason for the big
electrification drive which is taking place throughout the dountry. A lot of work has been -

done and a ot of work is currently in progress in order to ensure that the electtification

networks which will be constructed wﬂl be cost eﬁ'ectwe without compromlmng their

R perfermance and safety.

Earthing is one ‘of the most nnportant factors, whxch effects both the perfonnance of the

electrical network and its safety. This report deals with earth electrodes that are m.a:lnly

* used on medium voltage {MV) networks. Two aspects were studied: :

. a Power frequency: electrode resistance to true earth which is unpon'ant for coxrect L
- - .. protection operation, and surface poteutlals the spfety aspect.

_ b Impulse behavmur. the current distribution within the electrode an{,l the reduction in.

' electrode resistance under 1mpulse : _

The aim of the stucly was to test various electrode conﬁguratmns for their resistances and
‘their surface equipotentials, as well as, their impulse behaviour - in order to get a better

understanding of the pnnclples which should be apphed in the design of earth electrodes o

This report considers two behaviours - the power frequency and the 1mpulse behavmur
This mtroductory chapter includes two sections: -

Section 1.1 gives the background on the safety aspects of earthihg regardmg the

- permissible body turrents, step and touch potentlals as:well as a short rewew of the

expe. .mental work that was done in ﬂ:us field.

Secticn 1.2 gwes the background on impulse behaviour of earthing electrodes, The
- classification of lopalized earth electrodes and extended earth electrodes is explained, as

" well as the electricai breakdown and ionization processes in the soil. Dynamm models of
localized and extended earth electrodes are presented :

Chapter 2 covers the power frequency measurements and, includes the experimental set-up

‘and testing procedure. The step potential field measurements and the electrolytic tank |

measurements are pnesented and mterpreted, followed by a dlSGHSSlOll ofthe resuIts

Chapter 3 covers the impulse behawour and includes the exPenmental set-up and testmg |

procedure, The results for current distribution and reduction in electrode res1stance are
presented and mterpreted foIlowed by & discussion of the results.

Chapter 4 contains the conclusions for the work presented as well as recommendat:ons for
future work o be done, S _ -
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o 1.1. Earth éieckddéf?o@er Fﬁe:ﬁlifency - - - i
L 1.1 Safety in earthmg | | |

: Thﬂ' main referemce for tlns section is the: IEER Gmde for safety in AC Substahon :
G*'ound]ng (. | L

Penmssxble body cm'rent lmut ' _
. . _ Ly
' When current & passmg through the human bod} its effects depend oﬁ; the duraﬁon,
miagnitude, and frequency of this current. The most darigerous consequence is heart
ﬁbnllaﬂon. resultmg iny ,mmedxate arrest of blood ouculatzon .

Eﬂb&LQiﬁﬁqn;nﬂ It WS s found that humans are very vu]nerable to currents at power
frequencies, however at hi:gher frequencies the body can tolerate much l-ugher currents

' The same appliés fo very jow frequencies a:dd DeC.

_gLs_oi_ngnmzds_and_dL&on_ The duratmn for Whlc]l most people can tolerate '
" power frequency current, mthout gomg mto heart fibrillation is related to 1ts magmtude

by Dalziel’s equa’uon _ | | .
Where |

IB ~ s magmtude of the cuarrent thmugh the body .
k - empirical constant (k=0.116 for a person wolg}u.ng SOLg)
ts durahon of current expostire ins -

The equatlon above is valid for the fime range of 0 03-3s. The value of 100mA was
suggested as the ﬁbnllahon threshold if shock durations are not specified.

Step and Tom:h voltage mterla

Rgmongmﬂb__humnmdx The resistance of the internal body ussues, not mcludmg '
skin, is approximately 3002 . Values in the range 500- 30000 for body resistance

including skin have been suggested. However, for body currents calculation a value of Rg
= 1000€2 s assumed and the hand and shoe. contact resistances are assumed ta be equal to
Zero. :



Current paths through the body - When a person is subjected to step potentials, the current
is enters the body in one foot and leaves it throigh the other foot - therefore the circuit
- comprises the body resistance Ry in series with a series combination of the footing
resistance Rgp (res:stance of the ground just beneath the feet), The circuit equivalent for.
fouch potentials comprises Ry in series with the para]lel combmaﬁon of Rm, ( the current is
flowirg through both feet in parallel), '
It was found that much higher foot to foot than hand to foot currents had to be used 1 B
produce the same current in the heart reglon '

In order to prevent heart ﬁbr:lla’aon the maximum step voltage must not exceed the limit
below: .

For touch Voit'age the Himit is:

'Em@g(gmp;_kg)la S (Equ_

The footmg res1stances strongly depend on the so11 reswtmty and the. actual contact
between the ground and the foot,

- Evaluation of step and touch potenﬁh].s'

In pnnclple safe grounding design has two objectives [1]:

- a) To provide means to carry the electric current into earth under fauit cond:tlons thhout
exceeding any operating and equipment limits or adversely affecting continuity of supply.

b) To assure that & person in the vicinity of grounded faclhtxes is not e.xposed to the danger
of critical electrical shock.

Design procedures for grounding systems were devdoped with the aim to avoid dangerous
step and touch voltages within a substation, The analytical techniques used have varied
from those using simple hand calculations to those involving scale models [2] [4] or
computer algonthms [151 161, '

In general the computer algorithms are 'based on modellmg the mdmdual components
comprising the grounding system, forming a set of equations which describe the interaction
between these components, then solving for the ground fault current flowing from each
component into ¢arth and then computing the surface potentials due to all the individual
components ' ' _

The concept of using scale models and an electrolyuc tank to simulate the performance of
grounding grids was introduced by Koch in 1950 [Apx 1, ref 1] . A number of papers heve -
beer published since the 19505 [2] . The purpose of the scale models and electrolytic tank
was to determine the gtid resistance and the surface potentials for a grounding,
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B .A__ cdmprehehsi\?é reééarch projeét WHS ﬁndertaken by EPRI in 1?83;'ﬁth ihe objective to
* develop an electrolytic tank to performance of HV AC station grounding grilis during earth -
_faults and to evaluate the effects of various design parameters by testing different ground

grid eonfigurations [2]. The results were compared with various ccmputea program resulm
The following observations were made N

- Uniform sofl miodel

D Rz, Egrgp and Eqgr ici Bre mversely related tc the length oi‘ the gmund rods the depth:

‘of the grid and the number of meshs in the grid. -

2) The grid perfermance can be improved by the addition of Honzontal conductors near the
outer part of the grid, : _
3) Generally, additional ground rods are more effecnve then adclmonal honzontal o
conductors, .

4) 'I'he ground md dlmneter has little effect on’ thc overall grid petfonnance _

iR Egrep and Exoycy decrease with the addition of ground rods.

2) Ry is inversely related to the top layer depth when it has the lower conduchvxty, and
directly related to the top layer depth when it has the Iugher conductivity,

3) The decrease in Rg due to the addition of ground rods is more significant when the soift

conductivity is increasing with depth.

- 4) Ground rods penetrating a higher conductivity second layer of sml have more effect in

' rrducmg Re then ground rods penetrating a lower conducnvxty second layer of soil,

" In the case where the earth electrode resistance is very hlgh, it could be th?t the faplt -

The work by different rescarchers pubhshed thus far, relates fo scale miodels of substatxor

grids. Full scale tests are both costlynd difficult to perform for such large areas
( several hundreds of square meters ). However, the size of earth electrodes used on MV
networks is relatively spall ( several tens of squarc meters ), hence full scale measurement

- becomes fissile.

1.1.2 Protection operation

* ‘When an earth fault oceurs on an MV network - the resistance of the earth electrode Iar_g’eiY -

determines the magnitude of fault current. Since most MV lines are protected by an inverse -
time-current relays the higher the fault curtent *he fa.ster the profection will operate and
isolate the faulty circuit. R

current would not exceed the relay pick-up and the faulty circuit viill remain energized.

I-hgh-speed fault clearing is advantageous for safety reasons: o
a. The probability of electric shock is greatly reduced by fast cleanng time.

"\ Both tests and experience show that the chance of severe injury or deaths is greatly '

ceduced if the duranon of the cutrent ﬂow through the body is very brief [I]

[



_ 1 2 Earth electrodes - Impulsc Behavmur

' Expenments on the impulse behawour of earth electrodes have shown that the 1mpulse
impedance of the electrodes is reduced from its low voltage power frequency value {71 [11]
[17] [18] {19).This reduction is due to ionization of the soil around the earth electrode,
Tonization starts once the current density on the surface of the electrode’s conductors -
exceeds a certain critical value Je that creates a critical electric field gradient Ec it the soil. ~ -
 Soil jonization is a nonlinear phenomenon, that depends the on elestrical and geometrical
parameters such as: soil resistivity, impulse current wave “shape and magmtude and the
shape and dimensions of the earth électrode .

 Dynamic models for the evaluation of the m:puise nnpedance and current aud voltage

distribution along the eleetrodes have been developed [7] [8} [9] [12] .

: 1.2 1 Earth electrodes ~ Localzzed and Extendetl

. l!_

" The impulse behavmur of the ear:h elcctrodes can differ s1gmﬁcant1§, dependmg on whether
not the electrode length is neglzglble in comparison to the wave length of the impulsive -

current. Electrodes are classified as either localized or extended. Fot localized electrodes

the ratio between the tiine necessary for an electromagnetic perturbation to cover its length
and the impulse rise-time must be less then 1/5 or 1/6. In practice the steady state is reached
after the electromagnetic wave inside the electrode has been reflected five or six times, .

Localized electrodes are sometimes referred to as Concentrated electrodes. Extende

‘electrodes are veferred to as Distributed electrodes. The models that are used to analy: ;

distributed electrodes are different to those for the concentrated electrodes because the
propagation time of the electromagnetic wave along the distributed e]ectrode has to be
_accounted for [8] [13] } S -

-k

122 EIecMcaI breakdown and mmzatlon process m the sml
Two models have been proposad to explam fhe elec*‘ncai breakdown in the sml [t 0]

The first model suggests-that breakdown occu, § in the air voids between the grmns of soﬂ,

where the electric field strength is enhanced by dielectric effects. Tests and measurements -

of the elecirical breakdown characieristics of a soil sample in air and with the air in the

voids replaced with SF, were done to verify this model, It was found that all the properties

that are associated with arc initiation were consistently different for air and SFq. The ratios

of these quantities were comparable to the ratio of the electnc field breakdown of air and
* SFg at one atmosphere - . :
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Long time delays before breakdown were measured in the tests. This ﬁhenomena' is

~ attributed to areas in the soil, where microscopic films of water bécomes very thin or

discontinuous, resulting in a build-up of ions and creation of electrochemical polarization.
The time required for this build-up of charge is known as the Relaxation time, These

. charges can cause electric field enhancement aczoss sore. vaids and once a certain critical

level is exceeded breakdown will occur. : _
The tire delays could be a complex function of the soil type:i eiectrode material, slectrode :
_ surface area atd the electric field strength in the 5011 ' .

_The second nmdel-“-proposes that breakdown is mmated when a water path in the soil is
. ohmicaly heated and a small part of it is vaporized, Breakdovwm then take place across the
- vaporized path.The thetmal process in the water contained in the soll prowzies the
explananon for the lo*lg delay times before breakdown. : :

" In a series of laboratory expcnments [10] a number of dxffercnt soﬂs were fested. The

electric bre kdown field was found o be typically between 6'and 18 kV/em . However,
- field experiments by different researdhers [71[17} [1 8] [ 9] y:e]cled much lower breakdown

 values typlcally between 2 and 4 kV/vbm

© 123 Localized elect-m&es - 'Dynanilic models
Two different dynamic model § were ngesmd
Liew and I)arvmlza

A dynamm model to descnbe the nonhnear surge current charactensucs of concentrated
- (Jlocalized) earth electrodes has been-developed by Liew and Darveniza [7].

Previous studies [17] [18] [19] had caried out surge tests on various seils and electrode
configurations, Curtents up to 12 KA and surge reduction factors between two and three.
were commonly used. For higher ourrents it was necessary to extrapolate values from the
experimental results, :
The Liew and Darveniza model overcomes these difficulties and accounts for the
expermentally observed tithe-variant hystercms as well as breakdown by ionization cﬂ‘ects
in the.soil. A description of the model follows: -~ '
First, an assumpticn is made that the soil has the same remstmty in all directions,

As the surge cutrent penetrates into the soil, some regions where the cwrrent density is
greater than the critical value Je ,will have resistivity less than the low frequency low
current value p, . This breakdown process is assumed to ocour by time dependent diffuse.
growth of increasing ionization. The transition of the p, value to-the lower state p is ngen
by: R
p “ooexp( t/'rl) - ) (Eq4)

Where T, is the _ionization time constant and t is the time from the onset of fonization,



As the current decreases the rcmstmty shall recover to its ongmal value po in a time

~ ‘dependent exponential nantier but also current density dcpendent The transition from the

lower state back tothe p, value is given by

(1 eXl:'( tf'rz))(l J»’Jc) - (Bq5)

E 'Where 12 is the demmzanon time constant and t is the time measured ﬂ'ctm the instant of .
 decay. J is the current density in the soil and J¢ is the critical current density of the soil. '

The second term is included on an energy consideration - the longer the tail of the current
wave, or the more energy mjected into the soil, the longer the resmtmty will remain low.

- The crmcal current depsity relation to the critical electnc ﬁeld is gwen by:

Bo=lotp, o ®e)

The remstance ofa smgle driven rod is gwen by [?]

RE (rod) p/ 2l x ln ((ro+ 1) / ro) (Eq 7 ) :

| Fig 1.1 Simplified model for resistance of a single drivenrod

* 1 is the apparent radms of the elcctrode
* Tem 18 the maximum qpparanf radius of the electrnde correspondmg to the peak. ~urrent
valug. :

During impulse conditions in a single driver rod - three regions in the soil are corsidered;
i) Regiona - where r>rey and J>J¢ inthis reglon P =P
no ionjzation takes place. _



| -
11) Region b - where r<rc,,,, and ] <Jc e

The current density J is below the critical vaiueand the soil remsnvxty recovers in the o

| ,followmg manner: | |
P -=pi + (po.P)( 1- pr( -t/ Tn ) )( 1- ]'/]C )2  (Eq8) | e

iwpere p; is the soil resstivity value when =

ji) Region ¢ - wherer'CrCM and J>Jc ' . :
The current dcnsxty J excecds the cnncal value. and 1omzauon takes place: :

RS poexp( tn) o (Eq9)

’I‘hls will peISlst,}mt&l the pomt T=7, c whsn it ente.rs regmn b
RS . o

F1g 1.2 stwtmty pmﬁles in dynamlc mpulse
-medel
_ Res;§nmty )

‘Deionization -
zone

\ Tonization zone

- P

Jc_.
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~ The current unpulse and the nonhnear reswtance can be represen‘ted by an eqmvalent circuit
‘shown in figure 1.3 below. The solution of this circuit is based on a time-iterative energy.

‘balance method which has been executed on 2 digital computer The ,results compared very
well with expenmental values [71. . _

 Figl3 Equivalent citeuit of surge generator and

impulse resistance

J
i
e
: rﬁ"_-_ :

A similar mode] has been mplemented recently on. EMTP [1 3] with very gnod agreement '
between computed results and measm'ed results. -

Sxmllarl!y approach - Korsuncev , Chxshnlm

A second model was ongmated by Korsuncev and extended by C!:usholm
in 1958 Korsuncev applied similarity analysis to the surge respone of jonized soil around
earth electrodes. He concluded that footing resistances of differing ground electrodeq

geometnes can be represented by two dlmensxonless parameters l’.(; and IIZ
‘Hl=_sREfp | (qu_@)-
1_.[=';3.I/Ec,s2 B (Bq11) -

s isthe characteristic distance from the center of the electrode to the outermost pomt
p isthe oil resistivity. :

Rg is the electrode resistance,

1 is the electrode current,

E, is the critical breakdown field.



For each alectrodc geomelry a value of l'Il is deﬁned in terms of its low frequency low -

current resmtanee Hl values for typical electrode conﬁguratmns lie ‘within the range of
0.2 to 0.8, with hexmsphere like electrodes having the lowest values and single rods having

- the highest valses. IIl ~values can also'be appmxxmated in tcrms of the dlstance s and the
electrade surface area A [12]. e 3
. For examplc for asingle rod and a hemlsphere the followmg values of II; result:

I, (rod) 0. 40’?8 + (1!21:) X (In s'/A) - (Eq 12y
R (remispher) = 04517+ (V)% (a574) (B u

eomeiry _depe : constant) The charactenstlc distance s and the
surface atea A are computed a.nd equation (13) glves the H1 valua Eqi;anon (10) is then

used to computa the electrode remstance Rg.

For ngmm_mdgpmdm_mglm (II1 = f (Hz) ) '« Once wmzed beyond the cntlcal _
distance, all electrodes behave much lke a hemisphere. Korsuncev has developed a critical

curve ITj = £ (IL), a least—squares fit to this curve in the Tange of 0.3 to 10 gwes the
following power-law relation: . : _

I, = 02631H e Bq14)

The power-law relatmn between the soil remshwty and the cn‘ucal ﬁeld is gwen 'by [12]:

0.215

Eg 241p (quS)

The transition between low current and jonized respene oceurs when HI value ﬁ'om

equation (14) becomes smaller than IIl

" The combination of the two regmns gives a complete model:

For low currents an initial resistance is calculated from equations (13) and (10) For hxgher
currents equations (11) and (15) provide Hz value and the H1 value is calculated from

equation (14). As long as the TI; value is lower than the IT,” value the ionization bas

spread beyond the characteristic d1stance and the surge reduced reSIstance is calculated
from equatxon (10) _

Comparison with results from the Liew and Darveniza model show that the mitlal low
current resisiances are lower in the Chisholm mode] and the surge reduced values fall more
quickly with apphed cuxrent Both modeis converge to the same impulse resistance at Iugh
currepts. - _ _



Expenmental work in South Aim:a

'Expenmental work on practical earth electrodes, wh:ch ms:luded unpulse tests of aring and

& single rod, was done by Oettle and Geldenhuys [11]. The cusrent flow into ohmwaly o

- separated sections.of the electrodes was monitored, -
It was concluded by the authors that the model of a umform jonization zone whlch is said

' “to_ surround the electrode whenever the critical electncal figld is exceeded was not

- representative of the physical processes involved under high voltage impulse conditions,
However it was acknowledged that the mathematical model describing the phenomena
would be extremely cumbersome and not practical for engmeenng situations.

The authors suggested that the uniform jonization zome model could be used as an =

empirical means of comparing the impulse impedance and. the cntlcal electncal ﬁeld of

- __ vanous electmdes in dLﬁ*‘erent soﬂ condmons

: .2 4’ Extended e!ectrodes Dynamlc modeis

) 'Extended eL.ctrodes are beyond the scope of this pro_]ect However, for eompleteness a
“short descnptmn of their behavmur modelhng is glven. L .

Two similar models have been pr0posed by Mazzetn and Veca [8] and Velazquez and L
- Mukhedkar [9] - _
A single horizontal buried conductor is modelled bya dlsmbuted paramcter represematmn .
of the leakage conductance G, inductance L, cdpaextanee C and resmtanee R sl per ‘umt '
- _length as xllusirated in Flgure 1.4 below' . :

¥ .

Fig 1.4 Representation of ground eléctrode with
uniformly distributed parameters

 RL - RL RL




' This representation is similar to a lony transmission line. The only difference is that the
resistance is negligible compared to the mductance, and. 1he capacltance is neghglble
compared with the conductance, . AR _

- The propagatlon of surge 1mpulse currents into the soil can be considered to be govemed by -~
- laws typical to a conductive medjum [8].[9]. Therefore, the wellknown equations of
propagation may be integrated in order to obkin the behaviour of the voltage and current_

_ along the electrode, as well ag the 1mpulse 1mpeéance - )

"+ The soil breakdovm that occum when 2 high nnpulse current is mjected mto the electrode i
bas been considered in the model as an apparent increase in the cmss—sectmn of the
electrode and therefore 3 decrease in ground remstance '

%

B
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2.1. Experlmental Sep-up and 'I‘estmg Procedure
- 2.1.1. Step potentnals ﬁeld measurements

 The tests were performed at the outdeor hrgh voltage laboratory of the SABS Natmnal

' I:lectn_cal Test Facility (NETFA}, Olifantsfontein. Az HV Lab and test site plan is shown :

in Fig 2.1. Five different electrodes were installed at four locations in the open field

- adjacent to the HV Lab concrete floor. The distance bctween the nearest electrode (A&B)
and the corerete floor was about 80m,

A single phase 1.2MVA multi-tap transformer was used as an AC source. A single phase
22KV line was built to supply the installed electrodes. This line was latter used for impulse
test measurements

Fig. 2.1 HV Lab and fest site plan

A&B
| 'volta'ge_' |
... _ divider
- impulse _
_zenergtor
control '

roc . — e _
: outdoor HV lab {(concrete floor)

-

" A détailed soil resistivity survey of the field where the electrodes were installed was
performed -results are shown in Appendix D. The various elecirode configurations which
were tested for step and touch poten’aa]s aru 111ustratec1 in Fig 2.2. The dimensions are given
in Table 2.1.

-

Table 2.1 Electrodes dimensions

Dimensions - 1A B C |D E
trench length (m1) 6 6 10 |8 6
depth (m) 1 1 1 1 1
r-d Tength (m) 15 |3 |15 |15 |15
no ofrods 4 4 11 7 4.




Fig. 2.2 Test sef-up : Step po_téntiai- andﬂelectmﬁ?e resistance measurement

' A&B

”-‘ 'I'he star poi.ut‘-'ﬁf’gkgc eleét'pdes- was located 1m away from the .p_olq:'._ I

Test procedure o

. Each electrode was connected 1o the supply Imc, bne at & tlme usmg an e.arth lead whmh

" ran up the associated wooden pole The output veltage of the supply transformer was

~ chosén as 250V because of earth fanlt proteation considerations. Once the line was

method

L energlsed the yoltage on the surface of the earth was measured usmg the followmg

- A reference spike was driven info the |
ground at a distance of about 25m

from the point were the earth down
- lead entered the ground - at right {
angies to the supply line. Then a
multimeter was used {0 measure the |

“voltages between the various points |

on the surface of the eatth around the
electrode ( at intervals of Im)

Fig 2 3 Step potennal -method of -

ST —-:-' e ?’If'naSl“'* f
T
1o v Y . »
L
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- The voltage of the earth down lead and ‘r’_ffe cuoat at the point of entry to the ground wete - |
also measured in order to calculate the apparent low frequency resistanice of the electrode,

- _ In a separate test the re jwtance of the electrodes were measu:ad usmg an earth resistance
©.. o megger. . : PR

" It was observed that aﬁer a penod of ﬂme (about 40mm) the currenf would tart to-drop

- significantly, e.g. 42A fo 32A, o

 Thus if the current starfed to drop durmg the measurements the test was then stopped ﬁm.b :
'whale and resumed later at the previous curent level. .
This phenomena is attributed to the heat which s generated m the vxc:mty of the b&q?,d
conductors (IR losses). The heat dries the soﬂ and thus the electrode resmtanca increasss . '_j---'- “

Sk

: whlchrcmﬂtsmalowcrcun‘ent. o e Y

212 Eleetrolythgahk-Step Putentlal - R o
The tests weie performed at the Wits HV’ }abo:?tory ScaIe models of the various electrodes :

were submezged in water mSide an electrolytlc tam«. The tank dlameter was 3m and the ~*

height was 1.2m,

- The tank was first lined thh almmruum foil on the sides and the bottom and then filled

: Thdéneasuring clrcmt

 with water to & level of Im. The scale electrode was coastructed using Nichrome wire of

0.173mm diameter (scaling factor of 57.8). Nichrome wire was selected because 1t,$ =7
- mechanically more rigid and tends to oxidise less than copper. : _ £
 The eiectrodemas supporte y a perspex mcture and nylon stnngs o

A 230/24V transformer was nsed as a source in senes Wﬂh a vanable res:stor An
illustration of the circuit is shown in Fig 2.4 helow :

Fig. 2.4 Blectrolytic tank test set-up

© ¢ [
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.' Test procedure .

 The smface potentlals a:ound the electrode under fest were measumd using the following .
method _ = ;f .

- A square 3mx3m wood frame was ﬁtted on top of the i'ank edge and measurmg tapes were )
* attached to the top side of the wood on two parallel sides - which was the Y-axis. A 3m .

wood beam fitted with a plastic curtain rail and measuring tape was laid on top of the wood

- frame and & voltage probe was attached tva shder which was free to move along the curtain
-ral} - which is the x-axis, _ _ e

- The voliage probe was adjusted in such a manner so that its tip was Icm below ‘he water -
. surface, Fig 2.5 shows atnp view of the measwemeni accessones o

Fig 2.5 Measurement me‘thod. B

“~ measuring tape

Measurements were taken at intervals of 2cm.
2.2 Presentation of results
2.2.1 Field measurements

The results of surface voltage measurements of all the electrodes are presented in Appendlx
A in the form of equipotential lines, _

The surface equipotential voltages of electrode B are plotted in Fig 2.6 on the next page.



[

17

 Fig2.6 Surface cquipotentials for eléctrode B
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* Electrode resistances

The apparent low frequency resistance of thé test electrodes is shown in _table 2.2 belojw.- N

- Table .2‘2_ : Apparent low frequency resistance of test electrodes

5 7 8 9161112

 minimum value SV
maximum value 80V

 steps of 5V

i,

. ) P R ) i
Electrode  Voltage (V) Cutrent (A) - R=V/T{(Q) R megger (Q) 7
A .| 233 10.1 ]23.07 313 I
B 203 - 41.8 4.85 T-
C 230.8 158 39.8 34
D 226.5 9.5 23.8 1231
E 227 6.2  36.6 264
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2.2.2 Electrolytlc tank
| The res‘ults of the surfhce potentxals of electrodes F and Gare mcluded in Appendlx B.
' The surface eqmpotentlals of electrodc F are plottcd in Fig 2 7 belaw ‘

_ F1g 2.7 Surface hqmpotennals for electrode F
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2.3 I!iteﬁ)fetati_o:: _6f- results

Soil resxstwlty

Exammatlon of the soil reswtmty survey 1'esu1ts suggests two features ,

a. The soil resistivity at each location desreases with depth The reqstmty ata depth of
10m is 10 to 15% of the resistivity at the top layer. '

b. The soil resistivities at the various locations at the test field are all in the same order of
magmtude of a few hundred Ohm at the top layer.



Elect_rode res__ié‘tances o

"?xanunaﬁon of the &iffcrent electrodé reswtahces (table 2.2) indicates the foliemg

" .. &, There was & significant reduction in resisiance when elcctrode A was changed to

~electrode B {using 3m rods instead of 1. Smy).
This is attribured to the fact that the soil resistivity decreases with depth.
"b. The electrode C resistance was the ].nghcst although it had the longest trench (1 Orn)
* This could be attributed to the fact that it has got only pnerod -
“c. The electrode D resistance was almost equal to the electrode A remstance aithough 1t had
a longer trench (8m) and 3 extra rods.

This could be attributed 10 the fact that the soil resmtmty around the clectrode D iocatxon

. are higher than that around electrode A.
- ¢l The electrode E resistance was higher than D although the total trench length of both was

the same (about 24my). This could be attributed to the fact that Electrode E haslessrods

(4) than electrode D ('?) and the 5011 resistivity was slightly higher ar_nund E.

3 Scalmg up of field measmments

" The step potcmal tests were performed using a supply voltage of 250V, Howevef,.-"-' :

‘operating voltages on MV networks are 11KV and 22KV with 6.35kV end 12. '71<V line to
g:round voltages rcspechvely _

Therefqre the fallowm_g scahng fébtors‘ can be t':.alclﬂated:

| sgz_.l.;gge_sos

Scaling of the electrolyhc tank measurement was done as follows:
1. The astual electrode voltage, measured at tha field, was dmded by the reSpewve
electrode voltage, measured at the tank. _
2 The tank electrode resistance was divided by thc f eld elecirode resistance.
3. The earth soil resmtmty at 2m depth was dmded by the* watev tesistivity (50Qm).

The scaling factar was taken as: (1)x (3)/(2)

The comparison of the results for two electrode conﬁgurations gives an error of 15%
to 40% which is not at:ceptable This shortcoming is probably because of the fixed-

S "8 s

electrolytic (water) resistance in companson to the soil resistivity in the ﬁeld whmh

dropped rapidly with depth.



Larili Fault Current

_.jz'o o

2.4 Disci;ssioh

_ From-the_.resﬁhs for the electrode registances it is clear thal the addition of rods with the

same length to the configuration does not reduce the resistance significantly. However, -

~extension of existing rods where the resistivity of the soil decreases quickly with depth, .
results in dramatic decrease in the electrode resistance, This would probably not be true

for _so_l_ls_wxlh constant resistivity, or where the resistivity increases with depth.

- For electrode conﬁgﬁfatiorm which are more “symmetrical” (e.g. electrode E is more
- symmetrical than electrode A ) - the maximum step potentials are Iower, However, the

improvement is not significant. It is probably beuier to put effort into reducing the

. electrode resistance in order to reduce the maximuny electrode voltag during a fault, A

reduction in electrode voltage will mherently reduce the step potentl.ﬂs g ound it.

Flg 2.8 below shows the electrode voltage and current as a funcuon of i 1ts resistance.

“ The values where calculated for a 22kV system with a fault level of 14kA and a Neutral
Electromagnetic Coupler, which limits the fanlt current to 300A. Two diffeient line -
- lengths ﬁ:om_ the source substation td° the fault Iocatlon, were taken into accmmt le and :

lﬂkm

There is a change in the voltage slope aroind the value of 400, below whlch the electrode

: voltage drops rap1d1y when the resistance is dccreased, _ .

{Amps)

- Fig 2.8 Earth electrode current and voltage vs electrode resistance

* ’

~—— 1km Mink Conductor
e | Ok Miink Conduetor
|~=— Ikm Mini: Condustor
- {~—— 10km Mink Conduetor |

Eaiil Blectrade Voltnge
(Vulis)

Earth Electrode Res_istance (Dhmsj



| 21
3 IMPULSE BEHAVIOUR :
- 31 Exp_erimenﬁal s_éi-up_and testing ﬁroc'ﬁduré
The measurmg circuit . | | | |
' The tests were perfonned at the outdoor HV laboratory of NETFA, The test site pla‘n 18
shown in Fig 1,1. Tests were carried out only on electrodes A und B at the same locdlion _

~ (see dimensions of table). Fig 3.1 illustrates the electrical test circuit. Fifteen of the uﬁpulse
~ generator capacltors were utilised and connccted in series. _

* Fig. 3.1 Testset-up: Impulse behﬁvio'ﬁr tests

—0 o
| front resistof | o |
—Teapacitor | | Lo volt VOt _
_ _ i age - divider :
. bank  resistor | GB divider 1 R 26) _ A2
At b Ly
= Impulse P= =
generator I

Two voltage dividers were used: ' ' '

- voltage divider 1: at the output of the impulse generator, usmg the HV Iaboratnry earth
mat as a reforence,

- voltage divider 2: at the electrode under test - the reference was achieved by drmng
spikes at & distance of 25m away from the point where the electrode down lead enters the
ground - at right anglez to the supply line. These spiies were then connected to the LV sule
of the voltage divider by means of a Mink conductor (1 Imm d;ameter)

A curtent transformer (Pearson coil Al) was used to measure the generator output current.
A second current transformer (Pearson coil A2) was placed at the point of entry of the earth
down lead into the ground to measure the input current into the earth electrode under test,

In order to measure the current d1stnbutmu in the ground electrode. sever wide band current
transformers were installed. These wide band current transformers were of the Rogowski
coil type. The location of each coil is shown in figure 3.2. '




Coils 1,234 were iﬁstalled around the'rods,just below the connection between the rod and

- the conductor in the trench, Coils 5,6,7 were installed around the conductors in the trench
about 40cm from the star pomt Coil 8 was installed around the earth down lead :

~ Coaxial oable leads were taken up verucally ﬁ‘om the Rogowski 00115 to mhere they wore

comnected to opticel trausducers, From there optical fibre cables were taken to thé HV
measurement truck which was positioned 50m away., The physical distance between the
generator output and the electrodes along the connectmg line was 110m _

The voltage and- curront at the generator output were. recordcd ona Tektromcs Scope using -

separate - channels. The electrode voltage and currents were recorded at the HV

measurement truck using the Nicollet facility which is a2 computer baSed data aoqulsmon
system for high voltage transient measurements

| Test procodure
 Electrode A was subjected to a series of impulses starting from a 30kV generator charging
_voltage up to 150kV. Voltage and currents were recorded at the pomts mentioned in the

pl’&VlOllS sechon.

Once the electrodc A tests were completed the 1, Sm rods were pulled out and 3m rods were
installed instead - this new configuration was named eiectrode B.
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| 32 Préséntatiﬁﬁ of resﬁlts.
3.21 _ impﬁise waveforms N
- Typical \{qltage é;nd current wa?eforms' w}ﬁ?;h'we;-e récbrded are shéwn below.

Fig 3.3 : Generator output waveforms

[N S, — X 1 L 1 i T J .

Time :20pS /div

- Fig 34; Volté,ge and:total _Cufreht'at:the electrode
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"
. Fi.g 3.5: Impulse purrénts in coils #4 and #7

. KAmp
+8.00 )

+3.00

Channel 4. -

" MWM“"’ﬁannel 7

+0.00

.3.00

8,00

20 +0  #20 ¥40  +60 ¥80 +100 130 4140 +750 ¥160+200
. L i . L o : . Time pSes. .

The waveforms abiove were imported directly from the measurement _ins&mn;ehﬁs; |
- Test waveforrs for the vatious voltage levels can be found in Appendix E. . .
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322 _Current diét_ribuﬁon

' The distribution of currents in the electrode were'leaiculaEd u.smg the peak current values
" of the waveforms on the legs of the three point star electrode (coil #4 and coii #7) as well ag
‘the rod Whlch was installed at the star point (coil #2). '

The current in coﬂ #7 was chosen as reference ( 100%) Then the current in the other coﬂs'
was measured and calculated as a percentage of the current in coil #7. .
" There was some diversity in the results, The same exercise was done usmg powet

- frequency. Fig 3.5 below shows the d1str1butmn of cuurents. under low frequeney

- conditions, -

A summary of the results of eIectrode Ais gwen m Table 3 1 below

Table 3 1: Dlstrxbutlon of current in the earth electrode

Coﬂ_#4 Cm'rent“

Coii'#2 Current

Type -of 'I-est o Coﬂ Current _ _

L #7 relative to #7 | relative to #7

AC 100% 127%33% |22%-33%
160% 75%-90% 195%-130%

= Tmptise

Pig3.6 Distribution of power frequency cutrent electrode A

Coamp "
4240 '

+&00

v

Total Curregt Volage
I AW

YA

.,

+12.0 [+ 300

+0.0 B
R
12,0 =300
' L . leoo
240 5o 100 20.0 30.0 400 . 500
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33 Interpretaﬁon of res;ults :
3.3.1 Re_duction in electrode resistance

- Fig 3.7 Electrode Resistance vs Peak Current

* Electrode Resistance (hhms) .

0. . 2000 - 4000 6000 - 8000 0000 12000
- Peak Curpent (Amps) L e

Figure 3.7 above demonstratcs the reduction in the conventmnal electrode mpedance
the curve for electrade A gives a reduction factor (from its power frequency low current

value) of 3 to 3.5 at currents with a peak greater than 8kA. However the electrode B

reduction factor is only unity. This could be attributed to drying of the soil around the
- electrode during tests, It was also noticed during step potential measurements on this
‘electrode configuration that the apparent resistance was mcreasmg with tnne and the test
had to be stopped for a while, . _

The slope of the curve for electrode A is much steeper than that for electrode B - this agrees
with previous studies where it was normally found that whare the low frequency low

current
impedance is high the fall toa rednced value is faster [71[121.

- From Figures 3.3 and 3.4 it is noted that the font of the ‘volt_agc_ wave form as measured at
the output of the generator is much steeper than at the electrode - This is the effect of the
long loop inductance. The peak voltage drop (20% to 25%) is also attubuied to the long
distance that that surge has to travel. :

The current peak at the electrode occurs atter the voltage peak 'I'here isa tnne delay of

about 50 mS.
Both currents, which were measured with separate and different mstruments, at tl:u=

electrode and at the generator have the same peak magnitude, 'Iherefore the results could be

taken as correct with relatively high confidence.
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| 3.3: 2 Curreut Dlstnbntmn

_ ,
’Ihe difference between the #7 and #4 currents is the current whmh d1351pates from the / -

“conductor in the trench. The lengths and current distribution at low frequency is given in =~
table 3.2 below. It appears that the currents dissipating from the conductor in the trench

- and from the rod are pmpomonal 10 thexr length : S L

= Table 32 Power ﬁ'equency cm‘rcnt propomonai dxstnbuuon

o L Iength (m) dmmpated current (%)
_ conductor in trench | 5.5 (80%) . 0%
" [rod. — 13@0%) | 30%
ol |68 (100%) | 100%

However under impulse conditions most of the current (75-90%) is being dissipated from ¥
the rods. Furthermore, rod #2 is dissipating more current than rod #4. This could be

B -_-atmbuted to the fact that rod #2 is closer to the pomt nf current mjectzen

I Fig 3 6 there are phase slu:&s between the various currents, wlule one would expect to
have them &ll in phase because the electrode is treated as a remstance These phase shifts
could be attributed to the mtegrators in the Rogowskl coils. )

. 34 Dnscussxon |

In general the results which were obtamed from the mlpulse tests Agree with prevmus '.

- published work [7] [11][12] - there is a reduction of electrode mlpedance under impulse

“conditions. The current peak oceurs after the voltage peak - this can be attributed: tc the
ionization time constant [71[10] (11} o Sy RS
’ ’ \\

The more mterestmg observation from this work is the different current distribution
between the electrode components under impulse conditions, It appears that heavy
ionization is taking place around the rods rather than around the trench conductors. The soil
resistivity around the rods is lower by a factor of 2 to 3 compared with around the trench
conductors. Lower soil resistivity implies that for ionization to take place a higher current

- demsity is needed. The nonuniform electric field near the tip of the rods may also contnbute
sl1ghtly to the mcreased ionization. Ve
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5. The current d15tr1b1mon between the electrode components is d1ﬂ‘erent for PDwer B
_ ﬁ'equency and for impulse conditions. For power frequency conditions the distribution of

. conditions most of the current is dissipated from the rods due to hlgher mmzatmn. 'I’Ins '

by : R %
E .

B _4 CONCLUSIONS AND RECOMMENDATIONS

o 41L0nclu§mns e i " o ' .

153

L Where soil reswthty decreases w;th depth, use of extended rods in the eiectrode o
. conﬁgmauon results in sxgmﬁcaut dec:eases in electrode resistanee -

* -effect on the maximum step potentlal However this effect is not 51eﬁ£cmt

. kesults of; scale model tests in an eleetrolyt:c tank did not agrze well with the ﬁeld
meastrements, It is concluded that the problem is that the water in the tank is

- homogenous, whereas the soit resxstmty in the ﬁeld decreased rapxdly Wlﬂl depth

4, Reduction fectors (from the initial low frequency iow current eIectmde impedance to the
- value under 1mpulse condmons) of 3 to 3.5 wese recorded : . ;

curtents is proportional to the length of the conductor or red. However for impulse

_statement is trtie for smls mth decreasmg remstmty with depth

4.2 Recommendatmns for fm'ther work
: -POWe!' frequency -

It is recommended that a computer modelhng be used tc try to reconstruct the results -

obtained from the full scale model. Such & snnulatlon could then be used to” optimisg
eIectmde conﬁgurauon design - .

Impulse behsviour

.' Fmpulse tests on electrodes buried in 2 soil with constant resistivity and tests on electrodes
with no rods at all would probably provlde a more complete undersfandmg of their

behawour ;

2, Changing the conﬁguratmn of an electrode to a more symmetncal shape does have an N

Y
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. Fig Al: mfiocquipotentials for clectrode A o
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- APPENDIX C - TEST EQUIPMENT =~ cf

~ ROGOWSKICOILS

A Rogowski coil is an air-cored current transformer with the main current cartying

conduetor acting as the primary winding, The secondary winding is termmated in a passive

- : remstor-capacxtor (RC) mtegrator, as shown in the ﬁgure Ci belovs

o Fig_ '.C_I.:___. Rdgcmrski coil + Circuit diagram

Vx= M*dl/dt T VD= remeaaen *II'

The advantage of using an air core is that very high cutrents may be measured without
saturation and bandwidth problems. The limit of the system’s bandwidth is determined by

the RC time constant of the integrator, The penod of the lowest frequency signal should be_'

very much less than the product RC.
For the Rogowski coil used in the tests, the RC time constant was approximately

3 milliseconds - resulting in a low frequency cut-off of about 320 Hertz. A standard

8/20 microseconds current mlpulse is well Wl.ﬁlm the reqmred limits.

For low frequency steady-etate measurements, the transfer functmn is determined by the
mutual inductance ) and the rate of change of primary current (dI/dt) For 50 Hertz

situsoidal current the transfer ﬂmotmn is gwen by:

| Vo/1=281T%504M
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