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ABSTRACT

The aim of this research is to investigate theceftd increased fault current on an existing
substation grounding system. Increased load demagcisuse of the new customers connecting
on the existing network or reconfigured network,wpo flows on the transmission and
distribution assets will increase, which will inrutrigger the increase in fault current levels,
both three-phase and phase-to-ground, througheypdiver system. The protection that ground
grids provide against step- and touch potential®nk good up to the expected level and
duration of ground fault currents, as originallymoounicated in the design phase. A case study
is presented in this research project to investigae effects of increased fault current on the
existing Ruighoek distribution substation grid.idtfound that, the ground potential rise and
touch potential are aggravated by the increasett taurents. And by increasing the area
occupied by the ground grid and decreasing thezbotal spacing of parallel conductors, step-

and touch potentials are improved to safe limpaslEEE Std. 80-2000.
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CHAPTER 1 — INTRODUCTION

The aim of this research is to investigate theot$f®f increased fault currents on the existing

substation grounding system and suggest possiblgrdenprovements.

1.1Background

After an investigation ofArarat 88kV network, challenges from both transmission and
distribution networks were compiled. From the trarssion network side, the Ararat - Spitskop
275kV lines are thermally constrained and the 231/83x315MVA transformers at Ararat
main transmission substation (MTS) have exceedwd ¢apacity. Expansion space for 88kV
and 275kV bays is not possible. The challenge @endistribution network is the new load
growth within the Ararat network, which is currgntimited to 30MVA. This is due to the N-1
thermal and voltage constraints, as well as thenggrarat distribution network. There is a new
load growth of more than 150MVA that cannot be $igopfrom Ararat MTS, due to the growth
limitation on the network. The proposed solution tlus problem is to establish a né&Ngwedi
main transmission station (MTS)and convert some of the Ararat 88kV substations32kV
(see figure 1.1 The new Ngwedi 400/132kV MTS will initially hax@x500MVA transformers.
The decision was made to convBdighoek, Mogwase Industries, SA Chrome, Boschkoppie

and Manyane substations to 132kV [2].

Due to increased load demands as a result of neteroers connecting on the existing network
or reconfigured network, power flow on the transida and distribution assets will increase.
This will, in turn, trigger an increase in faultroent levels throughout the power system, both
three-phase and phase-to-ground. New generatiarcesoto be added to the transmission and
distribution networks increase fault current ini@as. It is crucial for the user of a distribution
facility to be aware of the magnitude of increageaund-fault current at the service entrance, as
well as of the actual condition of the grid.
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The protection that ground grids provide againspsand touch potential is only good up to the
expected level and duration of ground fault cusens originally communicated in the design

phase.
FUTURE 88kV & 132kV NETWORK: ARARAT MTS & NGWEDI MTS (2012-2016)
_361MVA (325MVA), Spare =175MVA______________________________ 2014 o __
i NGWEDI MTS 132kV BUSBAR (2X500MVA 400/132KV TRFR’S) i
i o ] v
sok ! 23K 1aaK 48K I |+725X.<I
(2014} 2014 (2014) +33.4K :
(2016): : :( ) [, (2015) | |(2015):
Ruighoek ' _ __ 1 !
.'"“""2'0'1'? : : |_2_Q1_2__1 —————— e 35K 1 __J_____ (. 27 ¢ (2015) P :
p T i 11 Bakubung --- (2015) 1§ gyn City [Rebulato 27 C (2015 1 MOBWASE in/o
e Lo | S =0 === 7~ 7 Industrial
Lo 1338 K 8.2 KI b ]
: " 1 1(2012) (2013): : :tS € (2015) To Spitskop
1 L2014 oo 2013 Pt 88KV Network
. | T Styldrift == -, | impofu | | PaulX |s5g) | Manyane |
| 1 TS ] ]
3.8 k! : 114K 495 K:
(2016): X :(2012) (2015))
: : _______ . J' ____________ 15.18 W Buch
i 1+4.8 Ki R To Marang 88kV Busbar
— SA Chrome 7 = = Boschkoppie |
: [ (20158 T7TT 1__p_’2___' 74P N/0|13.3K
"""""""""""" — Shaft 16
:
13.78 6K 6K
) 0.6 615
. . Spare line Bafokeng Millenium }1—‘ Shaft 15
‘ TP H Mm?m & ‘ (SA Chrome 2) li=lE Seven ¢
| To Trident 88kV Network 6.1 BF
| 15.2 BF 7.8 p|N/O|N/O|N/O 23P
X '36 1158
2.3 K: Phokeng | C ’ UG 2 | ‘ Wildeplats
238238 ) 5.7T| 58T 8.6P2| 88K 35 19.6 B
! ¢ 13K 118 23 BF
: 06P 8.1P|83P
X 3452 3452
I
I 572MVA (501MVA), Spare = 129MVA ARARAT MTS 88kV BUSBAR (3X315MVA 275/88KV TRFR’S)

Figure 1.1: Proposed network expansion [2].

It is necessary in all types of substations toaithst system that effectively connects all metallic
structures and non-energised parts of the poweersysquipment together and to earth, in order
to limit unsafe values of potential differencesvibmtn them. This system is referred to as the
“grounding system”, and is an essential compondnthe power transmission system. The
grounding system typically consists of a grid ofndoctors, grounding electrodes (rods,
grounding wells, etc.), equipment connections te trid (risers), external connections
(distribution neutrals, overhead shield wires, )etand may also include a thin layer of high

resistivity surfacing material [1, 4].
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The potential differences in a substation are #wilt of lightning discharges, ground currents
caused by fault conditions, phase imbalance, swmigchor inrush currents caused by normal
system operations. The path of these currents ghrabe soil and metallic conductors cause
voltages that can, if not properly controlled, bangerous to human life, damage system
equipment, or cause it to malfunction [1, 4].Theugrding system is designed and installed to
provide a means to safely discharge lightning &sak earth, reduce step- and touch potential to
safe levels and limit dangerous soil currents. libves the detection of ground faults by
protective relaying systems, provides low impedgathis through the earth for load and ground
currents, and provides a common ground referendeehvassists in the coordination of insulation
throughout the power system [1, 3]. It is importentindertake an assessment and refurbishment
of substation grounding systems, since the physicdlelectrical properties or requirements of
the substation grounding system can change overfiime is due to the available fault current
magnitude at a substation that may have increagbdtamntially due to new generation or

network expansion/reconfiguration.

1.2 Research Scope/Limitations

This research will only deal with the effects oktincreased fault current on the existing

substation grounding systems, focusing mainly engtound potential rise, safe step- and touch
potentials. The short circuit calculations will ra® covered in this research. The possible design
improvements will also be investigated as parteftesearch. Ruighoek substation will be used

as a case study for the research.
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1.3 Research Approach

RESEARCH
APPROACH

4

v

Chapter 1

A

Background

v
Chapter 2

Literature Review

v
Chapter 3
Grid Design
Mathematical Model
4
Chapter 4 Chapter 5 Chapter 6 Chapter 7
.’
Case Study | Possible design Conclusion References
Improvemer

Figure 1.2.Research methodology

1.3.1 Chapter 1: Background
This chapter deals with research background rgatm substation grounding system and

increased fault current in transmission and distidm networks.

1.3.2 Chapter 2: Literature review

This chapter deals with a literature review relatedubstation grounding system design, as well
as types of grounding. It presents an overviewet#vant academic theories no the various areas
applicable to this research study, and providedb#sts for analysis and improvement of existing

substation grounding system.
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1.3.3 Chapter 3: Grid design mathematical model
This chapter presents the mathematical model ®mgtounding system design, which provides

the basis for analysis and design of substatioth eaat.

1.3.4 Chapter 4: Research case study

Chapter 4 presents the case study that will be tsé@uvestigate the effects of increased fault
currents on the existing substation grounding syst&rid resistance measurements and
calculations are included in this chapter. The asde for the case study is done at Ruighoek

substation.

1.3.5 Chapter 5: Possible design improvement
In this chapter the insight gained from previouapthrs is analysed and interpreted in order to
provide possible grid design improvements.

1.3.6 Chapter 6: Conclusion
A comprehensive conclusion of the research objestis provided in this chapter.

1.3.7 Chapter 7: References

This chapter provides all references used in theareh report.

1.4 Conclusion

The background of the research purpose, objectamsoach and methodology is provided. The
articulation of the research aim provides the fomguired to gather information/knowledge to

arrive at research objectives.
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CHAPTER 2 - LITERATURE REVIEW

This chapter presents the literature study abomtirgting system designs, in order to gather an
insight that will assist in the analysis, to deripessible design improvements. Research
variables or constraints will also be discussedrfer to set a benchmarking platform for the
proposed solutions to the research problem staterbastly, a brief discussion with regards to

the methodology to be used to measure soil resisiind resistance is presented.

2.1 Introduction to substation grounding system

A substation grounding system is an undergrourgljlae mesh conductor network that serves
the purpose of providing the path of least resistaio the traversing current so that, in the case
of a fault, it is distributed in all directions ithe underlying earth. If efficient, the resulting
ground potential due to a fault and the ensuing-st@d touch potential will be low enough to
guarantee the safety of personnel working on thHestation, as well as to the safety of the

installed equipment [3].

Absence of a safe and effective grounding systemresult in maloperation or non-operation of
control and protective devices, thereby disturhiing operation of a complete power system.
Great care should therefore be taken when desighimggrounding system of any substation,
primarily to ensure electrical safety of persongkiry within or near substations [4].The main

functions of any grounding system are to provigmssage for electrical current to earth without
exceeding operating limits of equipment, and to/le a safe environment for the protection of
personnel in the vicinity of grounded facilitiesaagst the danger of electrical shock, particularly
under fault conditions. A grounding system consstsall of the interconnected grounding

facilities in the substation area, including grougdd, overhead ground wires, neutral

conductors, underground cables, etc, of which gilagnid is the main component. The ground
grid comprises of horizontal interconnected condis;toften supplemented by vertical ground
rods [4].
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Being a major component of the overall groundingtey, the design of the grounding grid
should be such that the total grounding systenafis and, at the same time, cost-effective. A
good grounding system should be able to maintanattiual mesh- and step voltages within a
substation well below tolerable step- and touchtag@s. These tolerable safety criteria have
been established based on the fibrillation disahdmgit of the body current. To obtain this
safety, the equivalent electrical resistance ofgiteinding system must be low enough to ensure

that fault currents dissipate mainly through theueguding grid into the earth [6, 7].

The main performance parameters of the groundimstgesy are grid resistance, step voltage,
touch voltage and ground potential rise (GPR). iffaén thing to be taken care of in the design
of any substation grounding system is that actiggd-sand touch voltages must not exceed those
described as tolerable values [4]. Tolerable st touch voltages for a person weighing 50
and 70 kg are described in IEEE Std. 80-2000 [7].

2.1.1 Ground potential rise

The ground potential rise is the product of theugbresistanceR;, which is a function of the

number of grid conductors, its area, its depththedesistivity of the surrounding soil multiplied

by the currentl ; entering the grid during a fault [3]. This is theximum electrical potential

that a substation grounding grid may attain reativ a distant grounding point assumed to be at
the potential of remote earth. Under normal coodgj the grounded electrical equipment
operates at near zero ground potential. That eptitential of a grounded neutral conductor is
nearly identical to the potential of remote eaifluring a ground fault, the portion of fault
current that is conducted by the substation graundirid into the earth causes the rise of the

grid potential with respect to remote earth [7].
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B

Figure 2.1: An illustration of GPR [6].

In order to protect communication equipment, eéefghones, faxes etc., the GPR must be

limited to about 5000 V [6]. The maximum allowalgied resistance is therefore

_ 5000

Ry = 0 2.1

grid

2.1.2 Touch voltage

At the instant of a fault, the potentials that acatithe surface of the earth are such that voltage
spikes appear above the grid conductors, while edspyns occur above the mesh areas. At
typical operational frequencies, this potentialtribsition is relatively equal, regardless of the

point of current injection [7].

Touch voltage is the potentidifference between the GPR and the surface potettthe point
where a person is standing, while at the same hiaweng a hand in contact with a grounded

structure, as shown in figure 2.2.
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Figure 2.2: Basic shock situation [7].

2.1.3 Step voltage

Step voltage is the difference in surface potemrtigderienced by a person bridging a distance of
1m with the feet without coming into contact witlyagrounded object, as shown in figure.2t2

is equal to the difference in voltage given byvbéage distribution curve between two points at
different distances from the earth electrode. Aspercould be at risk of injury during a fault

simply by standing near the earthling system p@n?].

2.1.4 Transferred voltage

Transferred voltage is a special case of touchageltwhere voltage is transferred into or out of
the substation from or to a remote point exteradhe substation site (see figure 2.2). Typically,
the case of transferred voltage occurs when a pestands within the substation area and
touches a conductor grounded at a remote poinstasrds at a remote point and touches a
conductor connected to the substation grounding {8 7]. During fault conditions, the
resulting potential to ground may equal or excéwdftll GPR of a grounding grid discharging

the fault current, rather than the fraction of ttutal voltage encountered in the ordinary touch
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contact situations. The transferred voltage mageadhe sum of the GPRs of both substations,
due to induced voltages on communication circustgtic or neutral wires, pipes, etc. It is

impractical, and often impossible, to design a gobgrid based on the touch voltage caused by
the external transferred voltages. Hazards fronsehexternal transferred voltages are best
avoided by using isolating or neutralising devicasd by treating and clearly labelling these

circuits, pipes, etc. as being equivalent to esedjiines [7].

Figure 2.3: Extended transferred potential [7].

2.1.5 Mesh voltage

Mesh voltage is the maximum touch voltage withimash of a ground grid. Mesh voltage

represents the highest possible touch voltage ey be encountered within a substation
grounding system. Thus, voltage across a man stgnilithe centre of the mesh and touching a

structure bonded to the earth grid some distaneg §6.

2.1.6 Metal - to - metal touch voltage

Metal-to-metal touch voltage is the difference otgmtial between metallic objects or structures
within the substation site that could be bridgeddbgct hand-to-hand or hand-to-feet contact.
The metal-to-metal touch voltage between metalbects or structures bonded to the ground

grid is assumed to be negligible in conventionalssations [7].
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However, the metal-to-metal touch voltage betweetattic objects or structures bonded to the
ground grid and metallic objects internal to thbstation site, such as an isolated fence, but not
bonded to the ground grid, may be substantial.a tonventional substation, the worst touch
voltage is usually found to be the potential défere between a hand and the feet at a point of

maximum reach distance [7].

The typical case of metal-to-metal touch voltageuos when metallic objects or structures

within the substation site are not bonded to theugd grid. Objects such as pipes, rails, or
fences that are located within or near the sulmstaground grid area, and not bonded to the
ground grid, meet this criteria. Substantial métaetal touch voltages may be present when a
person standing on or touching a grounded objestracture comes into contact with a metallic

object or structure within the substation site tkatot bonded to the ground grid [7].

2.2 Determination of maximum grid current

A design value of the maximum grid current is dediras follows:

I =Dy x1g, 2.2
Where:

| 5 is the maximum grid current in A,

D, is the decrement factor for the entire duratiotheffaultt

| 4is the rms symmetrical grid current in A

The symmetrical grid current is that portion of #yenmetrical ground fault current that flows

between the grounding grid and surrounding eaith [7

It may be expressed as

I, =1, xS, 2.3
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Where:

| 4is the rms symmetrical grid current in A,
| ; is the rms value of symmetrical ground fault cutriem

S, is the fault current division factor.

In most cases, the largest value of grid currefitre@sult in the most hazardous condition. For
these cases, the following steps are involved iterdening the correct design value of

maximum grid current 5 for use in substation grounding calculations:

a) Assess the type and location of those ground faludtsare likely to produce the greatest
flow of current between the grounding grid and sunding earth, and hence the greatest
GPR and largest local surface potential gradientee substation area.

b) Determine, by computation, the fault current dmsifactor S, for the faults selected in
establishing the corresponding values of symmetgied currentl

c) For each fault, determine the value of decremestbfaD, , based on its duration time,
t, , to allow for the effects of asymmetry of the tazdrrent wave.

d) Select the largest produ€t; x|, and hence the worst fault condition.

The current division factor would change during thaelt duration, based on the varying decay
rates of the fault contributions and the sequeriagaterrupting device operations. However, for
the purposes of calculating the design value ofimam grid current and symmetrical grid
current per definitions of symmetrical grid curreamdd maximum grid current, the ratio is
assumed to be constant during the entire duratiangiven fault [7]. Where transmission line
overhead ground wires or neutral conductors arenexded to the substation ground, a
substantial portion of the ground fault currendisgerted away from the substation ground grid.
Where this situation exists, the overhead groundsaor neutral conductors should be taken into
account in the design of the grid. Connecting ghkstation grid to overhead ground wires or
neutral conductors, or both, and through them aémdamission line structures or distribution
poles, will usually have the overall effect of ieasing the GPR at tower bases, while lessening it

at the substation [7].
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This is because each of the nearby towers willeshmaeach voltage rise of the substation ground
mat, whatever the cause, instead of being affemtdygl by a local insulation failure or flashover
at one of the towers. Conversely, when such a tdawet does occur, the effect of the connected

substation ground system should decrease the madgrif gradients near the tower bases [7].

2.2.1 Effect of future network changes

It is a common experience for maximum fault cursegit a given location to increase as system
capacity is added, or new connections are madeetgrid. While an increase in system capacity

will increase the maximum expected fault curlentnew connections may increase or decrease

the maximum grid curret. One case in which the grid current may decreagke mew

connections is when new transmission lines arechdatd ground or neutral wires, or both [7].

In general, if no margin for increase Ig is included in the original ground system desite,

design may become unsafe. Subsequent additiongiadlusually be less convenient and more

expensive to install. It is a widely accepted practo assume the total fault currdnt, between

the grid and surrounding earth in an attempt tovafior system growth. While this assumption

would be overly pessimistic for present-year candg, it may not exceed the computed current

| 5, considering current division and system growth [7].

If the system growth is taken into account andentrdivision is ignored, the resulting grid will
be overdesigned. An estimate of the future systenditions can be obtained by including all
system additions forecasted. Caution should becesezt when future changes involve such
design changes as disconnection of overhead grained coming into the substations. Such
changes may have an effect on ground fault cur@mdsmay result in an inadequate grounding
system. However, future changes such as additibmscoming overhead ground wires, may
decrease the current division ratio, resultinghie@ éxisting ground system being overdesigned

[7].
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When fault currents that are in excess of desidmegaenter a grounding system, the following

effects may occur [15]:

1. Reduction in electrical safety, increased step-tandh potentials.
2. Damage or failure of grounding equipment:
a) Thermal damage due to excessive short circuit otgre
b) Mechanical damage due to excessive short-cira@sses
c) Drying of the soil, resulting in increased soilistisity (IEEE 2000 Sec.12.3)
d) Insulation failure due to high-induced voltagesEE 1996.)
3. Possible effects of grounding grid degradationtenelectrical power system:
a) Reduced lightning protection
b) Misoperation of ground fault protection
c) Increased zero-sequence impedance for unbalanadalorents
d) Reduced electromagnetic compatibility [15].

2.3 Soil characteristics

The behaviour of a ground electrode buried in sait be analysed by means of the circuit in
figure 2.4. Most soils behave both as a condudtoegistancer, and as a dielectric. Except for
high-frequency and steep-front waves penetrating vesistive soil material, the charging
current is negligible in comparison to the leakagerent, and the earth can be represented by

pure resistance [6, 7].

Figure 2.4: Soil model [7].
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Soil resistivity is not affected by a voltage gextti unless the latter exceeds a certain critical
value. The value somewhat varies with the soil netebut it usually has the magnitude of

several kilovolts per centimetre. Once exceedeaxs would develop at the electrode surface and
progress into the earth so as to increase thetwtesize of the electrode, until gradients are

reduced to values that the soil material can waitnd{7].

This condition is illustrated in figure 2.4 by th@esence of gaps. Because the substation
grounding system is normally designed to complyhwi#r more stringent criteria of step- and
touch voltage limits, the gradient can always bsuased to be below the critical range. Soil
resistivity in the vicinity of ground electrodes ynae affected by current flowing from the
electrodes into the surrounding soil. The thernmaracteristics and the moisture content of the
soil will determine if a current of a given magmieuand duration will cause significant drying,

and thus increase the effective soil resistivity [7

2.3.1 Measurement of soil resistivity

Resistivity investigations of a substation site essential for determining both the general soil
composition and degree of homogeneity. Test sangridsother geological investigations often
provide useful information on the presence of wsidayers and the nature of soil material,

leading at least to some ideas regarding the rahgesistivity at the site [13].

Actual resistivity tests should be made at a nundigplaces within the site. Substation sites
where the soil may possess uniform resistivity tlgfeout the entire area and to a considerable
depth are seldom found. There are typically seviegdrs, each with a different resistivity.
Lateral changes also occur after, but in comparisdhe vertical ones, these changes are usually
more gradual. Solil resistivity tests should be mamaletermine if there are any important
variations of resistivity with depth. The number safch readings should be greater where the
variations are large, especially if some readings s high as to suggest a possible safety
problem [13].

Research Project Page 27



If the resistivity varies appreciably with depthjs often desirable to use an increased range of
probe spacing in order to obtain an estimate ofréisestivity of deeper layers. This is possible
because, as the probe spacing is increased, thedese current penetrates more and more
distant areas, in both vertical and horizontal dioms, regardless of how much the current path
is distorted due to the varying soil conditions][18 number of measuring techniques can be
used to measure the resistivity of the soil. Thenidée four-pin method, as shown in figure 2.5,
is the most commonly used technique. In brief, fprobes are driven into the earth along a
straight line, at equal distancasapart, driven to a deptih The voltage between the two inner
(potential) electrodes is then measured and dividgdthe current between the two outer

(current) electrodes to give a value of resistdRce

O

R | ' T+ RRXX
/NIlNIlIVI’/\'. | i T b IR/ 7 7A.
a I a | a

Figure 2.5: Wenner four-pin method [7].

Another method of measuring soil resistivity, shoimnfigure 2.6, is the driven-rod method
based on the three-pin or fall-of-potential methiodthis method, the depth of the driven-rod
located in the soil to be tested is varied. Theotivo rods, known as reference rods, are driven
to a shallow depth in a straight line. The locatrthe voltage rod is varied between the test rod
and the current rod. Alternatively, the voltage mdy be placed on the side opposite the current
rod [7].
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Figure 2.6: Circuit diagram for three-pin or drivground rod method [7].

Tests conducted by the Ohio State University [thdestrated that either the Wenner four-pin
method or the driven-rod three-pin method can glethe information needed to develop a soll
model. The Wenner four-pin method is the most pmpoiethod in use. There are a number of
reasons for this popularity. The four-pin methodaais the soil resistivity data for deeper layers
without driving the test pins to those layers. Nm@by equipment is needed to perform the four-
pin test. The results are not greatly affectedngyresistance of the test pins or the holes created

in driving the test pins into the soil [7].

An advantage of the driven-rod method, althoughrelatted necessarily to the measurements, is
the ability to determine to what depth the grouodsrcan be driven. Knowing if and how deep
rods can be driven into the earth can save the toeetiesign the ground grid. Often, because of
hard layers in the soil such as rock, hard clay, @becomes practically impossible to drive the
test rod any further, resulting in insufficient @af disadvantage of the driven-rod method is
that when the test rod is driven deep in the groutnalsually loses contact with the soil due to
the vibration and the larger diameter couplersjltiesy in higher measured resistance values. A
ground grid designed with these higher soil registvalues may be unnecessarily conservative.
The driven-rod method presents an uncertaintyerréisistance value [7].
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2.3.2 Measurement of earth resistance

A good grounding system provides a low resistamceeimote earth in order to minimise the
GPR. For most transmission and other large substgtihe ground resistance is usually about 1
Q or less. In smaller distribution substations, tiseally acceptable range is fron(to 5 Q,
depending on the local conditions as per desiguireaent [7].

In order to measure the earth resistance of artrete; a test current has to be circulated
between the electrode and an auxiliary currenttrelde. It is important, however, that the
resistance volumes of the electrode be measuretharalixiliary electrode do not overlap to an
extent that serious errors in the measurement rdreduced. For this reason, the distance
between the geometrical centres of the earth elgetand the auxiliary current electrode has to
be made as large as possible (e.g. 100 m or mauekt least five times the largest diagonal
width, or depth, of the electrode, whichever isdgiheater. In some cases, an existing electrode of
known resistance could be used as an auxiliaryrelde, provided that its resistance is not much
greater than that of the electrode to be measttegdever, the resistance volume of the auxiliary
current electrode could be large and could senyoorgérlap that of the electrode to be measured
[7]. As in the case of the measurement of eartistresy in areas where the resistivity is high, it
could be necessary to measure the current injestedthe current probe that is being used as
auxiliary electrode. If the current is low (e.gsdethan 5 mA) it could be necessary to reduce the
earth resistance of both the potential and curpeabes by “watering” the area immediately
around the probe [7].

The same instrument used for the measurement ofresistivities can be used for earth
resistance measurement, and to conr@ctand P; to the auxiliary current and potential
electrodes respectively. Connéct and P, to the earth lead of the electrode to be measured.
Drive the auxiliary current and potential electredeto the earth along a straight line from the
geometric centre of the earth electrode (see figufe with due regard given to the presence of

other buried structures [7].
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Figure 2.7: Fall of potential method for measuraagth resistance [7].

Because of the dimensions of larger grid electrodesuld be difficult or impractical to reach a
distance., of at least five times the largest diagonal widitldepth of the electrode, whichever is
greater, owing to the presence of other buriedcgiras. The coupling between the voltage and
current leads should be large enough to negatedberacy of the measurement obtained by
increasing the distande,. A further problem is in deciding where the cendfehe equivalent

hemisphere is, and from which point the measuresnefiit, are taken.

This method has several variations and is appkcabl all types of ground resistance
measurements. The ground resistance measuremeidallyasonsists of measuring the
resistance of the grounding system with respech teemote ground electrode. The remote
electrode is theoretically at an infinite distarfcem the grounding system where the earth
current density approaches zero. Although thedBpetential method is universally used, it
presents many difficulties and sources of error rwheed to measure the resistance of large
grounding systems usually encountered in pracilibese difficulties occur mainly because of

the size and configuration of the grounding syste soil heterogeneity [7].
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When measurements are conducted on a large electiaelectrical centre of the grid tends to
move from the geometric centre to a point on thie gearer to the current and potential
electrodes. The Tagg method shown in figure 28 sactical and relatively simple method of

finding the earth resistance of large grid eleadmdaking the above constraints into account
[13].

0 ” Positions for P, C2

TN

Ly= 0.2 L,

L2

Figure 2.8: Tagg method of measuring earth resistan a large grid electrode [13].

2.4 Designing of grounding system

As already stated in this chapter, there are twanndgsign goals to be achieved by any
substation ground system under normal and faullitons. These goals are:

a) To provide means to dissipate electric curramntsthe earth without exceeding any operating
and equipment limits.

b) To ensure that a person in the vicinity of grbeoh facilities is not exposed to the danger of
critical electric shock.
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The design procedure described here is based anragsafety from dangerous step- and touch
voltages within, and immediately outside, the fehsabstation area. Because the mesh voltage
is usually the worst possible touch voltage instiie substation (excluding transferred
potentials), the mesh voltage will be used as #sesbof this design procedure. Step voltages are
inherently less dangerous than mesh voltages.oliieler, safety within the grounded area is
achieved with the assistance of a high resiststitsface layer (surface material), which does not
extend outside the fence, step voltages may beedang, In any event, the computed step
voltages should be compared with the permissilele gbltage after a grid that satisfies the touch
voltage criterion has been designed. For equalceg ground grids, the mesh voltage will
increase along meshes from the centre to the cadndre grid. The rate of this increase will
depend on the size of the grid, number and locatbrground rods, spacing of parallel
conductors, diameter and depth of the conductadstlze resistivity profile of the soil [7].

As indicated in table 2.1, the corner mesh voltiaggenerally much higher than that in the centre
mesh. This will be true unless the grid is unsynmioalt (has projections, is L-shaped, etc.), has
ground rods located on or near the perimeter, sreixéremely non-uniform conductor spacings.
PLK K. [

m ilG

Ly

Thus, in the equations for the mesh voltdge= , only the mesh voltage at the

centre of the corner mesh is used as the basmeafdsign procedure [7].

Table 2.1: Typical ratio of corner-to-corner mesittage [7].

Grid number Number of meshes E,, corner/centre
1 10 x 10 72.
2 20 x 20 5.55
3 30 x 30 8%8.
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2.4.1 Grounding system design critical parameters

The following site-dependent parameters have beend to have substantial impact on the grid
design: maximum grid curreht, fault duratiort, , shock duratiort,, soil resistivityp, surface
material resistivity 0,) and grid geometry. Several parameters defingyéoenetry of the grid,

but the area of the grounding system, the condwsgiacing and the depth of the ground grid
have the most impact on the mesh voltage, whilamaters such as the conductor diameter and

the thickness of the surfacing material have legsrct [7].

2.4.1.1 Maximum grid current (1 5)

In determining the maximum currdny, consideration should be given to the resistaridbe

ground grid, division of the ground fault curremtlween the alternate return paths and the grid

and the decrement factor.

2.4.1.2 Fault duration (t) and shock duration (t)

The fault duration and shock duration are normaligumed equal, unless the fault duration is
the sum of successive shocks, such as from reglsifhe selection of, should reflect fast
clearing time for transmission substations and st@aring times for distribution and industrial

substations [7].The choicds and t, should result in the most pessimistic combinatibfaalt

current decrement factor and allowable body currégpical values fort; andt, range from

0.25sto 1.0 s[7].

2.4.1.3 Soil resistivity (© )

The grid resistance and the voltage gradients wighsubstation are directly dependent on the
soil resistivity. Because soil resistivity will ireality vary horizontally as well as vertically,
sufficient data must be gathered for a substatand.yThe Wenner method already described in

this chapter is widely used for this application .
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2.4.1.4 Resistivity of surface layer (©; )

A layer of surface material helps in limiting thedy current by adding resistance to the

equivalent body resistance [7].

2.4.1.5 Grid geometry
The area of the grounding system is the single mgsbrtant geometrical factor in determining
the resistance of the grid. The larger the areargted, the lower the grid resistance and, thus,
the lower the GPR [7].

2.5 Design Procedure of a grounding system

The block diagram in figure 2.9 illustrates the satre of steps to design the ground grid that
were established by the IEEE Standard 80-2000 fier design of the ground grid. The
parameters shown in the block diagram are idedtifie the index presented in the list of

symbols. The following describes each step of tioegdure:

- Step 1: The property map and general location pfdahe substation should provide good
estimates of the area to be grounded. A soil resisttest will determine the soll
resistivity profile and the soil model needed (tisauniform or two-layer model).

- Step 2: The conductor size is determined. The fawitent 3l , should be the maximum
expected future fault current that will be conddcby any conductor in the grounding
system, and the tim&, should reflect the maximum possible clearing timeluding
backup).

R
- Step 3: The tolerable step- and touch voltagesdatermined b¥,, ., :(RB +7f]_| 5

andEg,, :(RB + 2R, ).I s- The choice of timé,, is based on the judgment of the design

engineer, with guidance from applicable standards.
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- Step 4: The preliminary design should include adcmtor loop surrounding the entire
grounded area, plus adequate cross conductors deidpr convenient access for
equipment grounds, etc. The initial estimates afdemtor spacing and ground rod

locations should be based on the curdgntand the area being grounded.

- Step 5: Estimates of the preliminary resistancéhefgrounding system in uniform soil.
For the final design, more accurate estimates eféistance may be desired. Computer
analysis based on modelling the components of tieeingling system in detail can
compute the resistance with a high degree of acguessuming the soil model is chosen
correctly.

- Step 6: Determine the grid currehf . To prevent overdesign of the grounding system,

only that portion of the total fault curreft,,, that flows through the grid to remote earth

should be used in designing the grid. The curidgntshould, however, reflect the worst
fault type and location, the decrement factor amgfature system expansion.

- Step 7: If the GPR of the preliminary design isolelthe tolerable touch voltage, no
further analysis is necessary. Only additional cmtaok, required to provide access to
equipment grounds is necessary.

- Step 8: The calculation of the mesh- and step getidor the grid as designed can be
done by the approximate analysis techniques, dh&ynore accurate computer analysis
techniques.

- Step 9: If the computed mesh voltage is below dlerdble touch voltage, the design may
be complete (see Step 10). If the computed mestagmlis greater than the tolerable
touch voltage, the preliminary design should besex¥ (see Step 11).

- Step 10: If both the computed step- and touch gekaare below the tolerable voltages,
the design needs only the refinements requireddaige access to equipment grounds. If
not, the preliminary design must be revised (see 3f.).

- Step 11: If either the step or touch tolerable ttsmare exceeded, revision of the grid
design is required. These revisions may includellsmeonductor spacings, additional
ground rods, etc.

- Step 12: After satisfying the step- and touch \gdtaequirements, additional grid and

ground rods may be required [7].
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The additional grid conductors may be requiredhié grid design does not include
conductors near equipment to be grounded. Additigraund rods may be required at
the base of surge arresters, transformer neugtals,

- The final design should also be reviewed to elit@rn@zards due to transferred potential

and hazards associated with special areas of aoficer
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Figure 2.9: Design procedure block diagram [7].

Research Project Page 37



2.5.1 Design modification

If the calculated grid mesh- and step voltages gueater than the tolerable step- and touch

voltages, the preliminary design needs to be medlifi he following are possible remedies:

a)

b)

d)

Decrease the total grid resistance. This will deseethe maximum grid potential rise
(GPR). The most effective way to decrease the ggsistance is by increasing the area
occupied by the grid. Deep driven rods along thé gerimeter may be used if the area is
limited. The latter technique is especially praatior two soil layer models representing

a "hi on lo” resistivity profile.

Improvement of gradient control (closer grid spgsiBy employing closer spacing of
grid conductors (minimum 2.5m), dangerous potemtigithin the station can thus be
eliminated at a cost. The problem at the perimetgy be more difficult, especially at a
small station where earth resistivity may be higlowever, it is usually possible by
burying the grid perimeter earth conductor outdide fence line, to ensure that the
steeper gradients immediately outside the gridnpeter do not contribute to more
dangerous touch contacts. Another effective ancdh@woical way to control perimeter

gradients is to increase the density of ground etdke perimeter.
Increase the thickness of the surface layer.

Diverting a greater part of the fault current tdest paths. By connecting overhead
ground wires of sub-transmission HV lines, or bycréasing the tower footing
resistances in the vicinity of the substation, drthe fault current will be diverted from
the grid. With regard to the latter, however, thea of fault gradients near tower
footings should be weighed. Accurate calculatiohghe grid current must be done,

taking connected transmission line shield wires axtcount.

Limit the earth fault current flowing into the dagrid. Other factors, will, usually make
this impractical. Moreover, if accomplished at theense of greater fault clearing time,

the danger may be increased, rather than diminighef].
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f) Barring access to limited areas. Barring accessettain areas, will, where practical,

reduce the probability of hazards to personnel.

g) Step- and touch voltage within limit, but GPR togh A serious hazard may result
during a ground fault from the transfer of poteinbiatween the substation ground grid
area and outside locations (GPR > 5kV). This tremstl potential may be transmitted by

communication circuits, conduit, pipes, metallindes, low voltage neutral wires, etc.

A transferred potential problem generally occursewla person standing at a remote
location away from the substation area touchesnalweior connected to the substation
grounding grid. The importance of the problem rssdtom the high magnitude of
potential difference, which is often possible. Tpatential difference may be equal to or
exceed (due to induced voltage on unshielded conmations circuits, pipes, etc.) the
GPR of the substation during a fault condition. igfas means can be taken to protect
against the danger of transferred potentials. Mithdave been developed for
communication circuits involving optic isolatingudees, thereby eliminating the transfer
of high potentials from substation communicatiommi@al to the remote terminal. The
use of insulating panels to isolate the substdgane from any nearby connecting fences
will also eliminate the dangers pertaining to tfansf high potential via fences.

h) Effective use of the surface layer material (yat@he) to reduce high step- and touch
potentials. The resistivity of the crushed stongitahelps to increase the impedance of
the path through a person’s body for step- andhowmtages. Increasing this value
results in higher safe step- and touch voltages.

i) Use of the soil treatment to lower resistivity 71,
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2.6 Types of Grounding

Grounding is divided into two parts, namely equipingrounding and system grounding.
Equipment grounding, also referred to as proteagraunding, is mainly for prevention from
dangerously high shock that may occur when theam igarth fault current between an energised
electrical conductor and the structure that mightee enclose it, or is nearby. The system
grounding is an intentional electrical interconmattbetween the electrical system conductors
and ground, and forms part of the operating sysiEme. main difference between equipment
grounding and system grounding is that system gfiognis the part of the electrical operating
circuit under normal operating conditions, whilaigunent grounding is not. System grounding
fixes the potential at any part of the network wiglspect to earth, and provides sufficient fault
current so that protection equipment can operagstegh grounding can be of four different
types, namely ungrounded systems, resistance grayndeactance grounding and solid
grounding [10, 14].
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Figure 2.10: Ungrounded system with a line-to-gbtault [10, 14].

There is no connection between earth and the systrtral, except for very high impedance
devices in ungrounded systems. Even if the syssemoti grounded, the system is still coupled to

ground through the distributed capacitances [9].
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The system fixes the neutral point and the voltages not floating. The problem with this
system is that there is only the ground capacitanoeent, which makes detection by over
current relays impossible in case of the line-tougud fault and potential of the other healthy
phases raise to line-to-line voltage levels. Thisaverstress the insulation of healthy phases so
that the likelihood of a second line-to-ground faig increased. These are the main
disadvantages of this type of system. It has, an dther hand, an advantage: the system
continues to operate in case of a line-to-groundt.fa

Resistance and reactance to grounded systems emaplaytentional resistance or impedance

connection between the neutral of the system amaingt [9, 12].

Although these systems provide fault current, highiage is still experienced on healthy phases
in case of a ground fault. Fault current can bééichto acceptable levels 1-1000A in case of low
resistance grounding, as it has better reductiogroaond fault current, compared to reactance
grounded systems [9, 10].

Figure 2.11: Solidly grounded system [9, 14].

High voltage systems are usually solidly-groundédufe 2.11).In this case there is no
intentional impedance between the system neutdhtt@nground. Under these circumstances the

ground fault current can reach very high levels [9]
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These systems are normally made up of overheas. liffeere is no problem with the stress of

high fault currents. Insulation is, however, a peob in high voltage systems. The voltages

across the healthy phases in solidly grounded syst# not increase with the occurrence of a

line-to-ground fault [4].

When such high currents flow into the earth, theeptal at the point of contact to earth will

increase to dangerous levels. For example, a grdamid current of 20kA going through a

ground resistance oflwill raise the potential to 20kV at the groundeminp, which is harmful

to both human and equipment in a grounding regibis voltage is known as the GPR, which is

the most important parameter for designing groumdiystems. This potential has to be limited

to a value which is not hazardous to system opmeT44].

Table 2.2: Characteristics of grounding method$.[14

Ungrounded | Solid Reactance grounding Ground- Resistance grounding
grounding fault
Low value | High value neutralizer Low High
reactor reactor resistance | resistance
Current for Less than 1% Varies, may Usually 5% to 25% Nearly zero | 20% and Less than
phase-to- be 100% or | designed to fault current | downward 1% but not
ground fault in greater produce to 100Ato | less than
percent of 25% to 1000A system
three-phase 100% charging,
fault current 3l
Transient Very high Not Not Not excessive| Not excessive  Not Not
over-voltage excessive excessive excessive excessive
Surge arresters  Ungrounded-| Grounded- | Grounded- | Ungrounded | Ungrounded- | Ungrounded| Ungrounded
neutral type neutral type | neutral type | neutral type neutral type -neutral type| -neutral type
if current
60% or
greater

Remarks

Not
recommended
due to
overvoltage
and non-
segregation of
fault

Generally used on systems

(1) 600V and below

and

(2) Over 15kV

Not used due
to excessive
overvoltages

Best suited for
application in
most medium-
voltage
industrial and
commercial
systems that
are isolated
from their
electric utility
system by
transfomers.

Generally
used on
systems of
2.4kV to
15kV
particularly
where large
rotating
machines
are
connected.

Used on
systems
600V and
below
where
service
continuity is
desired.
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2.7 Conclusion

In this chapter, literature relating to the resbacinvestigated. The areas of review included
substation grounding system design, GPR, step patetouch potential, effects of increased
fault currents on earth grid and possible grid glesimprovement. Different methods of

grounding are discussed.
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CHAPTER 3: GRID DESIGN MATHEMATICAL MODEL

3.1 Introduction

In order to design a proper and safe substationngliog system, various safety parameters must
be found, such as the ground potential rise, tgootential and step potential levels. Each
grounding system must be uniquely designed in aaléave the mesh- and step voltages below
the tolerable step- and touch voltages of the peralowho might be working at the substation
when a fault occurs. This chapter provides theggs@nd equations to safely design a substation
grounding systematcording to |EEE Std 80-2000).

3.2 Tolerable step- and touch voltage

When designing a substation grounding system, tl&imum tolerable voltages must be

calculated in order to create a proper ground Jritese voltages depend on the solil resistivity,
soil layer and the duration of the shock curretie Thaximum driving voltage of any accidental

circuit should not exceed the step voltage andhiaadtage limits [7].

For step potential the limit is:
Ege = (R +2[R;) [y 3.1

For a body weighing 50 kg,

Eqe, = (1000+ 6[C, p,) 0116 3.2

Jts
Where

C,: surface layer derating factor

P resistivity of surface layer materidR(m)
PO : resistivity of the earth(§.m)

h,: thickness of surface material (m)
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For touch potential, the limit is

Rf

Etouch = RB + D B 33
2

For a body weighing 50kg

EtOUCh50 = (1000+ 1'5 ms wS)OL:L6 3'4

.

For a body weighing 70kg

EtOUCh7O = (1OOO+ 1'5 |IS mS)E 3'5

.

If no protective surface layer is used in the saiist, C, =landp, = 0.

3.3 Conductor sizing

The symmetrical current can be calculated basati@mmaterial and the size of the conductor

used as [7]:
_4 +
l=A TCAP[10 n Ko +T, 36
m tcarpr KO +Ta
If the conductor size is given in kemil, the eqoatbecomes:
K, +T

| =507x10° A, TCAP In| —2—= 3.7

tcar IOr K0 +Ta

Research Project Page 45



I : rms current (kA)
A _, :conductor cross sectigmm’)

A conductor cross sectidiemil )

T, . maximum allowable temperatu(&C)

T, : ambient temperatuféC)

a, : thermal coefficient of resistivity afeeence temperaturg (U/°C)

o, : resistivity of the ground conductor at refece temperaturg, (£Q - cm)
t. : duration of current (s)

K, cequald/a,or (1/a,)-T, (OC)

TCAP : thermal capacity per unit volunﬂé/ sz.OC)

The required area for a conductor given a currantae calculated as:

A =l 1 3.8
TCAP[10™ n Ko +T,
tcal’ pl’ KO +Ta
Equation (3.8) can be simplified as:
Acmi = I IK; [{/E 3.9

The diameter of a conductor can be calculated as:

d

sy = 2 3.10
T
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3.4 Asymmetrical currents

If the effect of the dc offset is needed to be udeld in the fault current, the values of the

symmetrical current is found by [7]:

I, =1, (D, 3.11

The decremental factdp,, , can be calculated as:

-2t

-
D, = [1+-2|1-e " 3.12

f

Where
t; : time duration of the fault (s)

T, =— 3.13

The decrement factor is used to determine the tafeecurrent during a given time interval after
inception of a fault.

Table 3.1: Typical values fob

Cycles | Seconds| X/R=|X/R | X/R=4 | X/R=5 | X/R=10| X/R=20| X/R=30 | X/R=40
at 50 Hz 2 =3

0.4 0.00833 1.323 1.380 1.437 1.474 1.576 1.648 751.6| 1.688
2.5 0.05 1.014 |1.050|1.082 | 1.113 | 1.232 1.378 1.462 1.515
5.0 0.10 1.023 |1.037|1.050 |1.063 | 1.125 1.232 1.316 1.378
10.0 0.20 1.012 |1.018|1.025 | 1.032 | 1.064 1.125 1.181 1.232
15.0 0.30 1.006 |1.011|1.016 | 1.020 | 1.043 1.085 1.125 1.163
20.0 0.40 1.007 |1.010|1.014 | 1.017 | 1.033 1.064 1.095 1.125
25.0 0.50 1.004 |1.007|1.010 |1.013 | 1.026 1.052 1.077 1.101
37.5 0.75 1.004 |1.006| 1.007 |1.009 |1.018 1.035 1.052 1.068
50.0 1.00 1.002 |1.004|1.005 |1.006 | 1.013 1.026 1.039 1.052
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3.5 Saoil resistivity measurements

The methods for soil resistivity measurements aseugsed in 2.3. Since Wenner’'s four-pin
method is the most common, only calculations f@g thethod will be discussed.

The mutual resistande is determined by dividing the voltage between the inner probes by
the current of the two outer probes. Using the mlutasistanceR, the soil resistivity can be

calculated as follows [7]:

48R
- 3.14
P 2a a

1+ -
JaZ +4b?  \a? +b?

Where
£ : soil resistivity £2.m)
R : measured resistanc@)(
a : distance between adjacent elecsr@ue

b : depth of the electrodes (m)

If b<<a, the above equation (3.14) can be simplifee

p =27mR 3.15

For small probe spacing, the current tends to fi@ar the surface, but for large spacing, more of
the current penetrates deeper soils. It is thegefeasonable to assume that the resistivity

measure for a probe of spaciagepresents the apparent solil resistivity of degpth
3.6 Ground resistance
One of the first steps in determining the size laydut of the grounding system is the estimation

of the total resistance to remote earth. Resistpricgarily depends on the area of the grounding

system.
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In the early stages of the design, the area tocbapied is usually known. As an approximation,

the minimum value of the substation grounding tasise in uniform soil can be estimated as

[7]:

R, =§\/§ 3.16

Where

R, : substation ground resistanee)(
£ : soil resistivity £2.m)

A : area occupied by the ground gfith®)

Laurent and Niemann proposed a method of calcglatie substation ground resistance by
adding a second term. This equation gives an ulppér of the substation ground resistance.
This proposed equation is:

R =P [T, P 3.17
S aVA L
Where

L, : total burial length of conductors (m)

The total burial length is the combination of trerikhontal and vertical conductors in the grid as

well as the ground rodd., can be calculated as:

L =L +L, 3.18

Where

L. : total length of grid conductor (m)
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L, : total length of ground rods (m)

A better approximation was determined to includedhd depth

1 1 1
R =p —+ 1+ 3.19
’ p{LT JZOA[i 1+h¢20/Aj}

Where
h : depth of the grid (m)

This equations shows that the larger the area laadyteater the total length of the grounding

conductor used would result in a lower ground gesistance.

3.7 Maximum grid current

A portion of the fault current will flow through ¢éhgrounding grid to the earth. This is called the

grid current and must be calculated. The maximuch@rrrent, §, can be calculated as [7]:

I =D, [l 3.20

Where
| ; : maximum grid current (A)
D, : decrement factor for the duration of the fault

|, rms symmetrical grid current (A)

The symmetrical grid current, ,, is the portion of the symmetrical ground faultremt that

g 1
flows between the grid and surrounding earth. éxpressed as:

I, = S, xI; 3.21
Where

| ,: rms symmetrical grid current (A)
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| ; : rms symmetrical grid fault current (A)

S; : fault current division factor

High voltage distribution lines are provided witthieohead shield wires that are earthed at each
tower along the line. Where these shield wirescamenected to the substation earth grid they
divert a substantial portion of the fault curremtag from the station earth grid and can be taken

into consideration in the design of the substagiarth grid [6, 7].

Line 1 Phasze conductor

Orverhead shield wire

iixiii
j

Line 1 I + Line 2| Line3| Line4
mid

F‘".-xm.dé'} Rliea T R—&W—f‘}

Fa

Bgine

B

Figure 3.1: An illustration of distribution line 6

The effect of connected overhead shield wires cardiculated by regarding them as parallel

resistances to the grid resistance, as shownumeig.1. Empirical values of these resistances are

given in the accompanying table 3.2.
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Table 3.2: Empirical Resistance values

Distribution line fitted with| Distribution line fitted with

one shield wire two shield wires
First line with shield wires 7 38
connected
All  subsequent lines with 108 50

shield wires connected

3.8 Fault currents

Many different faults can occur in a system. idificult to determine the fault type and location
that would result in the greatest current flow kestw the ground grid and the surrounding earth.
When determining the applicable faults types, thiebability of occurrence needs to be
considered. It is recommended to consider singke-to-ground and double-line-to-ground faults
[7].

In the case of a double line-to-ground fault, tezsequence fault current is:

E(R, +jX,) 3.22
(R + iX,)O(R, + R +3R, + (X, + X))+ (R iX, )R, + 3R, + jX,)

L

Where

: symmetrical rms value of zero sequence faultesur(A)

o

: phase -to-neutral voltage (V)

A m

: estimated resistance of the fauln(normally it is assumeld, =0)

. positive sequence equivalent system resistange (

D

. negative sequence equivalent system resist#rce (

S

. Zzero sequence equivalent system resistange (

X

. positive sequence equivalent system reactange (
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X, : negative sequence equivalent system react#ejce (

X, zero sequence equivalent system reactanye (

In the case of a single line-to-ground fault, tbeozsequence fault current is:

E

l, = : 3.23
3Rf +R1+R2+RO+J(X1+X2+XO)

R1, R2, RO, X1, X2, andX0 are computed looking into the system from theapof fault.

In most cases, the resistances are ignored, tleugdto-sequence fault current equations are

simplified.

The simplified double line-to-ground zero-sequefaedt current becomes:

E.X
= 2 3.24
X, 0Xg +X,) + (X, +X,)
The simplified single line-to-ground zero-sequefadt current becomes:
I, = E 3.25
X+ X, + X,

3.9 Ground potential rise (GPR)
Ground potential rise (GPR) is defined as: “the mmaxn electrical potential that a substation

grounding grid may attain relative to a distantugrding point, assumed to be at the potential of

remote earth. The GPR is calculated as [7]:

GPR=1, [R, 3.26

Research Project Page 53



Where

R, : substation ground resistance)(

| : maximum grid current (A)

3.10 Mesh potential E,,)

Mesh potential is a form of touch potential. Meshemtial represents the highest possible touch
potential that may be encountered within a sulmsiaigrounding system. Mesh potential is the
basis for designing a safe grounding system inait immediately outside the substation. In
order for the grounding system to be safe, the npegéntial has to be less than the tolerable

touch potential, otherwise the substation ground design needs modification [7].

The mesh potential can be calculated as:

E = m__ i 3.27

Where
£ :resistivity of the earth(¥.m)

L,, : effective burial length (m)

K,,: geometrical spacing factor

K. :irregularity factor

The geometrical spacing factét,,, for mesh potential is:

2
K = T +(D+2[h)— A PRI T 3.28
207 | |160hfd 8D 4d| K, |#(20h-1)
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Where

D : spacing between parallel conductors (m)

d : diameter of grid conductors (m)

h : depth of ground grid conductors (m)

K, : corrective weighting factor adjusting for theeaffs of inner conductors on the corner
mesh

K, : corrective weighting factor adjusting for theesfts of grid depth

The corrective weighted factd<,, is:

A
I

Where
h, : grid reference deptth, =1)

For ground grids with ground rods along the peraneind throughout the grid as well as in the

corners, the corrective weighting facttr, , is:

K, = 3.30

For grids with no ground rods, or a few ground redattered throughout the gird, but none

located along the perimeter or in the cornersctreective weighting factok;, , is:

3.31

SN

—~
N
5

=
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Where the geometric factar, is composed of factons,,n, ,n. , andn,. The geometric factor,

n=n,[n, [n [n, 3.32
Where
2[L
n, = & 3.33
LP
n, =1 for square grids 3.34
n, =1 for square and rectangular grids 3.35
ny =1 for square, rectangular and L-shaped grids 3.36
Otherwise:
S 3.37
n, = :
* Vag/a
0.7A
L, L, e,
n, = 3.38
A
Ny = Dy 3.39
sz + L2y
Where
L. : total length of conductor in the horizontal g¢d)
L, : peripheral length of grid (m)
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D : spacing between parallel conductors (m)
d : diameter of grid conductors (m)

h : depth of ground grid conductors (m)

A: area of grid (rf)

L, : maximum length of grid in the x-direction (m)
L, : maximum length of grid in the y-direction (m)

D,,: maximum distance between any two points on tite(gn)
The irregularity factor, , is used in conjunction with. It is calculated as:

K. = 0644+ 0148(n 3.40

For grids with no ground rods, or a few ground redattered throughout the grid, but none

located along the perimeter or in the cornersgeffective buried length,,, , is:
L, =Lc +Lg 3.41

Where

L, : total length of all ground rods (m)

For ground grids with ground rods along the perenand throughout the grid, as well as in the

corners, the effective buried length, , is:

L
L, =L, +| 155+ 129 ——— ||L_ 3.42
VL% + L2y
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Where

L, : total length of each ground rods (m)

3.11 Step potential E,)

If a grid system is designed for safe mesh potkrtha step potential will be within tolerable
limits. Step potential is usually smaller than toygotential, because both feet are in series rather
than parallel. The body can also tolerate higherecus through a foot-to-foot path, because it
does not pass through vital organs such as the. earthe ground system to be safe, the step

potential has to be less than the tolerable stéggnpal [7].

The mesh potential can be calculated as:

E.= ! 3.43

The effective buried conductor lengtly is:

L = 075[L. + 085(L, 3.44

The step factoK ¢ for the step voltage is given by

S:1{i+ 1 +i(1—o.5“‘2)} 3.45
m|l2h D+h D
Where

D : spacing between parallel conductors (m)

h : depth of ground grid conductors (m)

n : geometric factor composed of factogsn, ,n.and n,
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3.12 Conclusion

The grounding system design mathematical modelepted in this chapter is used to analyse,
design and improve Ruighoek substation’s groundysjem.
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CHAPTER 4: RESEARCH CASE STUDY

4.1 Introduction

Substations take in power from the grid connectiand transform this down to the required
voltages for utilisation. Ruighoek substation iedigs a case study because this substation will
have a fault current increase once Medupi poweiostand Ngwedi transmission station come
onto the grid, and will be converted from 88kV t82kV. Figure 4.1, below, shows the single
line diagram of the Ararat 88kV network. The shadeda depicts the network that will be
converted from 88kV to 132kV. The 132kV network bk supplied from Ngwedi MTS, as

discussed in chapter 1.

FUTURE 88kV & 132kV NETWORK: ARARAT MTS & NGWEDI MTS (2012-2016)
_361MVA (325MVA), Spare=175MVA____ _________________________ 2004
NGWEDI MTS 132kV BUSBAR (2X500MVA 400/132KV TRFR’S) E
N T A : _________________________________
sok ! 3K 14K 48K : :+725XKI
(2016), (2014) :(2014) (2014): ____________ i;fsl)( : :(2015)I
1 - ==
_____1_2016 : I 2012 : § R'-"ghoek ————— 1 r 132kv(2015)
! Shaft 18 | | I IR Convertto 85K .'"I """ I"'._ - _t_27_CL20_1§) - i Mogwase ]
¢ ona ) | 1 = Bakubung - - - (2015) 1< Syn City [ Rebuildto+27 C(2015) 1 BWas€ n/o
e Lo | eSSeEReS- | S S8 - 7~ ~ 1 Industrial .
X . | 133.8 K 8.2 K: L [
| 1 1 014 1(2012) (2013)| 013 e I_l___s_(f_(%OIS) To Spitskop
1 | ."L ————— L—», —————————— y p M 88kV Network
. ' [syife - -~ | impofu | L PauX fso5) | Manyane
1 e L '
3.8 k! : 1£14K 95 K:
(2016): X :(2012) (2015))
! : I ) 15.18
1 [ EZ - 3 o To Marang 88kV Bushar
= SA Chrome == = Boschkoppie |
: DT )2015) TT7 1__P_F3___I 74P N/0[133 K
0.2 Shaft 16
:
13.78 6Kl 6K
) 0.6 615
. . Spare line Bafokeng Millenium }1—{ Shaft 15
‘ Wlinare 4 H Mln;l)ro 2 ‘ (SA Chrome 2) [z 12 Seven c
1 To Trident 88kV Network 6.1 BF
1 15.2 BF 7.8 p|N/O|N/O|N/O 23P
X : 1158
| 36
Phoken C .
238238 ;226312'(): 577 581 86P2| 8.8 35 19.6 I UG 2 I ‘ Wildeplats
! ¢ 13K 118 2.3BF
: 06P 8.1P|83P
X 3452 3452
|
I 572MVA (501MVA), Spare = 129MVA ARARAT MTS 88kV BUSBAR (3X315MVA 275/88KV TRFR’S)

Figure 4.1: Ararat 88kV and Ngwedi 132kV network [2
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Ruighoek substation is situated in North West progj 30km from Sun City and 150km from
Rustenburg. Figure 4.2, depicts the Sun City stibstawhich is a source station. Ruighoek
substation is a load station and an 88kV Hare cotoduine radial feed interconnects the two

substations
Suncity
Substation
8LV HareLine
Ruighoelk B8k Bushar
1x20MVA Ix10MVA
BRIV BBV
¢ Ruighoek22kV Bushar
Customers Loads

Figure 4.2: Case study 88kV network diagram [2].

Ruighoek substation has 1x20MVA, 1x10MVA 88/22k¥rsformers installed, and 1x88kV
Hare line with a shield wire installed.
4.2 Eskom policy for neutral earthing of electricalnetworks

Sections 4.2.1 and 4.2.2 present Eskom’s adoptedygor neutral earthing of electrical
network.

Research Project Page 61



4.2.1 Earthing of transformer HV neutrals

High voltage networks shall be effectively earthadthe source substation. That is, the HV

neutral of the EHV/HV transformers, or the secogd@doad-side) neutral of HV/HV source

transformers, shall be solidly earthed. In manyesassource substation transformers are

autotransformers. The neutral is then common th bwe primary and secondary windings, and

shall be solidly earthed [12]. The HV neutralsadd transformers (e.g. HV/MV transformers, or

the primary-side winding of HV/HV transformers) #hiae operated unearthed, except where

[12]:

a)

b)

d)

f)

The transformer winding has fully graded insulatidme affected transformer’s HV
neutral shall be solidly earthed. Historically, k$2transformer windings have been
specified with fully graded insulation (i.e. thesmainsulation level (BIL) of the neutral
terminal was 110kV). This was amended to partigthded insulation (i.e. the BIL of the
neutral terminal was increased to 250kV). All othmnsformer HV windings have
historically been specified with partially gradedgulation [12].

The transformer is an autotransformer. The transéomeutral shall be solidly earthed.
Single pole tripping is applied on the network. Adansformer HV neutrals on the
affected network shall be solidly earthed.

Network studies determine that, by not earthing esoon all load transformer HV
neutrals, the healthy phase voltages exceed 80#eohominal phase-to-phase voltage
under the condition of a bolted single phase-takear phase-to-phase-to-earth fault on
the network. The results of the studies shall leglus determine which transformer’'s HV
neutrals shall be earthed to avoid overvoltage itiomg [12].

Network studies determine that certain load tramsés HV neutrals must be earthed in
order for the network earth fault protection to dtian adequately (i.e. with adequate
sensitivity and selectivity). The results of thedses shall be used to determine which
transformer’s HV neutrals shall be earthed in tdase [12].

The transformer is supplied via a radial feed dredd is a high risk of single phasing of
the HV line (e.g. in an area prone to conductoftth@he affected transformer’'s HV

neutral shall be solidly earthed.
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In this case, earthing of the transformer HV nduserves to avoid the risk of high
transient overvoltages caused by ferro-resonanaruthe condition of one or two

broken conductors on the supply feeder [12].

Where transformer HV neutrals are left unearthbd, eutral terminal shall be protected by a

suitable surge arrester:

a) For a 66kV, 88kV or 132kV partially graded windinthe neutral surge arrester’s
maximum continuous over-voltage (MCOV) shall be M8kwith a protective
level/maximum residual voltage of 165kV.

b) For a 44kV partially-graded winding, the neutratgaiarrester MCOV shall be 36kV,
with a protective level/maximum residual voltagel@bkV.

The neutral surge arrester is provided so as ttegrahe neutral terminal (which has a lower
BIL than the line terminals) from damage in theecasimultaneous voltage surges entering the

star windings from two or more HV line terminal]1

4.2.2 Earthing of transformer MV neutrals

The neutral point of an MV network shall be resisly earthed under all operating conditions.
This requires that the neutral point be earthedav&iitable neutral earthing resistor (NER). In
the case of a HV/MV power transformer featuringedtaiconnected MV winding, the neutral
point of the MV network shall be provided and eadtby means of a neutral electromagnetic
coupler (NEC) with internal NER, known as a neutesdctromagnetic coupler with resistor
(NECR). It is common practice to include an auxyliMV/LV transformer in the same tank as
the NECR, giving rise to the designation NECRT [12]

4.2.2.1 Fault current contribution per neutral earthing point
In new installations, the NER or NECR for each poihMV neutral earthing shall be specified,

such as to limit the earth fault current contribatper neutral earthing point as follows:

a) In overhead (typically rural) distribution network360A; and
b) In underground (typically urban) distribution netiks: 960A.
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4.2.2.2 Neutral earthing points provided from a common earth mat

In an effort to limit the total earth fault curresntd the associated touch potentials imposed at the
structures of faulted equipment, a maximum of tiM&EC/NECRs shall be applied per overhead
or underground distribution network. Networks, umdihg sections of both overhead and
underground feeders, shall be treated as overhaetarks for this purpose. In cases where each
HV/MV or MV/MV power transformer provides its ownomt of MV neutral earthing, this
requirement effectively limits the maximum numbdrparalleled supply transformers to three
This requirement is derived from the calculatedctoypotentials appearing on the MV earth
electrode at MV/LV distribution transformers in tleeent of a phase-to-tank fault. Medium
voltage industrial supply networks may be providégth more than three points of MV neutral

earthing, subject to agreement between Eskom andftbcted customer(s) [12].

Except where agreed otherwise by Eskom and themest the standard shall be to use 360A
NER/NECRs in these applications. Neutral earthiigv/ industrial supplies shall be in
accordance with SANS 10200. Except in the casdsedtin Sectio.2.2.3below, the neutral
of each MV network shall be earthed from a commarthe mat, usually from the source
substation. This requires that the MV neutralsoafl transformers (e.g. MV/LV transformers, or
the primary-side winding of MV/MV transformers) $hae operated unearthed [12].

4.2.2.3 Neutral earthing points provided from sepaate earth mats

Customers (including embedded generators) requitiegprovision of an additional point of
neutral earthing to an Eskom MV network (for exaeppb facilitate islanded operation of his
plant), and which will not be provided from the samarth mat as the network’s neutral earth
connection, shall do so only with written permissivom Eskom. Two alternative earthing

arrangements may be permitted in this case [12]:

a) The customer operates a switched neutral earth thathithe customer’s neutral earthing
point is earthed no more than 200ms prior to disecting the supply (and the earthing
point) from the Eskom network, and disconnectednfrearth within 200ms upon re-

connection of the customer network to the Eskom hdtvork [12].
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b) The customer provides a permanent point of neetghing, but the NER is sized such
that the total earth fault current contributionnfraghe customer earth(s) is less than or
equal to 10% of the total earth fault current cidmttion from the Eskom source, but no
more than 72A [12].

In case (a), provision shall be made for the deteaif a failed neutral earthing switch, either in
the open or closed positions. The control systeafl golate the customer supply point from the
Eskom network within 500ms in the event that thetre¢ earthing switch fails in the closed

position [12]. In case (b), provision shall be ma&olesuitably sensitive earth fault protection for
both islanded and grid connected operating modéseo€ustomer’s facility.Additional network

earths may not be installed downstream of an ogdta-c¢connected voltage regulator, as the
regulator causes a neutral voltage shift whichldisteaes circulating current between the distant
earths, dependent on the regulator tap number.appécation of three single-phase regulators

avoids this problem [12].

4.3 Ruighoek substation

Ruighoek substation is an 88kV Eskom Distributiabstation. The substation has two star/delta
transformers, 88/22kV 1 x 20MVA and 1 x 10MVA. Thkabstation serves a semi-rural area
with mixed load, comprising farmers and a few light large industries. Ruighoek substation is
currently supplied through 30km 88kV Hare line fraghe Sun City substation. The power
transformers installed in this substation hatar-delta connection and their HV neutrals are
solidly earthed. Earthing of the transformer HV tnaluserves to avoid the risk of high transient
overvoltages caused by ferro-resonance under thaitcmn of one or two broken conductors on
the supply feeder. Solid grounding refers to the@nemtion of the HV neutral transformer
directly to the earth mat [12]. The installed tfansers at Ruighoek substation are partially
graded insulated, and the neutral are solidly edrtiivhen the neutral is kept unearthed, a surge
arrester must be connected between the neutrakarti mat. The idea of installing a surge
arrester in the neutral is that it is assumed wdndéightning strike hits the line, the surge will be
equal and in phase on all three phases and belewnsulation level of the surge arrester

mounted on the phase terminals of the transformer.
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When the surge reaches the neutral it will add ngb double when reflected back to the neutral
point. The surge arrester is thus installed to pldhe voltage to a safe level in order to protect

the neutral from internal flashing [12].
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Figure 4.3: Existing Ruighoek substation singletle diagram [2].

In this case the HV/MV transformers feature a detianection MV winding. The neutral point

of the MV network is provided and earthed by meainan NEC with internal NER, known as a
NECR. The auxiliary MV/LV transformer is included the same tank as the NECR, giving rise
to the designation NECRT [12].

The NECRT for each point of MV neutral earthingsgecified such as to limit the earth fault

current contribution per neutral earthing pointakws [12]:

1. In overhead (typically rural) distribution network&60A; and
2. In underground (typically urban) distribution netks: 960A.
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The NECRT is a ZN-connected winding used for atfiy providing a neutral point in a
system where a system neutral point is not othervagailable, and capable of passing a
specified zero sequence earth fault current fquexiied duration of time when connected to a

system of specified rated voltage [11,12].
The principal objectives of the system neutraltgag are as follows [12]:

a. To stabilise the phase-to-earth voltages;

b. To limit transient overvoltages and to reduce aydamage at the point of a fault; and

c. To enable the operation of protection equipmentHerisolation of faulty equipment and
circuits by allowing an earth fault current of adate magnitude to flow to the point of

intentional earthing during the occurrence of arhefault.

The applied resistive earthing in this substatietuced earth fault current magnitude (typically
300-900A), lowered the degree of damage at fauibtpand caused no damage to feeder

equipment and, most importantly, reduced the stag-touch potentials [12].
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Figure 4.4: Existing Ruighoek substation earth awatfiguration [2].
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Ruighoek substation has a grounding grid of 65 m4&d5.74 x 3.4square meshes of
horizontal grid solid round copper conductors bdiragout 1m below ground level. The grid
extends over the whole area occupied by the sudnstadll metalwork in this substation (steel
structures, gutters, fences, etc.) are bondedeteainth grid so that a direct low-resistance path t
ground is provided for short-circuit currents. Fhogk substation has yard stone of between 25-
38mm in size, and wet resistivity of 3000 ohm maeikeer the whole area occupied by the
substation, and this serves to increase the rasista the accidental circuit (through the person)

to limit the current to safe levels.

This means that less current will flow through gegson per unit voltage, thereby increasing the
step- and touch voltages that can be toleratechbyperson. Secondary advantages are that it
limits weed growth and limits the rate of evaparatfrom the soil, thereby improving (reducing)

soil resistivity. This, in turn, improves the effeeness of the earth grid

Table 4.1: Substation Parameters

Description Size Unit
High Voltage 88 kV
Medium Voltage 22 kV
Transformers 10 and 2QMVA
HV(3- Phase fault current) 1.94A
HV(1- Phase fault current) 1.0%A
MV(3- Phase fault current) 4.46kA
MV(1- Phase fault current) 720A
Switchyard operator 50kg
Resistivity of the crushed rock layer 300Q.m
Grid buried depth Im
Fault clearing time 0.5s

The information presented in table 4.1 will be ussdthe base for the analysis of the existing

grounding system, as discussed in section 4.4.
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4.4 Existing grounding system design

The analysis of the existing grounding system &sented in this section. Visual inspection of
existing substation earth electrodes, measurenfestilistation earth electrodes resistance and

soil resistivity are discussed.
4.4.1 Visual Inspection

It is of utmost importance that the condition of #arthing system is verified visually. This is to
confirm that the grid conductor cross-sectionalaaise not being affected by corrosion and is
adequate, considering the design earth fault cun@gether with the maximum earth fault

duration applicable.
The following were inspected visually:

= Condition of the surface layer material (e.g. carsstone), is free of fines and soil and is
at least 100mm thick as per standard.

= There are no loose or otherwise faulty connections

= There are no stolen or missing earth tails

= Visible earthing conductors and connections atkistgood condition

= Earthing bonds to equipment are still in good ctadi

= Metal structures, particularly fence at ground leaee inspected and no sign of corrosion

is visible.

Visual inspection of the main earth grid and comnioes is performed. This is done by
digging a number of test holes (see figure 4.5).

Research Project Page 69



Figure 4.5: Existing earth electrodes

No corrosion could be traced in all test holes. €agh grid cross section area and connections

are still adequate to sustain the design earth ¢autent.
4.4.2 Earth electrode resistance measurement

The earth electrodes resistance (also commonlyreeféo as the grid resistance) is measured to
verify the resistance between the earth electrodietraue earth. The fall of potential method, as

shown in figure 4.6, is used to measure the resistaf the existing earth grid.

Supply

)
N
V)
J N

Ci Py L i @ C:

Figure 4.6: Fall of potential method of measuriagle resistance [7, 13].
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Where probes Cand R are connected to the same point in the substatotih grid, probe £is
connected 180m ¢ away from the edge of the earth grid and probeisPconnected at

prescribed distances. Measurements were takeroagish table 4.2.

Table 4.2: Measured resistances

Probe Spacing Distance [ Resistance (Ohm)
Ra [ 10% L, 18 0.55
Rb | 20% I, 36 0.78
Rc [30% L, 54 0.91
Rd | 40% L, 72 1.05
Re | 50% L, 90 1.14
Rf | 60% L, 108 1.2
Rg [ 70% L, 126 1.24

The earth resistance was measured at seven sepasitons of the potential spike. The

following resistance curve is obtained:

Resistance vs Distance
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Figure 4.7: Earth resistance curve
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To determine the curve slope coefficietat, the change of slope of the earth resistancescu

R -R; 12-105

= = 0.62962963
R,-R, 105-078

was measuredy =

Using table 8.1 il\ppendix B, % =0.6089=0 Dr =0.6089x180=109602n was obtained

2

Ryiqat D7 =109602m was measured and,;; = 102Q obtained.

4.4.3 Soil resistivity measurement

The measurements of soil resistivity constituteliasis of the grounding study and are therefore
of primary importance. The Wenner four-pin methasl,shown in figure 4.8 below, was used to
determine the soil model (top, bottom soil layesistvities and soil top layer thickness) in the
vicinity of the substation, taking into account pitde factors that will influence the accuracy of

the results.

NN | A
IR/ /AN, b////.

Figure 4.8: Wenner four-pin method [7].

The four-pin method is one of the accurate methindpractice for measuring the average

resistivity of undisturbed earth.
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The following measurement procedure is followed:

a. Four test probes are driven into the soil in aiglitaline at equal distancesand to a
depth of not more than 10% af(refer to figure 4.9).

b. The leads between the measuring instrument angtebes are connected, as shown in
figure 4.9. Care is exercised to ensure that thelated leads are in good working order,
as damaged or non-insulated leads may result orrect values being recorded.

c. The earth tester is operated and resistance measot&, is recorded.

d. The average soil resistivity to a deptd, in the vicinity of the voltage probes is
calculated according to the following relation:

Average resistivity to deptD:

p=2[nlalR Q.m] 4.0

Wherea is the test probe spacing in metres Bnid the earth tester readings in ohms. The depth,
D, is given as eighty percent of the probe spadiegld = 0.8 xa).

- o a o a
I " [
10
C1 P1 P2 Cc2
o dod
N \:’ . Cl1P1P2C2
EARTH TESTER

Figure 4.9: Wenner arrangement [12]

Readings are taken and resistivity calculated fogpessively widened probe spacings to obtain
resistivity values at various depths. The centrsitfpm of the spike system is kept constant
whilst the probe spacings are increased. The valsed fora are as shown in table 4.3. The

depth to which the test probes are driven was nexee than 10% of the spacingbetween the

electrodes.
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The specific deptH), for a given spacing, is calculated as:
D=08Ila 4.1
Geometric factor given bK =2[71la 4.2

The two sets of readings are taken diagonally actios site, maintaining the centre position of
the probes (refer figure 4.10).

Figure 4.10: Direction of soil resistivityeasurement on site

The soil resistivity measurements were made invibmity of the substation, since it will be

impossible to detect within the existing substatidne to interference from grounding system
conductors. The shortest measurements were dosariple shallow depth soil resistivity. The
measurements are therefore indicative of local aserf soil characteristics. The longer

measurements were done to sample the soil regystivgreater depths. The results are tabulated
in table 4.3.
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Table 4.3: Soll resistivity survey measurement ltssu\Wenner method

Probe Tester Tester Average Geometric Resistivity
spacing reading1l |[reading2 [Resistance Factor K Q.m
a(m) R1(Q) R2(Q) R3(Q) K=2'm-a p=R3.K
1.0m 12.2 12 12.1 6.28 75.988
2.0m 12.1 11.9 12 12.57 150.84
3.0m 11.29 11.31 11.3 18.85 213.005
5.0m 10.94 10.9 10.92 31.42 343.1064
10.0m 8.18 8.22 8.2 62.83 515.206
15.0m 5.43 5.45 5.44 94.25 512.72
20.0m 4.3 4.44 4.37 125.66 549.1342
30.m 2.57 2.71 2.64 188.5 497.64
40.m 1.61 1.59 1.6 251.8 402.88
50.m 1.57 1.55 1.56 314.1 489.996

Two sets of soil resistance measurements are t@kenR, and R), and average @R is

calculated and used to determine the soil restgtivi

For most power system grounding problems, it ha&neund in practice that a horizontal two -

layer stratification is a good approximation of tieal earth structure [6, 7].

The two-layer model is illustrated in figure 4.11.

f——f——f—

a a a

V% A L B I NN N
h P, Toplayer
777 N ANNN

Bottom Layer

Figure 4.11: Two layer earth model

» h-thickness of top layer (m)
= pl- resistivity of top soil layer(gm)
= p2-resistivity of bottom solil laye¥m)

* a- probe spacing (m)
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Autogrid Pro software was used to determine thistiegies of the top and bottom soil layer, as

well as the thickness of the top layer. Resultd@pelated in table 4.4.

Table 4.4: Autogrid Pro Results [16].

Layer Number |Resistivity(Qm) Thickness (m)
Rhol 125.8 1.9
Rho2 495.5 Infinity|

The top layer is 1.9m thick and the earth grid igridd in it, with soil resistivity of

p1=12580m, and bottom layer has solil resistivity of 498rB. Vertical rods installation will

not be considered, because the bottom layer hassoigresistivity.

Grid resistance is given by the following equation:

R =g L+t (14, ! j 4.1
9 L, +20A0" 1+hJ20/A '

=0R, = 1040

1 1 1
Rg =125, + 1+
1515 ,/20x3185 1++4/20/3185

Note: parameters in equation 4.1 are calculategdation 4.4.4, in detail.

It can be deduced that the grid resistance valusssared in section 4.4.2 are comparable to the
one calculated in section 4.4.3, with a small eofdess than 2%. The soil structure is therefore

a good approximation of the true earth.

4.4.4 Existing substation earth grid analysis:

The standard Omm? round copper was used to construct the existiniiy @aat.
Grid parameters:

- Grid length = 65m and grid width = 49m,

- Distance between parallel conductordig = 574m,

- Distance between parallel conductorBjs= 3.4m.
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» Calculate the number of conductors perpendiculénedength,

L L
> D, = 0Q, == +1=22 4+150Q, = 1232 4.2
Q -1 D 574

X

» Calculate the number of conductors perpendicul@neovidth,

L L
> Dy=— Q== +1=22 +10Q, = 1541
Q -1 D, = 34

y

4.3

Therefore, total conductor length i&; :(LX [QX)+ (L, [Q)) 4.4

0L, = (65x1232) + (49x 1541) =155624m

Area occupied by ground grid 8= L, [L, =65x49=31851" 45

and the depth of the grid ls=1m

From equation 4.1,

102= p{ =0 p=122990m

1 1 1
+ 1+
1515 \/20><3185( 1+1/20/3185H
Eeep = 1p [(R, + 6.0, [C,) (Tolerable step voltage) 7 4.

Where |, is the safe body currenf =100d2 body resistancep, =300d2.mcrusher stone

resistivity andC.is the surface layer derating factor.

1, =9110 sa =055 =1, =210 0164a, 4.8
Jte Jo5
009(1- ) 0091 - 12229
_=1- s =1- 3000” _ 5958703 4.9
2h, + 009 2x1+ 009
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From equation (4.6),) Ey,, = 01641000+ 6x3000x 0.958703=2994V  and

Eon = b [(R, +150.[C,) (Tolerable touch voltage) 4.10

touch —

0 E,,, = 0164x (1000+ 1.5x 3000x 0.958703=8715V

touch —
The maximum grid current is given by the followieguation:

ls =D xS; xI 4.11

Where: D, is the decrement factor for the entire duratiorthef fault, S; is the current division

factor andl ; is the RMS value of the symmetrical ground curféqt

S, ZRRI—&IR' Note n, =1(number of lines connected to the substation) efioee use  4.12

rest + g
R« = 7.3Q, the resistance associated with the overhead, leegrnal earth electrodes and

earth mat.

7.3

O0S =———
7.3+1.02

=0.877404and D, =1010(from table 3.1)

From equation (4.11), the grid is:

Ol =1010x0.877404 1050= 09XKA
Ground potential rise iISPR=1; [R, = 093x1000x 102=9486V 4.13

The mesh potential is given by the following eqomati

_IamexKile
" L

c

E , 4.14

Where: K is the geometric factor anl{,, is the corrective weighting factor that adjusts tfoe

effects of inner conductors on the comer mesh.
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2 2
Kn = o | - +(D+2xh) K, 8 4.15
2T 16xhxd 8xDxd 4xd | K, m2xn-1)

And K, = 4.16

The number of parallel conductors of an equivalesttangular grid is represented by the

following equation:

n=n,xn, xn,xn, 4.17
Where:
L, =2x(L, +L,)=2x (65+49) =228n (peripheral length of the grid) 4.18

_2xL, _2x155624

On, = 1365, 4.19
L, 228
L 228
n, = P_ = = 1005, 4.20
" “VaxJA | 4x43185
07xA 07x3185
= L, x Ly LaXLy :[GSX 49} 65049 1 421
A 3185
Dy, =+ L% + L2, =/(65% + 49%) = 814m 4.22
D, 814
NS 7. 814
L% + L2, 4.23
On=n, xn, xn, xn, =1365% 1005x1x1=1372 424

K, =+v1+h=+/1+1= 1414, is the corrective weighting factor 4.25
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And from equation (4.16)) K, = 1 > = 1 >— = 062
(2n)n (2% 1372)w7

Also from equation (4.15):

1 {In{ 574 (s74+2x1)’ 1 }r 062 In[ 8 ﬂ

K. = X
™ 2x 3142 16x1x 0010 8x574x 0010 4x 0010| 1414 3142x (2% 1372-1)

0K, =079

The correction factor is given by the following atjon:

K, = 0644+ 0148xn= 0644+ 0148x 1372= 267 4.26
From equation (4.14), OE, = 12299% 0.79x 267 093)(1000:155.03/
155¢.24
And the step potential is represented by the fahgvequation:
E, = 27K e 4.27
LS
Where:
1/ 1 1 1 neon | . :
K== + +—@-05"") |, is the spacing factor for step potential 284
m2xh D+h D
=t f 1105 =026
3142| 2x1 574+1 574
And effective lengthl, = 0.75% L, + 085x% L, = 075x155624=116718m 4.29
From equation (4.27)] E, = 12299x 026 2_.67>< 093x1000_ 6803/
1167.18
Page 80
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The following must be true for the earth grid todade:

- Mesh potential < Safe touch potential limit
- Step potential < Safe step potential limit
- GPR < bkV

Table 4.5: Existing ground grid results

Safe Mesh Safe Step Ground Ground
touch potential step potential | potential potential
potential (actual) potential (actual) rise rise (actual)
limit limit limit

871.5V 155.03V 2994.1V 68.03V 5000V 948.6V

[0 The existing grounding system is sufficient ancedaf existing fault current/levels.

Eskom maintains an insulation level of 5kV rms fréime HV earth electrode to the customer
MV earth electrode. This implies that substationRGHIl not be transferred in the case of MV-

fed customers [6].

Telephone land
line service

Phase to ground
fault in the
substation

Al
5000 Volt O.Ssec/

Figure 4.12: An illustration of transferred GPR §3,
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Figure 4.12 illustrates one of the potential haaasdsituations that substation designers have to
avoid. When services such as telephone connecshased by other customers are directly
connected to a substation, it poses a potentigathto the customers on the service. This
situation can be avoided by inserting isolatiorifeces between the external connection to the
substation and the substation. A more difficuliaiion to deal with is the case where customers
who receive power directly from the utility substat at MV voltage and have their own
substations from where they transform and distelquibwer directly to their plant. In most of
these cases it is not possible to decouple theomgsts installation from Eskom’s substation
earth grid and GPR [6, 8].

It is very difficult, or impossible, to separateesie earth electrodes, as armoured cables
interconnect the systems. The substations are afenso close to each other that, even if it
were disconnected by some means, the GPR will stilltransferred by means of coupling
through the ground. One positive benefit of thisation is that the net earth electrode resistance
is in this case lowered by the parallel connechbetween the earth electrodes of the utility, the
customer substation and any incidental electrdu&sthe customer may have in his plant.

In this case it is imperative to either separatedhstomer earth, or for the customer to maintain
similar step- and touch potential design principldsen designing power substations in the
customer’s plant. Separation HV and MV earth eta#s are in many cases not possible for

example in the case where MV motors are used ipltr [6].

4.5 Grounding system design with increased faultaicrents

Due to increased load demands, new generation emwae added to the transmission and
distribution network. This increases fault currentensities, both three-phase and phase-to
ground, throughout the power system. Figure 4.1Bictke a new network configuration.

Ruighoek substation is converted from an 88kV takM3substation and the existing 88kV Hare

line radial feed is upgraded to 2x132kV Kingbindds firm supply.
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Suncity Substation [ Converted from 88kV to 132kV)

Ngwedi MTS (Main Source )

aur smanpuog pagbund ANZEL

132KV Kinglrird Conductor Line

Ruighoek Substation 132/22kV 2 x 20MVA

Figure 4.13: New 132kV network diagram

The fault current intensities increased due to netweconfiguration, and the single phase fault
current increased frorh, = 105(A tol, = 114KA.

Table 4.6: New substation parameters

Description Size Unit
High Voltage 132 kV
Medium Voltage 22 kv
Transformers 20 MVA
HV(3- Phase fault current) 13.9&A
HV(1- Phase fault current) 11.4&A
MV (3- Phase fault current) 9.3%kA
MV(1- Phase fault current) 720A
Switchyard operator 50kg
Resistivity of the crushed rock layer 300Q.m
Grid buried depth Im
MV overhead lines 22kV
Fault clearing time 0.5s

Ruighoek substation will be converted from 88/22W%20MVA and 1x10MVA to 132/22kV
2x20MVA and 8x22kV overhead lines. It will be sugdl through loop in, loop out 132kV
Kingbird (rated at 120MVA) lines, replacing a sia@8kV Hare (rated at B0MVA) line.
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The new substation parameters are shown in taBleadd will be used to analyse the existing
grounding system. The new single line diagram foigRoek substation is shown in figure 4.14,
which encapsulates the new feeder bays connectttetd32kV Kingbird lines and 132/22kV
20MVA transformers Customers are fed from overhead MV lines and th&totoers’ earth
electrodes are decoupled from utility substatiorthealectrode, because there is simply not any
direct galvanic connection. MV lines do not haveéekhwires, and even if there were shield
wires, the design of the MV-LV transformer instéitba is specifically done to prevent the

transfer of fault GPR to customers [6].
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Figure 4.14: New Ruighoek substation single elearagram

The rms symmetrical ground fault current is 11.46&8 shown in table 4.3. The number of lines
that will be connected to Ruighoek substation agevétli — Ruighoek 132kV Kingbird line with
two shield wires and Sun City — Ruighoek 132kV HKind line with single shield wire

respectively. Both lines will be build paralleléach other.
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These overhead ground wires will be connected & ghbstation ground, and a substantial

portion of the ground fault current will be divedtaway from the substation ground grid [7].
4.5.1 Ground potential rise analysis

The resistance associated with overhead linestreftearth electrodes and earth mass is defined

by the following equation (refer to page 51):

Rr —_ RLl [ RLZ
est

= 4.30
RL1 + RIZ

The distribution lines are fitted with two shieldres. The resistance values used are obtained
from table 3.2.

_ 35[106 _

OR, =— = = 26310,
35+10.6

The current division factor (split factor) of thgnsmetrical fault current to that portion of the

current that flows between the grounding grid amdainding earth, is calculated below.

From equation (4.12):

5 = e o 2631 050604
Re +R, 2631+102

Part of the fault current flows back over the owearth ground wires to the source (Ngwedi MTS),

thereby reducing the grid current, as calculatddvibe

From equation (4.11):

|, = 1010x0.720624 1146 = 834KA,

GPR is proportional to both the current flowing time ground grid and the equivalent grid
impedance. The split factor is added in the catmria.

Research Project Page 85



From equation (4.13):
OGPR=1, xR, = 834x102=85kV

It can be seen that, even though the grid curradtdecreased because of the split factor, the
GPR is still above the safe limit. This means tpatund potential rise in case of ground faults
may cause dangerous voltages between telecommioni@td local ground. The GPR, as well
as distribution of the earth surface potential wgithe current flow in the grounding system, are
important parameters for the protection againstteteshock. This transferred potential may be
transmitted by communication circuits, metal pipastallic fences and low voltage neutral wire.
Since Ruighoek substation does not have teleconuation circuits, metal pipes, metallic
fences and low voltage neutral wire directly codpie the adjacent substation earth electrodes,

the aggravated GPR due to an increase in faultsrlis not relevant.
4.5.2 Mesh potential analysis

The allowable touch voltage is calculated in edqureti 4.10. Mesh potential represents the
highest possible touch potential that may be entewad within a substation’s grounding system.
Mesh potential is the basis for designing a safeigding system inside and immediately outside

the substation.
From equation (4.14):

_12299x% 0.79x 267x 834x1000

Em
155624

=13902W,

The calculated mesh potential exceeds the touchnpat tolerable value of 871.5V by 63%.

This implies that substation ground grid is unsafegerson standing while at the same time
having his hands in contact with a grounded stmactull experience unsafe touch potential of
63% more than the allowable touch potential. THetgaof a person depends on preventing the
critical amount of shock energy from being absorbetbre the fault is cleared and the system

de-energised.
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In this case the magnitude and duration of theeciirconducted through a human body can

cause ventricular fibrillation of the heart, sirtbe tolerable value of touch potential is exceed.
4.5.2 Step potential analysis

The allowable step voltage is calculated in equatid.7. For the ground system to be safe, the
step potential has to be less than the tolerable gbtential, so that the critical amount of shock
energy that a person will experience is preven&fdrb the fault is cleared and the system de-

energised.

From equation (4.27):

_12299x 026x% 267x 834x1000
® 1167.18

E =610V

The calculated step potential is less than therdble step potential value of 2994.1V. This

implies that the substation ground grid has saé@ giotential. This means that a person can
bridge a distance of 1m with his feet in Ruighoelbstation without contacting any other

grounded object and without being exposed to dangestep potential. It clear that there is no
safety concerns regarding step voltages in andhdrthis substation.

The grounding system safety analysis is based enstep and touch voltage criterion. The
maximum driving voltage of any accidental circugtgp or touch voltage) should not exceed the

maximum permissible limits.

Table: 4.7: Summary of results

Particular Unit Result
Grid resistance Q 1.02
Max. grid current (case 1) kA 0.93
Max. grid current (case 2) kA 8.34
Tolerable GPR Volts 5000
Actual GPR (case 1) Volts 948.6
Actual GPR (case 2) Volts 8510
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Tolerable step voltage Volts 2994.1
Tolerable touch voltage Volts 871.5
Actual step voltage (case 1) | Volts 68.03
Actual step voltage (case 2) | Volts 610.1
Actual touch voltage (case 1) Volts 155.03
Actual touch voltage (case 2) Volts 1390.27
No. of conductors in X- 12.32
direction

No. of conductors in Y - 15.41
direction

Total length m 1556.24
Safety (case 1) - Safe
Safety (case 2) - Unsafe

The safety characteristics of a substation groupndiystem depend upon the actual step, touch,
and mesh voltages being less than or equal to dlegable potentials. Table 4.4, shows a
summary of results, whease lrepresents the results of the existing groundysgesn before
increase in fault current arghse 2represents the results of the existing groundirsgesn with
increase in fault current. It can be seen thattgafbaracteristics of a substation system are

satisfied incase 1 but incase 2are not all satisfied.

4.6 Conclusion

Eskom has power distribution improvement and exipanglans to reinforce its power
distribution system to accommodate load growthhim future. The plans consist of construction
of Ngwedi MTS, distribution substations, sub-tramssion lines and installation of new
equipment (e.g transformers, circuit breakers)sTéxpansion plan will increase the effective
short-circuit current at the Ruighoek substationbsfation earthing plays a vital role in the

safety of the environment when a phase-to-grouatd éecurs in or close to the substation.
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This impact on the safety of staff inside the satish, as well as the safety of staff of
substations and the factories of customers condéotthe faulting substation. The two layer soil
structure is used as a good approximation of takearth structure. The ground grid design for
Ruighoek substation is examined with the main dbhjecto assess its grounding system
condition in terms of GPR, step- and touch poténfihese three parameters are analysed to
ensure that they satisfy the safety criteria defimethe IEEE Std. 80-2000, with two scenarios
classified by fault levels: 1.050kA for the exigfinonfiguration, 11.46kA for expansion plan or
future configuration. The existing grounding systsnable to support the 1.050kA short-circuit

current. The GPR, step- and touch potential catare satisfied.

The grounding system of the future configuratiomsloot satisfy all safety criteria, except the
step potential that is within the safe limit. Theognd potential rise and touch potential are
aggravated by the increased fault currents, butescustomers earth electrodes are decoupled
from Ruighoek substation earth electrode, the eftéaggravated GPR due to an increase in
fault currents is not relevant in this case stutlige touch voltage in the substation area is
considerably higher than maximum allowable touchage. Therefore the existing grounding
system with increased in fault current does not migrnwith all safety requirements. Overhead
line earth wires which are connected to the suiostagarth grid, diverts part of the earth fault
current to the tower footing earthing and to thewrse. The step and touch voltages are
dangerous for human body, because human body ntaglepric shocks from step and touch
voltages. Therefore it is important to have stegh mnich voltage lower than the tolerable values.
The existing earth grid visual inspection was dand no sign of corrosion was found, therefore

the existing grid conductor will still be re-used.
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CHAPTER 5: POSSIBLE DESIGN IMPROVEMENTS

This chapter presents the possible remedies timabeapplied to compensate for the effects of
high fault current on the existing grounding systémnly possible remedies for touch potential
will be investigated, since step potential is witkiie safe limit and GPR is irrelevant in this case

study.
5.1: Grid design improvement
Touch potential is the potential difference betwdba grid potential rise and the surface

potential at the point where a person is standiigle at the same time having his hands in

contact with an earthed structure, as shown indéidul.

O
J
I Ry 2
— I
AN A'NA ‘—| |
\ R] R:;
R/ N Touch "
. Potential
A |
R, R,

Figure 5.1: lllustration of touch potential [12].
Limit of safe touch potential is defined by equat10:
0116

o

The mesh potential is the maximum touch voltageetdound within a mesh of an earth grid.

I (R +05[R.) = (1000+15p.C.)=E

touch
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Figure 5.2: lllustration of mesh potential [12].

Mesh potential = Voltage across a man standinghen dentre of the mesh and touching a

structure bonded to the earth grid some distan@y aas denoted in figure 5.2.

xK xK. x|
Mesh potential limit =I , (R, + 05[R. )= P mL ¢ =E,_ from equation 4.14.

C

Ruighoek substation has an existing grounding gfi®5 x 49m andb.74 x 3.4meshes of
horizontal grid solid round copper conductors with32 conductors in X direction and 15.41
conductors in Y direction buried about 1m belowuyd level, as shown in figure 4.4. The grid
is extending over the whole area occupied by thststion. Driving deep vertical rods along the
grid perimeter will not be considered in this catedy, because the bottom soil layer has higher
soil resistivity compared to the top soil layer.eTimaximum allowable touch and step voltages
are the criteria that should be met to ensure @ gedunding system, but since touch voltage
criteria is not met the grounding system is deemneshfe. The maximum touch voltage within
the grounding system is 1390.27V, which exceedsrtagimum acceptable touch voltage limit
of 871.5V.
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The iterative calculations of touch and step paddr@ire done and results are tabulated in table

5.1, five cases of calculation are presented.

Table 5.1: Grid parameters

Factors | Case A Case B Case C Case D Case E

Ly(m) 49 49 49 49 49
Le(m) 65 67.5 70 72.5 75
A(m?) 3185 3307.5 3430 3552.5 3675
Qx 12.32404181 28 29 30 31
Qy 15.41176471 | 15.41176471 | 15.41176471 | 15.41176471 15.41176471
Li(m) 1556.239188 | 2645.176471 | 2785.176471 | 2930.176471 3080.176471
Lo(m) 228 233 238 243 248
n 13.71928773 | 22.85081673 | 23.59069355 | 24.34765382 | 25.12091319
Ki 0.617042982 | 0.715674864 | 0.721271991 | 0.726748269 | 0.732098941
Kin 0.78995093 | 0.575135239 | 0.575286728 | 0.575436738 | 0.575585075
Ki 2.674454585 | 4.025920876 | 4.135422645 | 4.247452765 4.361895152
I6(A) 8.345835572 | 8.494879209 | 8.503982178 | 8.545529988 | 8.585324422
GPR 8.494879209 | 8.193058559 | 8.078795488 | 7.969483201 | 7.864784045
Em(V) 1393.473199 | 910.8546844 | 893.3953377 | 876.6801449 860.668007
Ks 0.261802987 | 0.261802987 | 0.261802987 | 0.261802987 | 0.261802987
Ls(m) 1167.179391 | 1983.882353 | 2088.882353 | 2197.632353 | 2310.132353
Es(V) 615.7218414 | 552.8310202 | 542.0915427 | 531.8104931 | 521.9626886

Case A:

In this case, based on the results in table 5€el sthbstation is not able to support the 11.46kA
short-circuit current with the existing ground gdanfiguration. The touch potential is more than
the tolerable touch voltage limit of 871.1V, by 63%

Case B - E:

From case B to E, the number of conductors in Xdlion is increased gradually from 12.32 to
31, while the number of conductors in Y directianleft unchanged. The spacing between
parallel conductors in X direction is decreased2tdm, while spacing between parallel

conductors in Y direction is kept unchanged. Thiplies that the area occupied by the grid and

the total length of buried conductor increases.
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In turn the touch potential decreases to the safi bf 860.7V. It can be seen from table 5.1,
that step- and touch potential continuously redwadesn the grid area increases, and the spacing
between parallel conductors is reduced. The nunabeconductors in Y direction is kept
constant, because is not possible to extend tldeageia in Y direction, due to the limited space
on site. The most cost effective extension is ididéction. It is of interest to note that, from the
results, GPR reduces, as well as the grid areaases, but the GPR is not considered, because it
is not relevant in this case study. The existinghealectrodes will be re-used since they are still
in good condition.

Table 5.2: Summary of Results

Particular Unit Result
Grid resistance Q 1.02
Max. grid current (before) kA 0.93
Max. grid current (after) kA 8.34
Tolerable GPR Volts 5000
Actual GPR (case 1) Volts 948.6
Actual GPR (case 2) Volts 8510
Tolerable step voltage Volts 2994.1
Tolerable touch voltage Volts 871.5
Actual step voltage (case 1) Volts 68.03
Actual step voltage (case 2) Volts 610.1
Actual step voltage (case 3) Volts 522V
Actual touch voltage (case 1) | Volts 155.03
Actual touch voltage (case 2) | Volts 1390.27
Actual touch voltage (case 3) | Volts 860.7
Safety (case 1) - Safe
Safety (case 2) - Unsafe
Safety (case 3) - safe
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Table 5.2, shows a summary of results, whemee 1lrepresents the results of the existing
grounding system before increase in fault curreate 2represents the results of the existing
grounding system with increase in fault current aase 3representing an improved grounding
system with increased in fault current . It cansken that safety characteristics of a substation

grounding system are satisfieddase land3.

The grid area increases from A = 65m x 49m = 318&MA = 75m x 49m = 3675m the
substation is extended in X — direction by 10mhwitinimum horizontal spacing of 2.5m. Area
occupied by the grounding grid has major effecstap- and touch potential. Thus, the step- and

touch potential decreases significantly with insexhgrid area.
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Figure 5.3 An Improved Ruighoek substation ear#t configuration
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The number of conductors parallel to the length tanithe width of the earth grid determines the
size of the grid meshes. The size of the grid mes$las a strong impact on the step and touch
potentials that will arise under fault conditiodgiding conductors and thereby reducing the size
of the meshes results in a reduction of step anchtpotentials. By employing closer spacing of

grid conductors, dangerous potentials within tHesgation are eliminated.

5.2 Conclusion

It can be concluded that step- and touch potewt@al be improved by increasing the area
occupied by the grid, as well as decreasing the&biotal spacing of parallel conductors. This
means that step- and touch potential is inversedpqrtional to the area occupied by the grid,
and directly proportional to the horizontal spaciofy parallel conductors. An improved

grounding system is able to support the 11.46KkArtsticcuit current. This improvement

involved reducing the horizontal spacing betweenthealectrodes and increasing the grid area,
which was very effective in reducing touch potentaand therefore the calculated touch voltage

is much lower than the tolerable limits and thisum satisfies the safety criteria.
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CHAPTER 6 — CONCLUSION

The effects of increased fault currents on an exjssubstation grounding system have been
studied. It was found that ground potential risel anuch potential were aggravated by the
increased fault currents. In order to effectivetgyent hazardous situations in substations upon
increased ground faults on the existing groundipstesn, a safety-based design of the grid
should be implemented. In addition, it is of paramoimportance to be aware of the present
ground-fault current levels at the customer’s plastthey should not exceed, due to increased

power flows on the existing utility transmissiordagistribution assets.

The ground grid design for Ruighoek substatiorxengined with the main objective of assessing
its grounding system condition in terms of GPR,pstand touch potential. These three
parameters are analysed to ensure that they sHies®afety criteria defined in the IEEE Std. 80-
2000, with two scenarios classified by fault levelsO50kA for the existing configuration,
11.46kA for expansion plan or future configuratidrne existing grounding system is able to
support the 1.050kA short-circuit current, and @R and step- and touch potential criteria are
satisfied. The grounding system of the future gpunation does not satisfy all safety criteria,
except the step potential that is within the safetl This case study showed that, the ground
potential rise and touch potential are aggravatethé increased fault currents. Since customers
earth electrodes are decoupled from Ruighoek stidastaarth electrode, the effect of unsafe
GPR due to an increase in fault currents is nosiciemed.

Improvement measures have been proposed and shbatestep- and touch potentials can be
improved by increasing the area occupied by thd, gas well as decreasing the horizontal
spacing of parallel conductors. This means thagt-stad touch potential is inversely proportional
to the area occupied by the grid and directly propoal to the horizontal spacing of parallel
conductors. An improved grounding system is ableutgport 11.46kA short-circuit current. This
implies that it is important to apply the suggestethedies, in order to meet the safety
characteristics, as to ensure that a person irvitheity of grounded object is not exposed to
electric shock, and to provide a low impedance pattarry the fault current into ground without

exceeding any equipment limits.
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APPENDIX

Note: The numbers in the first row of the tableresent the third decimal of the p value in the
first column.

Table 8.1: Curve Slope Coefficient

| B 0 1 2 3 4 5 ] T B k)

0,40 J0.6432 10.6431 |0.6428 |0.6425 10,6426 |0.6425 10,6423 [0.6422 |0.6420 |0.6418
0,41 J0.6418 |0.6416 |0,6415 |0,6413 10,6412 |0,6410 |0,6400 (D.5408 |0.6406 | 0,6405
0,42 10,6403 |0.6402 |0 6400 |0 6300 )0 6437 10 6306 )0 6305 (06303 |0.6302 06390
0,43 10,6380 |0.6387 |D.G386 |0, 6384 10,6383 |10 6382 10 6380 (06378 |0.6377 JO.6378
0,44 10 6374 10,6373 [0.6372 |0.6370 )0 6360 |0 6387 10 6386 [D.6364 10,6363 |0.6361
0,45 J0.63680 |0.6358 |0.6357 |0,6356 10,6354 |0,6353 10,6351 (D.6350 |0.6345 |0.6347
0,45 J0.62346 |0.6344 |0,6443 |0,6341 10,6340 |0,6338 |0,6337 (D,6336 |0.6334 |0,6323
0,47 J0.6331 |0.6330 |0.6328 |0.6327 10,6325 |0.6324 10,6323 [D.6321 |0.6320 J0.6318
0,48 J0,6217 |0.6315 [0.6314 |0,6312 10,6311 |0.6310 10,6308 [0.6307 |0,6305 |0.6304
0,49 J0.6302 |0.6301 [0.6300 |0,6208 J0,6297 |0,6205 10,6294 [D,6202 |0.6201 |0.6285
0,50 J0.6288 |0.6286 |0.6285 |0,6283 10,6282 |0,6280 )0,6270 [D.6277 |0.8276 |0.6274
0,51 ]0.6273 |0.6271 |0.6270 |0.6255 |0.6267 |0.6285 |0.6284 [D.6262 |0.6261 |0.6258
0,52 |0.6258 |0.6256 |D,6255 |0,6253 10,6252 |0,6252 |0,6248 [D.6347 |0.6245 |0.6244
0,53 J0 6242 |0 62341 |0 62330 |0, 6238 10 6236 |0 6235 )0 6233 (06232 |0.6230 06320
054 10 6227 |0.6225 |0 62324 10,6223 10,6221 |0 6220 10 6218 [D.6217 |0.6215 J0.6214
055106212 10,6210 |0 6208 |0.6207 J0.6208 |0 6204 10 6203 (06201 |0.6200 J0.6128
0,56 J0.6197 |0.6185 [0.6184 |0,6192 10,6121 |0,6189 10,6188 {06186 |0.6165 J0.6153
0,57 J0.6182 )|0,6180 |0,6178 |0,6177 |0,6176 |0,6174 |0,6172 [0,6171 |0,6169 |0,6168
0,58 J0.6186 |0.6165 |0.6163 |0.6162)0.6160 |0.6159 10,6157 [D.6156 |0.6154 J0.6153
0,53 J0.6151 |0.6150 [0.6148 |0.6147 10,6145 |0.6144 10,6142 [D.6141 |0.6139 |0.6138
06006136 10,6134 [0.6133 |0.5131J10.6130 |0,6128 10,6126 [D.6125 |0.6123 |0.6121
0,61 J0.6120 |0.6118 [D.6117 |0.6115]0.6113 |0.6112 10,6110 {D.6108 |0.6107 J0.6105
0,62 J0.6104 |0.6102 [0.6100 |0.6089 10,6097 |0,6086 )0,6094 (D.6082 |0.6081 |0.6088
0,63 J0,6087 |0,6085 |D,6084 |0,6083 10,6081 |0,6079 |0,6076 (D,607T6 |0,6074 |0,6073
0,64 10 6071 J0.6070 |0 G068 |0 6066 )0 6065 |0 6083 10 6081 {0 6060 |0.8058 06057
0.65 )0 6055 |0.6053 |0 6052 |0, 6050 10 6049 |0 6047 )0 6045 (06044 106042 06040
0,66 )0 6030 |0.6037 |0 6036 |0.6034 10,6032 10,6031 )0 6020 (06027 |0.8026 |0.6024
067 J0.6023 )0.6021 [0.6018 |0,6015 10,6016 |0,6015 10,6013 {0.6011 |0.6010 J0.6008
0,68 J0.6006 |0,6005 |0,6003 |0,6002 ]10,6000 |0,5258 |0,5297 (0,5905 |0,5003 |0,5092
0,69 J0.5990 |0.5080 [0.5987 |0,5085 10,5084 |0,5282 10,5280 [0.5072 |0.5077 |0.50878
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Table 8.1: Continues.

| ] 1 2 3 4 ] & 7 B 3

0,70 |0.5974 10,5073 [0.5871 |0.5069 |0,.5067 |0,5085 |0,5264 |0.5062 [0.5060 )0,5050
0,71 |0.5857 )0.5955 [0.5853 |0,.59052 |0.5850 |0,5248 |0,5847 |0.5045 [0.5843 10,5842
0,72 |0 5240 )0.5938 [0 5836 |0, 503505033 )0 5231 |0 5230 |0 5028 [0 5026 ) 0.5024
0.73 |0 5223 105021 {05820 0501210 5016 )0 5014 |0 5212 |0 5011 {0 5008 )0 5007
0.74 |0 5906 105204 [0 5802 |0 5000 |0 56880 |10 5307 |0 5885 |0 5304 (0 5882 )0 56820
0,75 |0.5880 10,5887 [0,5885 |0,568% |0,5882 10,5280 |0,5878 |0.5877 (0.5875 10,5873
0,76 |0.5871 10.5870 [0,5868 |0,5666 | 0,56865 |0,5563 |0,5881 |0.5359 {0,5858 | 0,5856
0,77 |0.5854 10,5853 [0,5851 |0,5639|0,5847 |0,5246 |0,5844 |0.5842 [0,5841 )0,5830
0,78 |0.5837 |0.5835 [0.5834 10,5832 |0.5830 |0,5220 |0,5837 |0.5825 [0.5824 10,5822
0,73 |0.5820 10.5816 [0.5817 |0.5615]0.5613 |0,5512 |0,5810 |0.5308 [0.5806 ) 0,5805
0,80 |0.5803 10,5801 [0.5798 |0,5797 |0.5786 |0,5794 |0,5782 |0.5700 [0.5788 | 0,5756
0,81 ]0.5785 10.5783 [0.5781 |0.6779|0.5777 |0.5775 |0.5773 |0.5772 [0.5770 ) 0,5768
0,82 |0.5766 |0.5764 [0.5762 |0.5760|0.5758 |0,5757 |0,5755 |0.5753 [0.5751 )0.5748
0.83 |0 5748 |0.5746 |0.5744 |0,5742 |0, 5740 |0, 5738 |0 5736 |0 5735 |0.5733 |0.6731
084 |10.5720 105727 05725 106722 105722 106720 05718 |0.5716 {05714 10,5712
08505711 J0.5708 {05707 |0.5705 0. 5703 )0 5701 |0 5688 |0 5605 [0 5606 )0 5654
0,86 |0.5652 |0.5680 [0,56888 |0,56686 |0,5685 |0,5683 |0,5681 |0.5672 [0,5677 |0,5675
0 .87 |0.5674 10,5672 [0,5670 |0,5668 |0,5666 |0,5664 |0,56682 |0.5061 {0,565 10,5657
0,88 |0.5655 10,5653 [0,5651 |0,9650 |0,5648 |10,5646 |0,5644 10,5642 [0,5640)0,5538
0,89 |0.5637 |0.56835 [0,5633 |0,5631 |0,.5620 |10,5627 |0,5625 |0.5624 [0.5622 10,5620
0,90 |0.5618 )0.5616 [0.5614 10,5612 |0.5610 )0,.5608 |0.5606 |0.5804 [0.5602 )0,5600
0,91 |0.5588 10.5586 [0.5584 10,5592 |0.5580 |0,5588 |0,5586 |0.5564 [0.5582 ) 0,5550
0,92 |0.5578 |0.5576 [0.5574 |0,5672 |0.5570 |0,5568 |0,5585 |0.5563 [0.5561 ) 0,5550
0,93 |0.5557 |0.5555 [0.5553 10,5651 |0.5540 |10,5547 |0,5545 |0.5543 [0.5541 ) 0,5530
0,94 |10 5537 ]0.5535 [0.5533 10,5531 |0.5520 |0 5527 |0 5525 |0.5523 [0 5521 )0.5518
0.95 05517 105515 {05513 |0.6611 |0 5600 10 5508 |0 5506 |0 5503 (05501 ) 0.5400
0.96 |0 5407 )0 5485 [0 5493 |0 5401 |0 5480 )0 5487 |0 5485 |0 54583 [0 5481 )0.5478
0,97 |0.5477 |0.5475 [0,5473 |0,5471 | 0,5460 |0,5467 |0,5484 |0, 5462 (0,5460 ) 0,5458
0,98 |0.5456 10,5454 [0,5452 10,5450 | 0,5448 10,5446 |0,5444 |0, 5442 {05440 )0,5438
0,99 |0.5436 10,5434 [0,5342 10,5430 | 0,5428 10,5426 |0,5424 10,5422 [0,5420)0,5418
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Table 8.1: Continues.

| 1] 1 2 3 4 5 ] 7 B k]

1,00 |0.5426 10.5414 [0.5412 |0,5409 |0.5407 )0,.5405 |0.5403 |0.5400 [0.5308 10,5308
1,01 |0.5384 10,5381 [0.5388 |0,5387 |0,5385 |0,5383 |0,5280 |0,5378 [D.5376 10,5374
1,02 |0.5371 10.5360 (05367 |0.5365 |0 5362 10 5380 |0 5358 |0 5356 |0.5354 10 5351
1,03 |0 5348 105347 (05345 10,5344 105340 )0, 5338 |0 5335 |0.5333 [0.5331 )0 5320
1,04 ]0.5327 10,5325 (05322 10,5320 10,5318 J0 5318 |0 5313 |0.5311 {05300 )0 5307
1,05 |0.5305 10.5302 (0.5300 |0,5288 |0,5286 10,5283 |0,5281 |0.528%9 (0.5287 | 0,5284
1,06 |0.5282 |0,5280 (0,5278 |0,5276 |0,5273 |0,5271 |0,52680 |0,5267 (0,5264 10,5262
1,07 |0.52680 )0.5258 [0.5255 10,5253 |0.5251 |0.5240 |0,5247 |0.5244 [0.5242 10,5240
1,08 |0.5238 10,5235 [0.5233 10,5231 |0,5220 10,5228 |0,5224 10,5222 [0.5212 10,5217
1,09 |0.5215 10.5213 [0.5211 |0,5209 |0.5206 |0,5204 |0,5202 |0.5200 [0.5187 10,5185
1,10]0.51593 10.5190 [0.5188 10,5185 |0.5183 |0.5180 |0.5178 |0.5175 [0.5173 10,5170
1,11]0.5168 ]0.5165 [0.5153 |0.5160 |0.5158 J0.5155 |0.5153 |0.5150 (0.5145 10,5145
1,12 ]0.5143 10.5140 [0.5137 |0,5135]0.5132 |10.5130 |0.5127 |0.5125 [0.5122 10,5120
113105918 105115 [0.5113 ]0.5110]0.5108 J0.5105 |0 5203 |0.5100 {0 5085 )0 5025
1,14 |0.5083 |0.5080 (0. 5088 |0.5085 |0.5083 )0.5080 |0 5078 |0.5075 (0.5073 )0.5070
1,15 |0 5088 05065 [0 5062 |0 5060 |0 5057 )0 5055 |0 5052 |0 5050 {0 5047 )0 5045
1,16 |0.5042 10,5040 (0,5037 |0,5035 |0,5032 |0,5030 |0,5027 10,5025 (0,5022 10,5020
1,47 |0.5017 10,5015 (0.5012 |0,5010 |0.5007 J0,5005 |0,5002 |0.5000 (04007 10,4025
1,18 |0.4852 10,4580 [0.4887 |0.4085 |0.4852 |10.4980 |0, 4977 |0.4975 (04872 10,4870
1,19 |0.42687 |0.40685 (0.4852 |0, 4060 |0, 4057 |0,4055 |0, 4952 |0.4950 (04047 10,4045

1,20 |0.4242 10,4030 (0.45838 |0,4033 |0.4030 J0,4028 |0, 4925 10,4922 (04010104018
1,21]0.4813 10,4510 [0.4807 |0.4904 |0.4801 |0.4580 |0.4555 |0.43083 [0.4580 )0 4857
1,22 |0.4884 10,4881 (0.4878 |0, 4675 |0.4872 10,4270 |0. 4287 |0.4864 (04861 )0, 4858
1,23 |0.4855 10,4852 [0.4840 10,4846 |0.4843 10,4241 |0,4838 |0.4835 [0.4832 10,4820
1,24 104526 10,4823 [0.4820 104517 |0 4814 10 4212 |0 4200 |0.4306 (0 4803 10,4800
125104707 |0.4704 (04701 |0.4782 |0 4785 104783104780 |0 4777 (04774104771
1,26 |0.4768 104765 (04752 |0 4759 104756 |0 4754 |0 4751 |0.47458 (04745104742
1,27 |0.4730 10,4736 (0.4733 |0, 4730 |0.4727 |0, 472504722 |0.4719 (0. 4716]10,4713
1,28 |0.4710 104707 (04704 10,4701 |0 4688 |0,4686 |0, 4653 |0.45090 (04687 )0, 4654
0,4581 |0.4678 |0,4675 (0,4672 |0, 4660 |0 4667 |0,4604 (D.46861 |0.4658 |0,4655

1,239
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Table 8.1: Continues.

B 0 1 2 3 4 5 [ T ] 3
1.30 |0 4852 (0 4840 |0 4845 |0.4642 |0 4538 |0 4635 10,4631 |0 4628 |0 4825 |0.4821
131 |0.46818 (04816 |0, 4611 |0 4607 |0 4504 |0 4601 |0 4597 |0 4584 10 4500 04585
E 04583 |0 4580 |0. 4577 (04573 10 4570 |0.4588 |0, 4583 |0 4558 10 4558 |0 4553
1,33 |0 4540 (04546 |0 4542 |0.4530 |0 4535 |0 4532 10,4520 |0 4525 |0 4522 [0.4518
1.34 10,4515 (04511 |0.4508 |0.4505 |0, 4501 J0 4408 10,4404 10,4401 |0 4487 04484
1,35 |0.4481 (04477 |0.4474 |0,4470 |0, 4467 |0.44683 |0,4460 |0,4457 |0 4453 |0.4450
1,36 |0.4446 [0.4443 |0,4439 |0,44368 |0, 4432 10,4420 10,4428 |0,4422 104410 |0.4418
1,37 |0.4412 [0.4408 |0,4405 |0,4402 |0,4328 |0,4305 10,4351 |0,4388 |0.4384 |0.4381
1,38 |0.4378 [0.4374 |0.4371 |0.4367 |0,4364 |0.43680 |0,4357 |0,4354 10,4350 |0.4347
1,39 |0.4343 [0.4340 |0.4336 |0,4333 |0,5330 |0,4328 |0,4323 |0,4318 |0.4316 |0.4312
1,40 |0.4308 (0.4305 |0.4301 |0,4298 |0,4292 |0,4288 |0,4284 |0,4280 |0.4275 |0.4271
1,41 |0.4267 [0.4263 |0.4258 |0.4254 |0,4250 |0.4248 |0,4242 |0,4237 |0.4233 |0.4228
1,42 |0.4225 (0,4221 |0,4216 |0, 4212 |0,4208 |0,4204 10,4200 |0,4155 |0.4181 |0. 4187
1,43 |0.4183 [0.4178 |0.4174 |0, 4170 |0, 4166 |0.41682 |0.4157 |0,4153 |0.4148 |0.4145
1.44 (04141 (04136 |0,5132 |0,4128 |0 4124 |0 4120 |0 4115104111 )0.4107 |0.4103
1,45 |0 4000 (04004 |0.4000 |0.40288 |0 4082 104077 J0.4073 |0, 4089 |0 40856 [0 4061
1,46 | 04056 (04052 |0 4048 04044 10,4040 |0 4035 10,4031 |0 4027 |0 4023 104018
1.47 |0 4014 {04010 |0. 4005 |0.4001 |0,3097 |0.3853 10,3280 |0,3885 |0 3580 ]0.3578
1,48 (03972 [0.3968 |0.3064 |0, 3950 |0.3055 |10.3051 |10, 3847 |0.3843 |0 3038 10,3534
1.49 (0 3530 (0. 3826 |0,3821 10,3017 J0.3813 |0, 3808 |0,3905 |0,3200 J0,385946 |0.3802

E—— —
1.50 |0_3888 (0.3883 |0, 3878 |0 3874 |0,3860 |0 3864 10,3850 |0, 3854 |0 3850 ]0.3845
1.51 |0.3840 (0.3835 |0, 3830 |0 3825 10,3820 |10.38168 10,3811 |0, 3808 |0.3801 |0.3795
11,52 10,3701 (03786 |0, 3781 [0, 3776 10 3771 J0 3766 |0 3760 |0, 3755 |0 3750 |0.3745
1,53 |0.3740 (0.,3735 |0,3730 |0,3724 |0,3719 |0,3714 |0,3708 |0,3704 |0,3088 |0.3803
1,54 [0,36888 |0,3683 |0,3677 |0,3672 |0,3667 |0,3662 |0,3658 |0,3651 |0,36846 |0,3640
155 |0.36835 [0.3830 |0.35824 |0,3615 |0,3613 |0,3608 |0,3602 |0,3557 |0,3581 |0.3588
156 |0.3580 [0.3574 |0.3569 |0,3563 |0,3557 |0,3552 10,3548 |0,3540 |0,3534 |0.3528
1,57 |0.3523 [0,3517 |0.3511 |0,3508 |0,3500 |0,3454 10,3488 |0,3482 |0,3477 |0.3471
1,58 |0.3465 (0.3459 |0.3453 |0,3447 |0,3441 10,3435 10,3420 |0,3423 10,3417 |0.3411
1,59 [0,3405 [0,338%9 |0,3383 |0,3386 |0,3380 |0,3374 |0,3368 |0,3362 |0,3355 |0,3348
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