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ABSTRACT

This report investigates the curr nt methods of earthing mobile
electrically driven machinery in a strip mining envirorment. Attention
is paid to the protection of people in the vicinity of mobile equipment
from 1ightning and power frequency overvoltages, and recommendations are
made in this regard, The ev“rects of current flow on the human body are
discussed, and Timitations on power frequency and lightning touch
potentials are set. An earthing arrangerest is proposed and analysed.
It is expected that this system will result {» lower and more consistent
values of power frequency and surge impedance to earth than the system
presently in use.
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1
CHAPTER 1
INTRODUCTION

This project was undertaken in order to address the following areas of
concern to aperators of mobile electrically driven machinery in a strip mining
environment:

a) A number of equipment failures, particularly to skid mounted
transformers, have been experienced during previous summer seasons. The
majority of these failures have been due to lightning surges. Tt was
felt that the earthing arrangement currently employad could be partly
responsible for this state of affairs. The need to critically examine
the practicality and technical integrity of the present earthing system
was therafore apparent.

b}  Current opinion at the time of initiation of this project was that
physical separation of the 33kV and 6,6kV earthing systems would prevent
potentials hazardous to people occuring on the dragline and distribution
skid due to elevations in the potentia) of the transformer skid and 33KV
earthing system. A need existed to test the validity of this assumption,
as a number of fatalities have occured in the United States of America
due to electrocution by touch potentials present on mobile machine frames

(11),

¢) A need existed to formulate practical measures which should be taken to
protect peopie working on mobile equipment from dangerous touch
potentials, whether these be caused by power frequency faults or by
Tightning discharges.

The question of the earthing of mobile electrically driven machinery is
essentially one of safety to personnel. The machinery is fed via cables and
allows free access to personnel for maintenance and operation. Any potential
which may appear between the machine and the surrounding ground which may be
bridged hy a person must {deally thevefore be strictly controlled within well
defined safe 1imits. The problem is magnified by the fact that mobile
electrical machinery is often fed from power 1ines of up to 33kV, via mobile
substations. Consequently such systems are susceptible to 1ightning
overvoltages,requiring the discharge to earth of appreciable currents.

For the purpose of this report, the specific example of an elsctrically
opérated cabie fed dragiine in a strip mining operation is considered. A
currently dccepted method of supplying powsr ta such & waching 15 showd
diagraimatically in figure 1.1.
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An essential feature of this design is the manner in which the 33kV and 6,6kV
ea, thing systems are separated. The reason for this is as follows

As it is impractical to provide an earth electrode in the vicinity of the

dragline, the dragline frame is connected via the flexible trailing cable

earth conductor to the distribution skid frame, and thus to sarth via the

6,6kV earthing electrode system. Any rise in potential experienced by the
distribution skid will therefore be transmitted to the dragline, which wil
then rise to that potential above the surrounding earth.

Present practice is to employ a neutral earthing resistor on the &,6kV
distribution system which limits the power frequency fault current to 25A,

The potential of the distribution skid would also rise when a potential surge
of sufficient magnitude occurred on the 6,6kV tines to enable the surge
diverter to operate. This potential is a function of the diverter discharge
current, the surge impedance of the 6,6kV earthing electrode system, and the
fonisation characteristics of the soil medium around the electrodes, and could
be appreciabile. Howaver, as this section of 1ine is only about 15m fong,
current opinion of mine operators is that lightaing surges to this line,
especially those caused by direct }ightning strikes, should be relatively rare
occurrences.,

The transformer skid experiences potential rises by similar mechanisms to
those appiicable to the distribution skid. However, in the case of a power
frequency fault on the 33kV system, the total prospective fault current is
Targely detevmined by the earthing arrangement of the supply authorities
transformer neutral point, over which the consumer has little control, It is
also expected that lightning induced surges will occur frequently on the 33kV
side of the trahsformer,

The transformer and distribution skids and their pespective earthing systems
are therefore physically separated, in order to prevent as far as possible,
vises in potential of the transformer skid being reflected onto the
distribution skid and thereby to the dragline frame. This aspect of the
present design fs discussed in more detail in chapter 3.
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CHAPTER 2
DETERMINATION OF MAXIMUM
PERMISSABLE POTENTIAL ACROSS
THE HUMAN B0OY

2,1 INTRODUCTION

Essential to the design of an earthing system for a mobile electrical machine
is the determination of the maximum potential to which the human body may be
subjected without injurous effect. Although some work has been done on this
subject, the results obtained have been largely subjective, as testing can
obviously not be carried out on Tiving people. A conservative approach is
therefore indicated

The factors which determine ‘he seriousness of electric shock are:
a) Body resistance and
b)  The current imposed on the bedy and the length of time for
which this current is imposed (10).

2.2 BODY RESISTANCE

The resistance of the human hody varies with the potential imposed (1).

Table 2.1 below gives the relationship between body resistance and fouch
potential for a current flow from hand to hand or hand to foot {1). It is
assumed that the conductor is gripped and that a normal amount of perspiration
is present on the skin., This relationship is graphed as curve A on graph 2.1

JABLE 2.1 VARIATION OF BODY RESISIANCE WITH TOUCH POTENTIAL

ouch Potential(volts Body Resistance (Dhms
25 2 500
50 2 000
250 1000
Asymptotic value 650

Tests done on human corpses with the epidermis intact gave the relationship
between body resistafice and touch potential showh in Table 2,2 (2).
IABLE 2.2 VARIATION OF BODY RESISTANCE WITH
TOUCH POTENTTAL - HUMAN CORPSES WITH
EPIDERMIS INTACT

Touch Potential (volts) Body Restistance (Ohms

30 160 000
100 40 000
200 2 000

1060 600




A portion of the relationship shown in table 2.2 is graphed as curve B is on
graph 2.1, However, when contact was made below the epidermis of human
corpses, body resistance was found to be constant at 600 ohims at all
voltages {2). This relationship is shown as curve C on graph 2.1

The internal resistance of the human body is generally accepted to be no
greater than 1000 ohms (2,10), This condition is graphed as curve D on
graph 2.1.

Curves C and D of graph 2.1 correlate well with curve A for contact potentials
of above about 250 volts. Belaw this level, however,curves C and D ignore the
accepted phenomenon of increasing body resistance with decreasing touch
potential,

It is proposed that the variation of bady resistance with touch potential as
depicted in curve A of graph 2.1 be adopted. Curve A is more consarvative
than the measured results shown by curve B, but s not unacceptably
conservative, as cognizance is still taken of the increase in body resistance
with decreasing touch potential,

2.3 CURRENT TIME RELATIONSHIP .
Graph 2.2 shows the relationship between power freguency current through the
body, the time for which the current flows and the 1ikely effect of the
current flow, This graph is reproduced from 1.E.C. Publication 479 and is
based on the following assumptions:

a} Body mass of not less than 50kg.

b)  Current flows from hand to foot through the heart

Assuming a maximum power frequency fault clearance time of 500ms, graph 2.2
predicts the following human body veactians:
Zone 1 1€0,5m  No reaction effect.
Zone 2 0,5mA <I1§35mA No pathophysiologically dangerous effect.
Zone 3 35mA <1 110mA  Usually no danger of fibrillation,
Zone 4 110mA <I500mA  Up to 50% danger of fibrillation.
Zone 5 §00mA <I Greater than 504 ' .= of fibrillation,




A second important criterion in determining the allowable current to which a
body may be subjected is the let go current, this being the value of current
above whith voluntary control over musclie action s lost, The experimenta
determination of Tet go currents is quoted by Smith (2). Tests were conducted
on 134 men and 28 women. The average value of let go current was established
as 15,87mA for men and 10,5mA for women, with a calculated 99,5% of men being
able to release a gripped conductor at a curvent level of 8,8mA,

It is recommended that the power frequency current flow be limited to 50mA,
The selection of this value of current is Jjustified for the following reasons:

a) Only adult males will be subject to electric shock in a strip mining
operation.

b)  Protection will normally operate in a shorter time than 500 ws, this
being the expacted time for backup protection to operate should
the primary protection fail to clear the fault.

¢) The relationship between fibriliating current and shock duration can be
vepresented by the expression {9):
1= 116 vhere 1 = R.M.5. curvent, mA
ft t = shock duration, s.

For a shock duration of 500ms the fibriilating current would, from the above
expression, be 164mA. The value of 50mA ctosen {s therefore cohservative.

Curve £ on graph 2.1 is a plot of V touch ° “{body with T = 500, The
tntersection of curves £ and A gives the maximum permitted touch potential of
80V for ah atternating current of 50mA imposed ¢ 500nmis.

This result compares favourably with statutory maximum pemaissable touch
potentials in other countries. In Europe the Timit varies from 24 volts in
France to 50 volts in other countries (2). In the U.S.A, strip mines, touch
potentials are limited to 100 volgs (11).
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The foregoing discussion dealt with permissible touch potential when a
power frequency current of 500us duration flows through the body. When
however, a person is subjected to a lightning discharge, the duration of
current flow is about 8,3 ms (4). This corresponds to a peak durrent
magnicude of (9).

I peak /7 L6
/ 0,0083
= 1,8 Amps

If a standing person receives a direct lightning strike to his head,
external flashover between head and feet will occur when the potential
across the boc reaches approximately L000kV. The potential difference
dceross the body will then collapse to about 4kV (4,10). Such high
imposed voltages therefore lead to the conclusion that a body rasistance
of between 500 ohms and (000 chms will obrain under lightnin¢ 8
conditicns (see Graph 2.1) (4,10).

The meximum permissible touch potencisl under lighcning conditions can
therefore be conservatively limited to

couch = T ® yody

= 1,8 & 500
= 900 volts

It should be noted that this limitation placed un touch potentisl appliss
gpecifically to the case of a single stroke fiash of 8,3 my duration. It
is recogniged that the allowable toueh potencisl may vary when a pérson
1s exposed to a multiple stroke flash. Mule'nls stroke flnshes have a
mean duration of 148 ma and & median duration «. o” ms (13).




Fifty percent of time intervals between strokes exceed 3bms while 90%
exceed 10ms and 1,5% exceed 300ms (13). About 20% of lightning flashes
have 6 or more component strokes (13).

A more rigorous determination of the maximum allowable touck patential
under 1ightning stroke conditions, which made aliowance for the effect of
muitiple stroke flashes could result in a decrease in the permissible
imit of 800 woits previously determined. Any such reduction would not
however, have any effect on the conclusionz ultimately drewn in this
report,
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CHAPTER 3

OVERVOLTAGES TO WHICH PERSONNEL MAY BE EXPOSED

3.1, OVEKVOLTAGES CAUSED BY POWER FREQUENCY PAULTS

A power frequency fault to earth on & dragline will cause current te

flow through the fault back to the neutral of the point of supply.

Preseat practice is bo provide an earth return path to the secondary
side of the 33kV/6,6kV transfarmer via sn earth core in the cable
supplying the dragline. The prospective earth fdult current is
limited to 25 Amps by % resistor placed in the neutral of the 6,6 kv
supply. This arrangement is shown diagrammatically in figure 3.1,
the artows thereon showing the path of earth fault current Elow, for
an earch faulc on che item of mobile equipment.

The maximum potential to which the dragline frame will rise is the
product of the maximum fault current and the impedance between tha
point of Fault and the neutral of the point of supply. The earth
return path impedance will be no greater than 0,38 - j 0,13 ohms per
kilometre (12). Assuming a meximum cable length of 6 kilometres,
the maximum touch potential will be:

V=12
= 25 X 6 (038 - 0,13)

= 57 - 3 19,5 volts

ivl = 60,24 volts
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QVERVOLTAGES CAUSED BY LIGHTNING

When lightning strikes an ftem of mobile equipment, the stroke
current flows through all available paths to earth. The mobile
aquipment frame will experience a maximum rise in potential equal to
the product of the peak Stroke current and the surge impedance
between the frame and the mass of the earth. The peak current
amplitude of lightning can be taken as having a median value of

. 34kA, with a probability of exceeding 100 kA of 2,5% for structures
having a height of less than 60m (7).

Should a Tightning discharge occur through the transformer skid,
either by a direct strike to the skid or by a surge diverter
discharge, equipotential lines will be established in the ground
around the skid, as the discharge current flows from the source
(transformer skid) to the sink {earth). This situation is shown
diagrammatically in Figure 3.2, It i- ‘esirable to place the

distribution skid at such a point -+ L. equipotential line
intersected by the distribution sk - - g arrangement does not
have a value exceeding the permissih. uch potential, The

location of this point, for any specific value of peak current and
earth electrode system surge impedance, is a function of the shape
of the resistance versus distance curve around the distribution
skid.
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CHAPTER ¢

RESISTANCE AND RESISTIVITY MEASUREMENTS

4.1 INTRODUCTION
In order to design an earth electrode system it is necessary that design
paramaters such as earth resistivity be known, The author took
measurements of earth resistivity and of the resistance to earth of
various items of mobile equipment to earth on strip minés. In addition,
earth resistivity surveys have been carried out on some of the mines.
The resutts of these surveys, together with the measurements taken,
provided the basis for certain assumptions to be made in regard to the
design paramaters which should be adopted.

4.

~

METHOD OF MEASUREMENT
4.2,1 $oi1 Resistivity

The four terminal Wenner array method was used for measuring earth
resistivity (3). 1In this method, four electrodes are planted into
the ground, uniformly spaced in a straight 1ine. Tt can be shown

that : {3)
= 2aRTT
where a = spacing betweer. electrodes (metres
R e measured resistance (ohms)
J3 = pesistivity (ohm metres)

Values of resistivity were obtained for various electrode spacings
at each rasistivity measurement site. [f resistivity is plotted
against electrode spacing a 50 called "depth curve" is obtaired.

The interpretation of such curves is the subject of much controversy
(1,3). For the purposes of this vepor: the variation in resistivity
with electrode spacing was interpreted as giving no move than a very
rough indication of the variation of resistivity with depth. It was
felt that Tack of comprehensive geological information at the
measurement sites precluded any more definitive conclusions being
draw.




4.2,7 Resistance

Measurements werse made on various items of mobils ‘equipment in order
to determing:

a)  The value of resistance to earth and

b)  the approximate shape of the resistance versus distance curve

in the vicinity of the electrode under consideration.

Messurements were made using the "Fall of Potential” method (3). In
this method currenr is causad to flow through tha earth betwesn bwo
electrodes, ona of these electroder being the earth eleccrode under
consideration, and the other being an auxillary electrode imserted
in the ground some distance from the first. A so called "potential
electrode" is rhen placed along the line joining the two currzent
electrodes.  The potentisl drop between the electrode under best
and the potential electrode is then measured and as the magnitude of
the current flov causing this voltage drop is known, the potentisl
measuyrement is converted to 2 reading of resistance between the

electrode under test and the potential electrode.

Resistance measurements were made for various positions of the
potencial electrode, and a curve of resistance versus distance away

from the electrode under test was thereby obtained.

it ig important when making resistance measurements to ensuré that
the resistdnce volumes of the electroue undat test and the
auxiliisry current electrode do not overlap significsntly. The
degree of overlap of these two resistance volumes can be appraised
from the slope of the curve at its Flattest point, which occurs
approgimately mldway between the two electrodes. The flatter the
curve ls at this peint the grester is the degree of aseparation
between the two resiatance volumes. 1t should be noted that it is
not theoretieally posslble to obtaln a petrfactly Flat cufve st this

point.

The value of the veslstance to earth of the electrode under test is
glven by the resistance value read from the resisrance versus
distdncs curve at a distnnce from the electrode under test to the
potential electrode equal to 61,8% of the distance between the two
eurrent electrodes (3). The aceuracy of the vilus of the resistance




4.2.2 Resdscance
Measurements were made on varlous items of mebile ‘equipment inm oxder
to determine:

a)  The value of resistance to earth and
b)  the approximate ghape of the resistance versus distance curve

in the vicinity of the electrode under consideration

Measurements were made using the "Fall of Potential" method (3}. In
this method curvent is caused to flow through the earth between two
elactrodes, one of these electrodes being the earth elsctrode ynder
consideration, and the other being an auxillary electrode inzerted
in the ground some distance from the first. A so called "potential
electrode is then placed along the line joining the two current
electrodes.  The potentisl drop between the electrode under test
and the potential electrode is then measured and as the magnitude of
the current f£low causing this voltage drop is known, the potential
measurement is converted to a reading of resistance between the

electrode under test and the potential electrode.

Resistance measuremen:s were made for varlous positions of the
potential electrode, and a curve of resistance versus distance away

from the electrode under test was thereby obtained.

1t is important when making resistance messurements to ensure that
the resistance volumes of the electrode under test and the
auxilliary current electrode do uot overlap signifieantly. The
degree of bverlap of these two reslatance volumes cah be appraised
From the slope of the curve at its flattest poist, which occuts
dpproximately midway between the two electiodes: The flattar the
curve s at this puint the greater is the degree of separation
between the two resigtance volumes. Tt should be noted that it is
hot thactetically possible to obtalh a pevfectly flat curve at this
polak.

The volue of the raslstance to earth of che alectrode under test iz
glven by the resistance value read from the reslstdnce versug
distance curve at o distance froi the elactrode under tust to the
potential electrods equal to 61,8% of the distanes between the tws
eugrent electrodes (3). The accuracy of the value of the resigkance




to earth chus obtained is a function of the flatness of the curve at
the midpoint. This is a function of the distance between the two
current electrodes. Accuracy therefore increases with distance
betwaen the two current electrodes.

Wherever practically possible, the distance between the two current
electrodes was made to be greatér than § times the largest dimension
of the electrode under test. Where it was not practical to achieve
this degree of separation, the resulting resistance versus distance
curve was examined to ensure that the resistances at 51% and 67% of
the distance between the two current slectrodes did not vary by more
than 5% from the resistance at 61,8%. This degree of accuracy was
considered acceptable for the following reasons:

a)  The valué of resistance to earth would vary greatly in the
normal course of events due un factors over which no control
could be exercised such as rainfall, which would change the
resistivity of the soil over an appreciable range.

b)  The shape of the resistance versus distance curve in the
vicinity of the earth electrode was of great interest, This
shape, especially close to the earth electrode, is Jargely
independant of the Timiting value of the resistance to earth,
and is independant of the rasistivity around the garth
electrode, assuming that the soil resistivity is uniform
throughout the electrode resistance volume




4.3 DISCUSSION

Although a wide variation in soil resistivity was

encountered during field measurements, it was decided that

a single value of resistivity should be used for the design of earth
electrode systems in a1l cases. This approach would obviously lead
to a single recommended earth electrode destgn. The disadvantage of
this approach is that in installing an earthing electrode system at
any particular location advantage would not be taken of any valua of
5011 resistivity at that Jocation which may be significantly lower
than the overall resistivity value assumed. This would result {n an
unnecessarily expensive system being installed. The advantage of
such an approach is that a single earthing arrancement would obtain
on all strip mines in the group. This would facilitate monitoring
by management of the correct installation of earthing systems and
make acceptable design of the electrode system independant of soil
resistivity appraisals at individual Tecations.

Data from resistivity measurements have been taken from
three sources:

a) ork carried out by J E Pontin (Pty.} Ltd. on Duvha
Hine on I March 1983 and 3rd March 1983. The
moisture content of the soil during these tests is
not known. The results of this work are summarised
in Appendix 1.




4.3 BISCUSSION

Although a wide va “ation in soil resistivity was

encountered during,  21d measurements, it was decided that
a single value of rusistivity should be used for the design of earth
slectrode systems ir all cases. This approach would obviously lead
to a single recommended earth electrode design. The disadvantage of
this approach is that in {nstalling an earthing electrode system at
any particular Jocation advantage would not be taken of any value of
soil resistivity at that location which may be significantly Jower
than the overall vesistivity valve assumed. This would result in an
unnecessarily expensive system being installed. The advantage of
such an approach is that a single earthing arrangement would obtain
on all strip mines {n the group. This would facilitate monitocing
by management of the correct installation of earthing systems and
make acceptable design of the electrode system independant of soil
resistivity appraisals at individual locatfons.

Data from résistivity measurements have been taken from
three sources:

a) Mork carried out by J E Pontin (Pty.) Ltd. on Duvha
Mine on 1 March 1983 and 3rd March 1983, The
moisture content of the soil during these tests is
not known. The results of this work are summarised
in Appendix 1.




b)  Work caervied out by Pontech (Pty.} Ltd. on Rietspruit
Mine on 20 Juiy 1983, The soil was described as
“dry" in the test report. The results of this work
are supmarised in Appendix 2.

2)  tork carried out by the author. Some results of this
wock are glvesn in Appendix 3.

In order to gauge the variation of earth resistivity a frequency bar
chavt of resistivity was drawn up and is shown in Figure 4.1. In

order that a conservative although not unrealistic agsumption of
veaistivity be drawn it was assumed that the resistivity messurved at
an electrode spacing of Im obtained at all depths in the soil.

It wag decided, after examlnation of figure 4.1, that for the
purposes of deslga, the soil resistivicy should be token as

3 000 ohm metres. This value would apply to dry soil at all
locatiens under conmsideration. Should an earthing electrode systenm
designed for 3000 ohw metre soil be installed in soll of 6008 ohm
metres resistivity (the highest measurement recorded); the
resistance to earth of che sléctrode system would be approximately
twice thec of the gystem instelled in 3000 ohm metre soil. This is
copaidered acceptable as only 10% of tesdings were above 4250 ohm
mevre resistivity, It is wuch more likely that the electrode system
will have & lower zealstance than that based on a 3000 ohm mette
tegistivity, as 66% of resistivity readings were below this valug
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CHAPTER &
THE EARTH ELECTRODE SYSTEM

PRESENT EARTHING SYSTEM

The earthing practice presently being followed on some strip mines
has been formulated to overcome the two recognised major problems,
namely;

a) The high seil resistivities which commonly prevail and
b}  The desirability of separating the 33 kV and the 6,6kV earthing
systems.

The problem of high soil resistivity is addressed by specifying an
electrode depth of between 8m and 12m, depending on location. This
is done in an attempt to utilise Tower soil resistivity normaily
found at greater depths below the surface. An attempt is made to
further reduce resistance to earth by installing four such
alectrodes in parallel. Surge impedance {s reduced by cohnecting
these four electrodes in the form of a “crows foot”.

The problem of separation of the transformer and distribution skid
earthing systems is addressed by installing the two earthing systems
approximately 50m apart. The earthing systems are then conhected to
their respective skids by means of insulated cables. The skids can
be as close together as 10m. A typical earthing arrangement is shown
in figure 5.1

The present earthing system, &lthough based Targely on judgement
rather than on a more rigorous engineering appraisal of the problem,
represents a significant advance on previous earthing arrangements
generally employed in the industry.

The present system does howevey, suffer frow a nurber of practical
and technical drawbacks, These are as follows:

a} The four vertical rods ave placed in the form of & square; with
a side dimension of about 5 metres. There is theréfore
considerable overlap of the resistance volumes of the
individual rods with each other. The potential for lowering
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the earthing resistance obtainable by using four rods in
parallel is therefore not fully utilised.

Driil vigs, normally under the control of the Producties
Beparcment, ars required to drill the deep holes necessary For
the insercion of the sarth eleccrodes, Moving these drill rigs
to the skid sites is @ time consuming exercise and lovers the

predu.tive utilisarion of what is essencially a production
machine. As a consequence , pover has been applied to skids
beEore the necesssry aarthing system has been fnstalled. When
this occurs, the Electrical Department normally installs a
temporary arvangement of four L metre long stakes in a crovs

fuot pattern.

The four vertical electrodes are interconnected by bate copper
conductors. These conductors are seldow buried. ds the
resistance to earth of the earthing system is directly
proportional to the area of conductor in eontact with the soil
the potential of the interconnacting conductors for furcher
lowering the resistance of the earching system to eavth is not
utilised.

In determiaing the required physical separation of the
franaformer and distribution earthing systems, the resistance
to edrth of the skids themselves is assumed to approsch
tnfinity. This assumption hds been shown by sctual measurement
to be ervoneous; the lowest resigtance to earth of a skid

alone was measured by the author at 130 ohmws on soil of about
1200 ohm metras rvesistivity, while the highest was measured at
375 ohms on soil of about 5800 ohm metres resistivity
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5.2 ALTERNATIVE METHODS OF REDUCING EARTH RESISTANCE AND SURGE IMPEOANCE
OF AN EARTH ELECTROBE
Introduction

§.2.1

The resistance to earth of an earth electrode is a
function of:

a) The surface ares of the electrode in contact with the
surrounding soil and,

b)  The resistivity of the soil in the vicinity of the
electrode. Of particular relevance is the
resistivity of that volume of sofl over which most of
the resistance is dropped, this being "n the
immediate vicinity of the electrode.

Oiscussion

The earthing system presently employed endgavours to
reduce earth resistance by increasing the surface area of
the electrodes through the use of longer électrodes, and
by using longer electrodes in order to take advantage of
Jower soil resistivities which typically occur at greater
depths below the surface. However, as the resistivity
decreases with depth, so too does the length of the
electrode in contact with the Tower resistivity soil. In
addition, the practical aspects of having deep holes
drilled in the field remain problematical.

1% was therefore decided to investigate the feasibility of
reducing electrode earth resistance by using a larger
diameter electrode (increasing electrode surface area),
and by wetting the s4i1 in the fmmediate vicinily of the
elactrode (Towaring soi) resistivity}.



5.2.3 An Experimental Wetted Electrode

An electrode was constructed fn accordance with figure 5.2:

457

1

/. Detachabla funnsl

350

nﬂ(

| 10 # Holes ab 100 pitch drilled
at 4 points around circumference
of pipe

[-o— Galvanised mild steel pips

1500
]
1

4o
s

Figute 6.2

Experinentel wetbed glsstpode
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A hole was made in the ground using a portable auger machine and the
electrode then installed. The pipe was filled with coal dust and
the resistance to earth was measured at 1,49 kilo ohms

One kilogram of table salt was then poured into the funnai, which
was then filled with potable water

A drop in the measured value of resistance to 640 ohms was

recorded within 10 minutes of adding water and table salt to the
funnel. After 1 hour the resistance had dropped to 412 ohms. The
resistance to earth was then measured at regular intervals over the
ensuing weeks. The results of these measurements are plotted on
graph 5.1.

The resistivity of the soil at the test site was then measured
The results of these measurements are shown in Table 6.1.

JABLE 5.1
SOTL RESISTIVITY AT EXPERIMENTAL ELECTRODE TEST SITE

glectrode Meastred Resistivity
separation{m} resistance (ohms) (ohm metres)
1 3,0 2321
2 304,0 3821
5 143,6 4510

The results of this work fndicate that a wetted electrode may
prove to be a viable alternative to the installation of deep
electrodes. The electrode resistance to earth when wetted was
shown to be approximately one fifth of that when dry. In
addition, although no further water was added to the electrode,
either artificially or by natural precipitation, during the
period of the test; the resistance did not inicrease
sighificantly over the twenty days that the test was conducted.




It was concluded from this work that the observed reduction in the
measured resistance to earth of the test electrode may be ascribed
to any one or a combination of the following factors:

a}  The reduction in sofl resistivity due to the soil being
wet.

b) The reduction in soil resisitivity due to table salt being
mixed with the water in the fupnel.

¢) The enhanced electrode to soil contact which would occur
when the electrode and surrounding soil was wetted
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§.3 TRIAL EARTHING SYSTEM EMPLOYING WETTED ELECTRODES

Four electrodes were installed avound a mobile skid in a tayout as
shown diagrammatically in figures 5.3.

Initial resistance measurements were made as detailed in Appendix 4
for the skid alone, for the skid connected to the buried conductors,
for the skid, buried conductors and electrodes interceonnected, and
finally with the electrodes filled with water, Thase measurements
are summarised on graph 5.2,

Soil resistivity was measured at the test site, The results of
these measurements are given in table 6.2

TABLE 5.2
Electrode Measured Resistivity
Spacing (m) Resistance {ohms) (chm metres)
1 530 3330
2 230 2 890
8 63 1979
10 22 1382




Figure §.3
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The soil, at the time that the resistivity weasurements were
made, was dry, no rain having Fallen since the previous

rainfall seasca.

Turthar measurements of resistance were made over th. ensuing
weaks, These are detailed in Appendix 4 and are summarised oa
Graph 5.2

The following conclusions can be drawn from & gerusal of the
results obtained from the trial system and the experimental
wetted alactrode.

{2) 1t is essearinl that all conductive components of the
earthing system be buried, in order to maximise the
canductor area in contact with the surrounding soil, This
is borne out by the drop in resistance of 635 ohms when
connecting the buried conductors tu the skid, as compared
to the further drop in resistance of only 2,3 ohms when
connecting the foutr vertical elactrodes to the buried

conductors, before adding water to the electrodes,

(b) Tt appears to be advantageous to add table salt to tle
wetted electrodes. On 6th August the tvial system
electrodes were wetted without adding salt, and the
tesistance had increased by 1,9 ohms by 10th August, (vwhen
water was stLll viefble in one slectrode}, and by &
furcher 2,20 ohm by 28cth August (when all tha electrodes
were dry). Qo the 28th August water wes again added to
the electrodes toget «r with Lkg of table salt per
electrode. The resistance was then at all times lower
thaa it was on 28th August. Although Lt 43 nobed that
rain was recorded after 28th August (sve graph 5.2), and
that thig may be reaponsible for the rvesistance drops
encountered, it 48 postulaved that some advantage wis
gatned by adding salt to the électrodes. Between
2Bth August and 17th September, a drop in vesistance of
4,4 otimg (12%) was noted, altbough only § mm of ralh was
tacorded over this period.
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With most of the earthing system consisting of conductors
buried at about 3Q0mm beTow the surface, rainfal
obviously has a significant effect in reducing the
resistance to earth of the earthing system, This can be

E readily seen from readings taken after 17th September

-: The efficiency of the inclusion of wetted electrodes
cannot therefore be readily evaluated on the basis of the
readings taken to date, as the trial system was
established shortly before the onset of the rainfall
season. However, on the strength of the significant
reduction in electrode resistance noted during work with
the experimental wetted electrode, it is postulated that
during the dry seasun, the wetted electrodes will make an
important contribution to keeping the earthing system
resistance lower than would be the case with dry
electrodes. Obviously this pestulation will have to be
thoroughiy tested by continuing to monitor the resistance
of the trial system throughout the forthcoming dry seasen
and into the next wef season.

(c

5.4 PROPOSED EARTHING SYSTEM

An earthing system employing short wettea electrodes will be sasier
to instal) and control than one employing long electrodes for which
T - deep holes must be drilled. In addition, the author is of the
J ) opinion that testing of the trial system during the dry winter

. months will show the resistance to earth of the trial system to be
significantly lower and more consistént than that of thg present

earthing system.

An earthing system based on the trial system is therefore
proposed, I

As it is desirable, as far as possible, to electrically separate the
trahsformer skid and distribution skid earthing systems,

(see Chapter 3) an earthing system layout as shawn in figure 6.4 is
proposed, While it s recognised that this system differs from the
trial system, the differences ave not significant

Corresion of the wetted electrodes 1§ not expected to present any
problisms; as the skids are moved at intervals rot normally excéeding
51% mofiths.
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Ideally, when current Flows through the transformer skid to eatth,
the distribution skid should not rise to a potential in excess of
the maximum permitred touch potential, as any tise in potential
of the distribution skid would also be experiemced by the dragline
due to the solid earth connection between them. The maximum
permitted touch potentisl hag been shown to he 80 volls for power
frequency curvents, and 900 volts for lightning discharge surrents
(Chapter 2).

If the potential of the dragline is elevated above that of true
earth, this potential will be dropped berween the dragline and true
eatth. A person standing next to the dragline and touching it will
therefore not experience the full potential across his body, as
shawn in figure 5.5. 1If Lt is assumed that the maximum distance
that s person will be standing away from a dragline while touching
1t is 1 metrs, then the potential of the dragline can rise to 170
volts For power frequency current and 1915 volts for lightning
discharge current, as it has been shown by measurement (Appendix 3
43.5, page 59) that 47% of the tesistance, and therefore the
potential of a dragline to earth is dropped over the first metve

awey from the machine.

It can be assumed rhat the shape of the resistdance versus distance
curve away from the transformer skid will be the sams for the

proposed system as for the trial system, as any diffevences which
may be present wil) not materislly effect conclusions which can be

drawn from the discussion which follows!

from a perusal of resistance measurements taken on the trial system,
a typlcal value of vesistance to earth of 35 obms was chosen. This
value 19 only applicable when power Erequency and law magiiltode
currents are being considarad. Whet the eavthing System dischargey
2 high magnitude and frequency currént such as lightning stroke
cutrent, the impedance will be modified by travelling wdve and soil
{onigation effacts.

Soil ienisation will oceur in the vieinity of sn eléctiode carrying
a high curcent fesuleing is an iperease in condutor effective
radius afid eot d in 4 d. « The surge impedsace

can vary frow 30% to 80% of the power frequency impedance, the
Forver 1ok applylng in the cass of a sihgle disctete eleétrode;
whete the cUirent densities in the surrounding sell mediud dfe

bigh (8). However, when the eavthing systen 1§ mote distribubed; as
i khe case 1n the propesed gydtem; the current dengitiea ave iahég
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figure §.5

Curve of patential vs distance sway from a
dragline shouing touch petential in relation
potentisl to which bhe dragline
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in the surrounding soil medium, and the effect of soil ionisation is
not as warked. It is therefore proposed that in the case of the
system proposed soil lanisstion be conservatively estimated to
decrease rhe impedance vhen discharging lightning stroke current to
80% of the power frequency impedance value, l.e. to 28 ohms from 35

chms .

When a buried element of an earthing system is subjected ta 2 high
frequency current fmpulse the buried element acts 85 a transmission
line and various reflections take place before the steady stace
condition is reached. The effecr of this behaviour can be to either
markedly increase or decrease the imitial impedance of the earthing
system (§). It has been shown that the most favourable effect can
ba attained by employing o combination of a high capacitance system
of buried radial conductors in combination with a high conductance
gystem of discributed driven rods. The earthing system proposed
approximatis to such a system. It s thersfore assumed that
travelling wave sffects will cause a further reduction of 20% in the
initial value of impedance when discharging lightning stroke curvent
compared ko the power frequency value. The initial impedance of the
proposed system under Lightning impulse conditlons was thezefore
taken as 0,8 X 0,8 X 35 = 22,4 ohms.

A typical resistance versus digtance curve for a resistance to earth
of 35 ohms was avallable from measurements made on the trisl systew.
1f the aaymtotlc value of resistance vere decreased to 22,4 obms,
the shape of this curve would be the same as that Eor 35 ohms;
i.e.the perceatage of asymtotic resistance dropped between any two
points along the abcissas of borh curves would be the same. A curve
of impedanee versus distonce away From the transformer skid, as
shown ont graph 5.3 was thersby derived, A valuve of lightnlng stroke
currenit of 34kA {see Chapter 3) waa then assumed in erder to derive
a curve of the fall in potential versus distunce awdy firom the
transformer skid, This curve is shown on graph 5.4: The waximum
potential to which the transfoimer skid will rise ls 34kA X 22,4
ohing = 761;6kY.

On the ordinate of graph 5.4 a potentisl of 1915 volts is
equivilent to 0,06 divisions. The exact distanee away from the
transformer skid ab witich the equipotential line of 1915 volts
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occurs is diffleult to predict with any degree of confidence as,
although graph 5.4 deplots true zero potentfal as occuring at 35

metres away from the transformer skid, the curve only becomes

asymtotic to true zero potential at this point. Theoretically, ttue
zero potential occurs an infinite distance away from the transformer
" skid. The actual curve of potential versus distance may therefore
lie 0,06 divisions on the ordinate {corresponding to 1915 volta)
sbove true zero potencial at a distance greatly in sxcess of

35 metres from the transformar skid

Tt is therefore concluded that no practical separation of the

transformer and digtributlon skid earthing systems tan ensure that

no dangerous rise in potential of the distribution skid will occur

when lightning stroke current is discharged through the transformer
skid earthing system. It is however recognised that the probability

of a lighening discharge rhrough the cransformer skid earthing
system cousing a dangerous rise in the potential of the distribution
skid decresses with inareasing physical sepatation of the two skids.

When a power frequency Fault to earth oceurs on the transformer
skid, the maximum potentisl to which the skid can rise is the

transformer supply potentisl of 19 kY (phase). The value of
resistance to earth of 35 ohms previously assumed will not be
nodified in any way by travelling wave effects. Soil ionisation can
however oceur, although it is felt that the effects of this will be
insignificant. Persulng a similar argument to that put forward for
the case of a lightning discharge, it can be shown tuat a potencial
of 170 volts will cotrespond to 0,31 divisions on the ordinate of
the potential versus distance graph. Again the distance from the
trapsformer skid to the 170 volt equipotential line caundt be

confidently predicted.

1t 1s tharefore concluded that no practfcal separation of the
transformer and disttibution skid earthing systews will protect
persons in the vicinlty of 6,6 kV equipment From expérlencing

L dangerous overvoltages should sither power frequensy ot lightning
! : stroke curvent be discharged through the transformer skid earthing
system, The skids should therefore be located 4s Far apart as
practically possible.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

THE EARTH ELECTRORE SYSTEM

It is recommended that the transformer and distribution skids be
earthed by means of an earthing system employing wetted electrodes.
Such a system is more fully described in Chapter 5. This system has
the following more {mportant advantages over the system presently
used:

a) The recommended system is easier to install than the present
system, with one functional department of the mine being
responsible for all aspects of the installatfon. Management
control over the correct earthing system installation will
therefore be iwproved.

b) It is expected that the proposed earthing system will exhibit a
Tower and more consistent value of impedance to earth, both for
power frequancy and Yightning stroke current discharges than
the present system.

PROTECTION OF PEQPLE FROM OVERVOLTAGES DUE TO LIGHTNING

Nothing can be done to ensure that dangerous step or touch
potentials will not occur due to the flow of lightning current
through etther the transformer or distribution skid earthing
systems. It is therefore necessary to ehsure as far as possible
that people in the vicinity of equipment do net come into contact
with these potentials. In order to achieve this the following list
of recommendations is proposed

a}  The transformer and distribution skids should be installed as
fat apart as practically possibie, as the severity of
overvoltages occuring on the distribution skid due to Vightning
stroke current discharges through bhe transfromer skid earttiing
systein decreases as the distance between the two skids
increases.




41

b) A blanket prohibition sh.(1d be established on people touching
mobile equipment from the ground whan lightning activity is
present.

¢} Gates on al) transformer and distribution skids should be inset
by about 1 metre from the edge of the skid, as is current
practice on some mines. This measure ensures that one must be
standing with both feet on the skid before the relatively time
consuming task of unlocking the gate can be undertaken.

d}  Handrails of all stairways leading onto mobile equipment should
be insulated, or manufactured from insulating material. This
will ensure that should the equipment be at a dangerous
potential the path of curvent flow will be from foot to foot,
and not hand to foot. The fnsulation used should be
substantial, preferably exhibiting an impulse flashover vaive
of not less than 200kY,

&) All workers should wear thick soled rubber beots, which should
pe kept in & good condition,

) Although human fataliiies are rare due to step potentials in
the ground, the current flow always being from foot to
foot (10), it is recommended that people be prohibited from
approaching mobile equipment and skids on foot when Tightning
activity is present,

g)  People should not stand closer than 2 metres away from mobile
equipment or skids when lightning activity is present, in order
to protect themselves against side flashes from the equipment.
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6.3 PROTECTION OF PEOPLE FROM POWER FREQUENCY OVERVOLTAGES

The Timitation of earth fault current on the 6,6kV reticulation
system to 25 Amps s sufficient to ensure that dangerous step and
touch potentials will not oceur due to Yaults on this system.,
{Chapter 3},

Earth fauly .. rrent on the 33 kV system {is not Yimited. Therefore,
in addition te taking those steps suggested for avoiding dangerous
{ightning overvoltages, it is cuggested that consideration be given
to increasing the zero sequence impedance of the 33 kV system in
order to Timit t current. A limiting value of 200 Amps to

300 Amps would be appropriate (9). In addition, the 33KV
protection scheme could be checked to ensure that earth faults are
cleared in the shortest possible time

6.4 PROTECTION OF EQUIPMENT DUE 7O LIGHTHING OVERVOLTARES

Although a rigorous insulation co-ordination study should be carried
out, 1t is suggested that the following steps couid contribute to
reducing the rate of eq.ipment failure presently being experienced.

a) Surge diverters are presently installed at the overhead line
termination to the transformer skid. While these arrestors
provide adequate pratection of the skid mounted voltage
transformer and circuit breaker, similar protection is not
afforded to the transformer, as the distarce between the surge
diverters and the transformer 33kV terminals is too great (8).
Additional diverters should therefore be tounted on the

teriinals of the transformer, The connection between these K ;
surge diverters and the grounding peint common to the ;
transformer should be so arranged so as to be as short as !

possible and to have as Tow a reéactance as possible.

B}  The 6,6kV averkead line connection between the transformer and
distribution skids should be protected agatnst Tighthing
strikes. This can most easily be achieved by erecting a finfal
oh the transformer skid, of sufficient height to provide an
acoeptable level of protection to the 6,6kV lines,
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APPENDIX 1

RESISTIVITY MEASUREMENTS MADE ON DUVHA MINE
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APPENDIX 2

RESISTIVITY MEASUREMENTS MADE ON RIETSPRUIT MINE




v

13261 2
8L Epe 21821 1€ 26z [i4
66°89 2r'8s 6E°292 L2991 Fits 12 07' 86 81
ov'sL 0E° 95 187482 ¥5°262 84" L¥T 9E° 292 2588 91
£5°g/ e L8 00°E52Z 55°89¢ §2°vrl 61°942 6L°€GT ¥
96°48 $0° 10T 12422 62" 12e £1°891 98° €0 2191t Al
£9°€01 [A334 ¥6°202 £9°565 §5°9¢1 56° 22¢ TE°E5T o1 -
[:1ab4:14 v9' 212 95°961 00° ¥ S LLT 00°£LE 05°502 8
85°862 SY°EYE 2y° 96T b (86 8L €61 80°26¢ 18°962 9
05° 28y 29°96L EAr2AN v 5v0T 157162 BE" b€ LI'6ey ¥
£8°509 0L 28ET o art 0£° 906 " 59 L1552 +5° 105 e
{saa33u wyo) (sB433w wyo) {53438 o) {sa438u wyo) (sa47auw wyo) (304430 o) {53321 wyo) (saagow)]
ALIRIISISTE ALIRIISISIE JIAIISISIE ALIAELSISY ALIATISISIY ALTAIASISIY ALTATISISZY TRIIINT |
L 9 5 b € 2 T NO1Ll1S0d




6£°/12 2L 98t

£0°2v2 09° p2e 1E°012 1T6ET 81

£5°862 26°€9€ 1E7652 96° 0£€ 8L°8yT 91

££°928 £ECIZY 65°082 9L gy 22°2% T0°9%1 W

95°THE 15°6LY 88° 90 €€° 168 20418 T5°291 a

- £2°00% £0°625 61795 8T°89¢ I6°gS 05° 42 20" 31 ot

© 98°2€5 9 EVS 29°56E Sy E9E ] 29°z2 S8°15T 2
p1°989 YE TS Sy 22 vze 18°¢6 £2°61 7291 9 ]

05°3£6 16°158 60° 005 £v°ze 00" €61 €991 16°56T ¥

56° 9691 69°16L bra714 937661 09° 29% 816 £7°952 2
{sau8w wyo} {saa2u wyo) {34390 wyo} (sa438u wyo) (saay3u wyo) (saaqaw wyo) {saa3au myo) {soazou)]
ALIALLSISIY ALIALISISTY ALTALLSTSH ALIALLSTS3Y ALIALISISIY ALIALLS1STY ALIALISISZY TYAYIENT
: L €t 21 T ot 6 8 HOTLES0d




0L €T
L2519t
L6°¥ET
69" 0ET
L1° 62l
¥ 0ET
L6°8ET
£8°551

00822
127252
¥5°262
21t
16° 428
£5°29¢
£2°12¢
£5° L1
19°69€
64128

P07 9ey
8b bhy
[t
56° L9V
€£°185
89 (¥l
020801
68 pEST
26° 2Ll
S8 6IET

388
£y°18
16° LL
06°vL
85°29
90° 09
1719

(saazau wyg})
ALIATISISHY

(saagaw wyg)
ALIATISIS3Y

{sa432w wyp)
ALTALASTS3Y

{sauazaw wyp)
ALTAILSISIY

8t

Ja

9t

s1




POSITION 18 16 17 18
INTERVAL RESISTIVITY RESISTIVITY RESISTIVITY RESISTIVITY
(metres ) (Ohm metres) (Ohm metres) (Ohm metres) {Ohm metres)
2 61,47 1319,85 321,79 155,87

4 60,06 1723,92 369,41 138,97

6 62,58 1534,39 317,43 130,44

18 74,80 1060,70 321,23 125,17

10 77,91 747,68 362,53 130,69

12 81,43 581,33 324,97 134,97

14 88,84 467,95 318,42 147,77

16 443,34 292,54 133,70

18 444,48 252,21

RO 436,04 228,70
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ARRENDIX 3

RESISTANCE AND RESISITVITY MEASUREMENTS MADE BY THE
AUTHOR - A REPRESENTATIVE SELECTION OF MEASUREMENTS TAKEN
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NOTE: A total of 20 measurements of resistance to earth of various

items of mobile machines and electrode coufiguracions weve

wade by the author, Resistivity w isurements were made at &

sites. Five such measurements are included in this Appendix, ;

these being representative vf all the measuremencs wade.
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APPENDIX 4

RESISTANCE MEASUREMENTS MADE ON THE TRIAL SYSTEM




EARTHING SYSTEM DESCRIPTION

The earthing system consisted of a skid, buried interconnecting
conductors, and Four wetted electrodes as shown diagrammatically
below.

8ars nopper interconnectirg uatted elsctrodss
sonducters buried to 300 mm\ at cornecs

e

—
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2. INITIAL MEASUREMENTS

Date & August 1984

Soi1 conditions: Dry

Direction of measurement: A
Distance to current electrode: 55m

Bistance te
potential Case 1 Case 2 Case 3 Case 4
Electrode (m) {Ohms ) {Ohms ) (Ohms ) {Ohms)
. 5 645 22,1 21,2 20,0
10 657 24,5 23,8 22,4
20 665 31,1 28,7 27,6
30 671 36,0 34,3 33,7
g 40 675 39,4 38,4 36,9
] 50 701 68,0 86,5 56,1

Cage 1: Resistance of skid alone

Case Resistance of skid connected to buried conductors.
| Case 3: Resistance of skid, burjed ¢onductors and electrode
interconnected.,

Cage 4 As for c. = but 20 minutes after the electrodes were filled
with watee {no salt added),




63
3.  SUBSEQUENT MEASUREMENTS
3.1 Date: 10 August 1984
Soil Conditions: pry
Directlon of measurzment: A

Distance to current electrode:5im
Water visible in | electrode

Distance to Measured
Potential Resistance
flectrode () (Ohms)
RN )
5 20,0
10 22,2
2
- 20 27,3
30 LA
40 3y,.
48 181.0
3.2 Date: 10 August 1984
L4 Soil conditions: Dry
Dirzction of messurement: B
. Distance bo curtent electrodes:5sm.
, Water visible in 1 electrode
a
y . distance t teasured
: :/ Patentia: Resistance
Electrade 1m) {Ohma)

5 2647 2
| 10 28,0 |
‘ 20 30.3
| 30 33,2 e

40 35,0 2

50 6054
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3.3 Date: 28 August 1984
Soil conditions: bry
Direction of measurement: B

Distance to current electrode:50m
A1l electrodes dried out

Distance to (7 Measured
Potential Resistance
Elactrode {m) {Chms )

10 31,2

a0 334

30 37,8

40 42,1

48 62,2
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3.4 Date: 28 August 1984
$011 Conditions: ory
Oireccion of measurement: 8

Distance to current electrode:50m

A11 electrodes ¥11led with water and one kilogram of table salt

each.

Resistance measured at 61,8% of distance to current electrode
measred immed{ately after £111ing electrodes with water and

salt: 36,4 ohms

Date Measured Resistance Rainfall
"o earth {Ohms) {Note 2)
{Note 1)
30/08/84 - 61m
3/09/84 34,9 -
10/09/84 34,0 -
14/08/84 - 2mm
17/09/84 32,0 -
2/10/84 - 18mm
3/10/84 - 16mm
4/10/84 20,5 -
12/10/84 - -
13710784 - 15mm
15/10/84 22,8 12mm
18/10/84 - 12mm
31710/8¢ 20,6 B

HOTE: 1 Resistance measurement taken with potential electrade at
61,8% of distance from earthing system to current
electrode {50m)

NOTE: 2 Mo turther water was added to the electrode, other than
that added by natural preeipitation.
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APPENRIX &

INSTRUMENT USED FOR RESISTANCE

AND RESISTIVITY MEASUREMENTS




A Metraterr 2 earth resistance meter was used to measure resistance and

resistivity.

a)
b)
c)
d)

e)

Salient specifications of this instrument are as follows:

Frequency of measuring voltage: 108 + 3 Hz,
Measuring range: 0,1 ohms fo 9,99 kilo ohms.

Rated operating conditions :

To VDE 0413 Part 5.

Operation temperature range: 10°¢ to + 55°C,

short circuit]

Measuring Open circuit
range voltage current
0 - 9,99 ohms 40V ALC. 40 mA A.C.
0 - 99,9 ohms 40V ALC 40 mA A.C.
¢ - 999 ohms 250V A.C, 3 mA A.C.
G - 9,99 K ohms 250V A.C. 3 mA A.C.
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