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Abstract -The aim of this research is to investigate theafbf increased fault current on an
existing substation grounding system. Increased ttEmands because of the new customers
connecting on the existing network or reconfigunetivork, power flows on the transmission
and distribution assets will increase, which willturn trigger the increase in fault current
levels, both three-phase and phase-to-ground, ghaut the power system. The protection
that ground grids provide against step- and towstergials is only good up to the expected
level and duration of ground fault currents, agjioally communicated in the design phase.
A case study is presented in this research prigetvestigate the effects of increased fault
current on the existing Ruighoek distribution salish grid. This paper presents how
increased fault current on the existing substagimunding system impact the safe limits as
per IEEE Std. 80-2000, and what improvements assipte.

Keywords -Grounding System, Ground Potential Rise, Touclefal, Step Potential, Fault
Current.

l. INTRODUCTION

Eskom has power distribution improvement and expanglans to reinforce its power
distribution system to accommodate load growth he future. The plans consist of
construction of Ngwedi MTS, distribution substagpsub-transmission lines and installation
of new equipment (e.g transformers, circuit bregkg2]. This expansion plan will increase
the effective short-circuit current at the Ruighaelbstation. Substation earthing plays a vital
role in the safety of the environment when a phasground fault occurs in or close to the
substation. This impact on the safety of staffdasihe substation, as well as the safety of
staff of substations and the factories of custommemnected to the faulting substation [1].
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The two layer soil structure is used as a goodapration of the real earth structure. The
ground grid design for Ruighoek substation is exaaiwith the main objective to assess its
grounding system condition in terms of GPR, stepd douch potential. These three
parameters are analysed to ensure that they sHtesfyafety criteria defined in the IEEE Std.
80-2000, with two scenarios classified by faultdisv 1.050kA for the existing configuration,

11.46KkA for expansion plan or future configurat{@n8].

Il. COMPONENTS OF GROUNDING SYSTEM

A substation grounding system is an undergroungulae mesh conductor network that
serves the purpose of providing the path of leasistance to the traversing current so that, in
the case of a fault, it is distributed in all diiens in the underlying earth. If efficient, the
resulting ground potential due to a fault and thseueng step- and touch potential will be low
enough to guarantee the safety of personnel woikinipe substation, as well as to the safety
of the installed equipment [3]. The safety of asper depends on preventing the critical
amount of shock energy, the safety criteria arg waportant values. It is the first thing to
calculate a specific safety level, then the maximtaocth and step potential are calculated to

compare with the safety criteria to define it safeinsafe [12, 13].

A. Ground Potential Rise (GPR)

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

the number of grid conductors, its area, its deptti the resistivity of the surrounding soil

multiplied by the current ; entering the grid during a fault [10, 15].

B. Step Potential

Step voltage is the difference in surface potemtxqlerienced by a person bridging a distance

of 1m with the feet without coming into contact lwvany grounded object [7].
C. Touch Potential

Touch potential is defined as the voltage diffeeebetween ground potential rise and the
surface potential at the point where a persoraisdshg while at the same time having a hand

in contact with a grounded structure [4, 14].
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D. Earth Resistivity

The measurements of soil resistivity constitute lfasis of the grounding study and are
therefore of primary importance. The Wenner four-piethod, as shown in (figure 1), is
used to determine the soil model (top, bottom $mjer resistivities and soil top layer
thickness) in the vicinity of the substation, takimto account possible factors that will

influence the accuracy of the results [7,16].
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Figure 1: Wenner arrangement [12]
E. Earth Grid Resistance

The earth electrodes resistance (also commonlyreef¢o as the grid resistance) is measured
to verify the resistance between the earth eleetradd true earth. The fall of potential

method, as shown in (figure 2), is used to meath@eesistance of the existing earth grid.
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Figure 2: Fall of potential method for measuringleaesistance [7, 13].
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[l. CALCULATING PROCEDURE [x]

A. Earth Resistivity

The resistivity o in terms of the length units in which a and b measured is given by the

following equation:

48R

Pa = a a (1)

1+ -
Va2 +4b? a® +b?

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

b : depth of the electrodes (m)

If b<<a, the above equation (1) can be simplified t

0 =2mR 4

For small probe spacing, the current tends to ffmar the surface, but for large spacing,
more of the current penetrates deeper soils. thesefore reasonable to assume that the
resistivity measure for a probe of spacengepresents the apparent soil resistivity of depth
[7, 14].

B. Earth Grid Resistance

One of the first steps in determining the size &mut of the grounding system is the
estimation of the total resistance to remote e&#sistance primarily depends on the area of
the grounding system. In the early stages of tlegde the area to be occupied is usually
known. As an approximation, the minimum value & gubstation grounding resistance in

uniform soil can be estimated as shown in equd8dfi7, 13]:
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Rgzgg )(3

Where
R, substation ground resistan€e) (
L : soil resistivity £2.m)
A : area occupied by the ground gfith*)
Laurent and Niemann proposed a method of calcgjdtie substation ground resistance by

adding a second term. This equation gives an uppérof the substation ground resistance
[7]. This proposed equation is:

_p[m . p
R =P |T P 4
T aVA L (4)

Where

L, : total burial length of conductors (m)

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

as well as the ground rodk, can be calculated as:
Ly =L +Lg (5)
Where

L. : total length of grid conductor (m)

L, : total length of ground rods (m)

A better approximation was determined to includedhd depth

1 1 1
% “’L ' m(“mmﬂ ©

Where
h : depth of the grid (m)
This equations shows that the larger the areatandreater the total length of the grounding

conductor used would result in a lower ground gesistance [3, 5].
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C. Ground Potential Rise
Ground potential rise is determined by the follogveguation:
GPR=1, [R, @)

Where

R, substation ground resistan€e) (

| s : maximum grid current (A)

D. Sep and Touch Voltage
Step voltage is defined by equation (8)

Eqe =(1000+ 6T, E}os)% (8)

o

Similarly touch voltage criteria can be obtainezhirequation (9):

Etouch = (1000+ 15 [Cs |$s)OL57 (9)

L

Where

C,: surface layer derating factor
P, resistivity of surface layer materigl(m)
t, : is the duration of shock current (s)

If no protective surface layer is used in the saifist, C, =1andp, = p.

E. Sep and Touch Potential

The maximum touch voltage within a mesh of a grognd is determined by equation (10).
E, = £ 6" 'm- % (10)

Where
p :resistivity of the earth(}.m)
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L, : effective burial length (m)
K.,,: geometrical spacing factor
K, :irregularity factor

The step potential is determine from equation (11).

_pEKslj(iDG

E,
LS

Where

E. isthe step potential (V)

S

K, is the step factor defined for parallel conductors

L, is the effective length for step potential (m)

Steps for design are shown in (figure 3) [7].

FIELD DATA

STEP 1

STEP 11

GRID_CURRENT
L oty |

Figure 3: Design procedure block diagram [7].

(11)
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V. CASE STUDY

Ruighoek substation has a grounding grid of 65 m4fd5.74 x 3.4square meshes of
horizontal grid solid round copper conductors bdidéout 1m below ground level, as shown
in (figure 4). The grid extends over the whole aveeupied by the substation. All metalwork
in this substation (steel structures, gutters, denetc.) are bonded to the earth grid so that a
direct low-resistance path to ground is provided &hort-circuit currents. Ruighoek
substation has yard stone of between 25-38mm & aizd wet resistivity of 3000 ohm metre
over the whole area occupied by the substation,tlaisdserves to increase the resistance in

the accidental circuit (through the person) totithe current to safe levels.

Table 1. Ruighoek Substation Parameters

Description (88kV System) (132kV System] Unit
High Voltage 88 134 kv
Medium Voltage 2p 2P kV
Transformers 10 and O PO MVA
HV(3- Phase fault current) 1.p4 13|96 kA
HV(1- Phase fault current) 1.p5 11]46 kA
MV(3- Phase fault current) 4 46 933 kA
MV(1- Phase fault current) 7P0 7R0 A
Switchyard operator 30 %0 kg
Resistivity of the crushed rock | 3000 3000Q2.m
Grid buried depth 1 1m
Faul clearing time 05 05 s

Ruighoek substation will be converted from 88/22k¥#%20MVA and 1x10MVA to
132/22kV 2x20MVA and 8x22kV overhead lines. It wileé supplied through loop in, loop
out 132kV Kingbird overhead lines, replacing a #n@8kV Hare overhead line. The
substation parameters are shown in (table 1) amdised to analyse the existing grounding
system. Customers are fed from overhead mediunag®I{MV) lines and the customers’
earth electrodes are decoupled from utility sulisiagarth electrode, because there is simply
not any direct galvanic connection. MV lines do have shield wires, and even if there were
shield wires, the design of the MV-LV transformestiallation is specifically done to prevent

the transfer of fault GPR to customers [6, 12].
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Figure 4: Existing Ruighoek substation earth maffigoration [2].

A. Grounding system design analysis with current fault currents

Ruighoek substation is examined with the main dhjecto assess its grounding system
performance in terms of GPR, step- and touch pateiihese three parameters are analysed
to ensure that they satisfy the safety criteriangef in the IEEE Std. 80-2000, with two
scenarios classified by fault levels: 1.050kA fbe texisting configuration, 11.46kA for

expansion plan or future configuration.

Table 2: 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 2994.1Vv 68.03V 5000V 948.6V

The existing grounding system is able to supp@titfd50kA short-circuit current. The GPR,

step- and touch potential criteria are satisfisdstoown in (table 2).
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B. Grounding system design with increased faults currents

The new rms symmetrical ground fault current isA6kA, the number of lines that will be
connected to Ruighoek substation are Ngwedi — Raghl32kV Kingbird line with two
shield wires and Sun City — Ruighoek 132kV Kingbilide with single shield wire
respectively. Both lines will be build paralleléach other. These overhead ground wires will
be connected to the substation ground, and a suiadtportion of the ground fault current

will be diverted away from the substation grounid ¢, 9].

l. Ground potential rise analysis

The grid current decreases because of the spldrfdumut the GPR is still above the safe limit.
This means that ground potential rise in case ofiignl faults may cause dangerous voltages
between telecommunication and local ground. The Gi3Rwell as distribution of the earth
surface potential during the current flow in thewrding system, are important parameters
for the protection against electric shock. SinceigRoek substation does not have
telecommunication circuits, metal pipes, metakindes and low voltage neutral wire directly
coupled to the adjacent substation earth electrddesaggravated GPR due to an increase in

faults current, is thus not considered.

. Mesh potential analysis

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

This implies that substation ground grid is unsaf@erson standing while at the same time
having his hands in contact with a grounded stractill experience unsafe touch potential

of 63% more than the allowable touch potential. Hadety of a person depends on
preventing the critical amount of shock energy floemg absorbed before the fault is cleared
and the system de-energised. In this case the mdgrand duration of the current conducted
through a human body can cause ventricular fitidifaof the heart, since the tolerable value

of touch potential is exceed.
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[1l.  Sep potential analysis

The calculated step potential is less than theable step potential value of 2994.1V. This
implies that the substation ground grid has sadp pbtential. This means that a person can
bridge a distance of 1m with his feet in Ruighoekstation without contacting any other
grounded object and without being exposed to daugestep potential. It clear that there is
no safety concerns regarding step voltages in aodnd this substation. The grounding
system safety analysis is based on the step aot taltage criterion. The maximum driving
voltage of any accidental circuit (step or touchtage) should not exceed the maximum

permissible limits.

Table 3: Results from case study

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

Table 3, shows a case study results, wlearge 1lrepresents the results of the existing
grounding system before increase in fault curresde 2represents the results of the existing
grounding system with increase in fault current arade 3representing an improved

grounding system with increased in fault current .
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It can be seen that safety characteristics of atatibn grounding system are satisfied¢@se

1 and3.The number of conductors parallel to the lengttd sBmthe width of the earth grid
determines the size of the grid meshes. The siieeofrid meshes has a strong impact on the
step and touch potentials that will arise undentfaonditions. Adding conductors and
thereby reducing the size of the meshes resulisr@duction of step and touch potentials. By

employing closer spacing of grid conductors, daogeipotentials within the substation are

eliminated.
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Figure 5. An Improved Ruighoek substation earth coafiguration

The grid area increased from A = 65m x 49m = 318fMA = 75m x 49m = 3675Mthe
substation is extended in X — direction by 10m hwitinimum horizontal spacing of 2.5m.
Area occupied by the grounding grid has major ¢ffecstep- and touch potential. Thus, the

step- and touch potential decreases significanitly icreased grid area.
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V. CONCLUSION

The effects of increased fault currents on an xjstubstation grounding system have been
studied. It was found that ground potential risd &uch potential were aggravated by the
increased fault currents. In order to effectivelgyent hazardous situations in substations
upon increased ground faults on the existing growgndystem, a safety-based design of the
grid should be implemented. In addition, it is @rg@mount importance to be aware of the
present ground-fault current levels at the cust@mnglant, as they should not exceed the
safety limit, due to increased power flows on thisteng utility transmission and distribution

assets.

The ground grid design for Ruighoek substationxangned with the main objective of
assessing its grounding system condition in termMSRR, step- and touch potential. These
three parameters are analysed to ensure that #imsfysthe safety criteria defined in the
IEEE Std. 80-2000, with two scenarios classifiedfaylt levels: 1.050kA for the existing
configuration, 11.46kA for expansion plan or futw@nfiguration. The existing grounding
system is able to support the 1.050kA short-circuitent, and the GPR and step- and touch
potential criteria are satisfied. The groundingteys of the future configuration does not
satisfy all safety criteria, except the step pogtihat is within the safe limit. This case study
showed that, the ground potential rise and toudlential are aggravated by the increased
fault currents. Since customers earth electrodesl@coupled from Ruighoek substation earth

electrode, the effect of unsafe GPR due to an aserén fault currents is not considered.

Improvement measures have been proposed and shbatestep- and touch potentials can
be improved by increasing the area occupied bytite as well as decreasing the horizontal
spacing of parallel conductors. This means thap-stnd touch potential is inversely
proportional to the area occupied by the grid aivdctly proportional to the horizontal

spacing of parallel conductors. An improved grouagdsystem is able to support 11.46kA

short-circuit current.
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