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Abstract: - Grounding resistance is not only the measurable parameter to give an information about the
performance of grounding grids due to discharging current into grounding grids Grounding grids but it is
preferable to include the distribution of surface potential and, subsequently, the touch and step voltages over the
area above the substation grounding grid and beyond. This paper focuses on the analytical methods to compute
not only the Grounding resistance but also the earth surface potential. Three methods are used to compute (Ry)
and (ESP). The first one is the charge simulation method , the second is current simulation method and the last
one is the boundary element method (BEM). For BEM, commercial software TOTBEM by university of La
Cournia, Spain is used for computing ESP and Rq. The owned Fortran code for the first and second method is
developed to calculate the ESP and Rg. This study is taken into account the type of the soil. In case of grounding
resistance, a comparison between the three methods results and IEEE Standard formula is presented. The results
refers that the Fortran code is valid for ESP and Ry calculations.

Index Terms: - Grounding grids, Earth surface potential, Step voltage, Touch voltage, Boundary element
method, Charge simulation method, current simulation method.

l. INTRODUCTION

Grounding grids are considered an effective solution for grounding systems for all sites which must be
protected from lightning strokes such as, telecommunication towers, petroleum fields, substations and plants.
Ground grids are considered complex arrangement and many research efforts have been made to explain the
performance of grounding impedance of its under lightning and fault conditions.

The equivalent electrical resistance (Rq) of the system must be low enough to assure that fault currents
dissipate mainly through the grounding grid into the earth, while maximum potential different between close
points into the earth’s surface must be kept under certain tolerances (step, touch, and mesh voltages) [1,2]. In a
uniform soil, the resistance can be calculated with an acceptable accuracy using several simplifying assumptions
[1]. Touch and step voltages are difficult to calculate by simplified method but it determined by analytical
expressions [2-5].

Recent papers have proposed new techniques for calculating the earth surface potential and then knowing the
step and touch voltages, one of these methods is “A Boundary Element Approach” [6].

Charge and current simulation method help to get good accuracies in field calculation [7-9]. The
attractiveness of the charge and current simulation methods, when compared with the other analytical methods
such as Finite Element and Finite Difference Methods emanates from its simplicity in representing the
equipotential surface of the electrodes, its application to unbounded arrangements whose boundaries extend to
infinity and its direct determination to the electric field [10]. The major drawback of the above mentioned
methods is that the number, position and the type of replaced simulation charges and current sources and also
the position of selected points of writing the equation affect on the accuracy of the method to solve the
numerical problems [11]. The other drawback is the difficulty of the application of the method when the number
of soil layer increased.

This paper will present the comparison between three analytical methods that used for calculating the
grounding resistance and earth surface potential, the first one is the Charge Simulation Method which is
considered a practical method for calculating the fields and from its simplicity in representing the equipotential
surfaces of the electrodes as well as its application to unbounded arrangements whose boundaries extend to
infinity and its direct determination to the electric field [12], and the second one is current simulation method for
multilayer soil application. the last method is the Boundary Element Method that have been implemented in a
computer aided design (CAD) system for grounding grids of electrical substations called TOTBEM [6], The
validation of two methods is explained by comparing their results with the results of IEEE Guide for Safety in
AC Substation Grounding (ANSI/IEEE Std 80-2000).
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1. CHARGE SIMULATION METHOD FOR ONE-LAYER SOIL

In the charge simulation method, the actual electric filed is simulated with a field formed by a number
of discrete charges which are placed outside the region where the field solution is desired. Values of the discrete
charges are determined by satisfying the boundary conditions at a selected number of contour points. Once the
values and positions of simulation charges are known, the potential and field distribution anywhere in the region
can be computed easily [12].

The basic principle of the charge simulation method is very simple. If several discrete charges of any
type (point, line, or ring, for instance) are present in a region, the electrostatic potential at any point C can be
found by summation of the potentials resulting from the individual charges as long as the point C does not
reside on any one of the charges. Let Q; be a number of n individual charges and @&; be the potential at any point
C within the space. According to superposition principle

¢ = Z Piij 1)
=1

where Pj; are the potential coefficients which can be evaluated analytically for many types of charges by solving
Laplace or Poisson’s equations, @; is the potential at contour (evaluation) points, Q; is the charge at the point
charges.

Because of the ground surface is flat, the method of images can be used with the charge simulation
method and the potential will be characterized for being constant on the grounding grids and its symmetry [13].
The potential coefficients will be as in the following equation;

_ 1 1 N 1 )
> dij d i
where, djj is the distance between contour point i and charge point j and d'jj is the distance between the contour
point i and image charge point j’ as shown in Figure 1.
As in Figure 1, the fictitious charges are taken into account in the simulation as point charges. The position of
each point charges and each contour point are determined in X, Y and Z coordinates where the distance between

the contour (evaluation) points are calculated as the following ;

2 2 2
d; =\/(Xj _Xi) +(Yj _Yi) +(Zj _Zi)
where, X;, Yj and Z; are the dimensions of the point charge and X;, Yi and Z; are the dimensions of the contour
point.

After solving equation 1 to determine the magnitude of simulation charges, a number of checked points
located on the electrodes where potentials are known, are taken to determine the simulation accuracy. As soon
as an adequate charge system has been developed, the potential and field at any points outside the electrodes can
be calculated.

The grid is divided into equal segments by the point charges distribution along the axis of grid
conductors. Figure 2 shows the distribution of the point charges (dots) for the grounding grid (1 mesh), the
number of point charges is distributed on the axis of the grid conductors equally and also the evaluation points
distributed on each conductor as shown in Figure 3. The meshes of the grid are always symmetrical.
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Fig. 1: lllustration of the charge simulation technique
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Fig. 2:Distribution of point charges on grid

The charge simulation technique is used to get the ground resistance (Rg), ground potential rise (GPR)
and then the surface potential on the earth due discharging impulse current into ground grid is known. The touch
and step voltages are calculated from surface potential. The duality expression is used to calculate the ground

resistance Ry from the next equation.
n

2.Q;

c=2=L
v ®)

R, xC=pxe

where, V is the GPR that is defined 1 V, Qj is the charge of point charge j that used for the calculation, p is the
soil resistivity and ¢ is the soil permittivity.

The FORTRAN Code result for the case of study is show in Figure 3. The case study is as follows;
Grid area (75m*75m), number of grid meshes 64 meshes, number of point charges 2280, grid depth 0.5m, soil
resistivity 2000 ohm.m and the assumed fault current 1000A.
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Fig. 3: ESP for square grid for the case study

Figure 4 shows the effect of vertical rod length on the ESP for the grid of case study. It is seen that the
vertical rod length has not a significant effect in case of one layer soil because the vertical rods connected to
grid lie on the same soil that include the original grid and it has a significant effect when it penetrate another soil
with low resistivity.
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Fig. 4: Effect of vertical rods on ESP

I CURRENT SIMULATION METHOD IN TWO-LAYER SOIL

The representation of a ground electrode based on equivalent two-layer soil is generally sufficient for
designing a safe grounding system. However, a more accurate representation of the actual soil conditions can be
obtained by using two-layer soil model [14].

As in the Current Simulation Method, the actual electric filed is simulated with a field formed by a
number of discrete current sources which are placed outside the region where the field solution is desired.
Values of the discrete current sources are determined by satisfying the boundary conditions at a selected number
of contour points. Once the values and positions of simulation current sources are known, the potential and field
distribution anywhere in the region can be computed easily [12].

The field computation for the two-layer soil system is somewhat complicated due to the fact that the
dipoles are realigned in different soils under the influence of the applied voltage. Such realignment of dipoles
produces a net surface current on the dielectric interface. Thus in addition to the electrodes, each dielectric
interface needs to be simulated by fictitious current sources. Here, it is important to note that the interface
boundary does not correspond to an equipotential surface. Moreover, it must be possible to calculate the electric
field on both sides of the interface boundary.

In the simple example shown in Figure 7, there are N1 numbers of current sources and contour points to
simulate the electrode, of which Na are on the side of soil A and (Ni- Na) are on the side of soil B. These N
current sources are valid for field calculation in both soils. At the different soil interface there are N, contour
points (N1 +1,....., N1+N2), with Ny current sources (NI+1,......N 1+N2) in soil A valid for soil B and N
current sources (N1+N2 +1,.....,N1 +2N>) in soil B valid for soil A. Altogether there are (N1+N2) number of
contour points and (N1 + 2N2) number of current sources.

As in Figure 5, h is the grid depth and z is the depth of top layer soil. In order to determine the fictitious
current sources, a system of equations is formulated by imposing the following boundary conditions.

e At each contour point on the electrode surface the potential must be equal to the known electrode potential.
This condition is also known as Dirichlet’s condition on the electrode surface.

e At each contour point on the dielectric interface, the potential and the normal component of flux density
must be same when computed from either side of the boundary.
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Fig.5: Fictitious current source with contour points for field calculation by current simulation method in two-
layer soil.
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Thus the application of the first boundary condition to contour points 1 to N yields the following equations.

N;+2N, i
z it X Pl =Vili=1N,
J=Ni+N,+1

N;+N,

Z a.,|1+ Z 2” = Vo.i=N,+LN;

Pai'zpa[1+1'jl Pli':pl[1+1'j
o4r\d d odr\d d

P11
p, =Lf2[24=
2 47r(d d j

Again the application of the second boundary condition for potential and normal current density to
contour points = N;+1 to N;+N; on the dielectric interface results into the following equations. From potential
continuity condition:

(4)

where,

NN, N +2N,
zpmlj- ZPli’jlj:O...l:NlJrl,NﬁNz )
j=Ny+1 J=N+N,+L

From continuity condition of normal current density J n:
J,(i)-3,,()=0fori=N,+LN,+N, (6)
Egn. (6) can be expanded as follows:

N1+Nz
[pl 0, jZFau; i ZFZMJ j

=1 2]N.+1

1 N+2N, 7
YRl =0 = N LN 4N,
Prj=NiN
where,
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Fui,j:_(;zlzf;r( FE 1)+( q° J)
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MU 4n| d d°
where, F; is the field coefficient in the normal direction to the soil boundary at the respective contour point, pa,
p1 & po are the apparent resistivity and resistivities of soil 1 and 2 respectively and zz; & zz; are the dimension of
the contour point and current source in z direction respectively. Equations 4 to 7 are solved to determine the
unknown fictitious current sources.

After solving 4 to 7 to determine the unknown fictitious current source points, the potential on the earth

surface can be calculated by using Eq. 4. Also, the ground resistance (Rg) can be calculated using the following
equation:

Vv
Ny
PN ®)
j=1

where, V is the voltage applied on the grid which is assumed 1V.

R

g:

The problem for the proposed method is how the apparent resistivity can be calculated. As in [15], the
apparent resistivity for two soil model calculates by the following formula;
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- P
Pa = 1
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1
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AL (10)

forp, > py

where, do is the depth to the boundary of the zones, K is the reflection factor (K=( p2- p1)/ ( p1+ p2)) and h is the
top layer depth.

Equations 9 and 10 are valid for the boundary depth greater than or equal the grid depth. But in [16],
Eqg. 10 is modified because at very large depth of upper soil layer, resistivity pa given by Eq. 10 tends to p». This
is physically incorrect if the electrode lies in the upper soil layer, as assumed in [10]. Therefore, Eq. 10 is

modified [16] as follows:
-1
P K(dg+2h)
P, =p x|+ —=|-1]1-¢
1 Km] } (11)

forp, > p,
For finite h and very large do, resistivity pa given by Eq. 11 tends to o1, which is in compliance with physical
reasoning.

When the boundary depth is lower than the grid depth, the apparent resistivity tends to p,. Therefore,
by using Eqg. 9 and 11 for calculating the grounding resistance by Current Simulation Method, the large different
between the proposed method results and the results in [17] is observed for K<-0.5 and this shown in Figure 6.

If Eq. 11 is modified as in 12 the results by the proposed method are good agreement with the results in [17].

1
P, =P X 1+H’l)2]_1] 1_eK(d0+15h)

Py (12)
forp, > p,
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Fig. 6: Relation between 4 meshes grid resistance and the top layer depth

Figure 7 shows the earth surface potential for the case study that mentioned above but into two layer model soil,
the resistivity of the upper soil to lower soil is 2000/100 chm.m.
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Fig. 7: ESP for square grid for the case study

V. BOUNDARY ELEMENT METHOD
In this section a computer aided design (CAD) system for grounding grids of electrical substations
called TOTBEM [6] is presented to get the grounding resistance and earth surface potential. The software code

TOTBEM is applied to the case of study as follows;
Grid area (75m*75m), number of grid meshes 64 meshes, grid depth 0.5m, soil resistivity 2000 chm.m and the

assumed fault current 2000A. the result for ESP is shown in Figure 8.

ESP(kV)
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Fig. 8: ESP for square grid for the case study

V. COMPARISON BETWEEN THE BEM AND CSM
The following case of study is taken to compare between the results by BEM and CSM, the input data about the

grid configuration:

Number of meshes (N) = 64, side length of the grid in X direction (X) = 75m, side length of the grid in
Y direction (YY) = 75m, grid conductor radius =5 mm, vertical rod length (Z) = 0 (no vertical rod), depth of the
grid (h) = 0.5 m, resistivity of the soil (p) = 2000 Q.m and the permittivity of the soil is 9.
The following table I explains that the result from the proposed method is close to the other formula in [1] and

also the values of resistance that calculated by BEM[6].

TABLE I: Grounding Resistance Between The BEM And CSM And The Other Formulas That Used In IEEE
Standards [1]

Ry 0hm
Without vertical | With vertical rods
rods (2m)
75m*75m 75m*75m
CSM 11.75 11.77
BEM [6] 12.6 12.5
Dwight [1] 11.81 11.8
Laurent [1] 13.29 13.23
Sverak [1] 13.23 13.16
Schwarz [1] 11.11 11.01
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Figure 9 (a, b) explains that the comparison between CSM and BEM for earth surface potential
calculation. The Figure explains that the two methods are close to each other for calculating the ESP although
the two methods have different techniques.

ESP(kV)
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Fig. 9a: Comparison between charge simulation method and Boundary Element Method for 64 meshes
(75m*75m) grid without vertical rods (p=2000 Q.m)
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Fig. 9b: Comparison between charge simulation method and Boundary Element Method for 64 meshes
(75m*75m) grid with vertical rods 2m and (p=2000 Q.m)

VI. CONCLUSIONS
The three methods charge simulation method, current simulation method and boundary element method
that used to calculate the earth surface potential and grounding resistance due to discharging current into
grounding grid are efficient. The validation of these methods is satisfying by a comparison between the results
from it and the results from the formula in IEEE standard. The charge simulation and current simulation
methods give a good agreement with the IEEE standard and with the boundary element method.
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