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ABSTRACT

The primary aim of the power system grounding is to safeguard the person and satisfying the performance of the
power system to maintain reliable operation. With equal conductor spacing grounding grid design, the distribution
of the current in the grid is not uniform. Hence, unequal grid conductor span in which grid conductors are
concentrated more at the periphery is safer to practice than equal spacing. This paper presents the comparative
analysis of two novel techniques that create unequal spacing among the grid conductors: the least-square curve
fitting technique and the compression ratio technique with equal grid configuration for both square and rectangular
grids. Particle Swarm Optimization (PSO) is adopted for finding out one optimal feasible solution among many
feasible solutions of equal grid configuration for both square and rectangular grids. Comparative analysis is also
carried out between square and rectangular grids using the least square curve fitting technique as it results in only
one unequal grid configuration. Simulation results are obtained by the MATLAB software developed. Percentage of
improvement in ground potential rise, step voltage, touch voltage, and grid resistance with variation in compression
ratios are plotted.
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Nomenclature

di Conductor spacing from center of the grid
dmax Maximum conductor spacing
CR Compression ratio
m Total number of conductor spacing
L Length of the grid
n Total number of grid conductors
Sik Number of grid segments
Lik Length of each segments
k Number of grid meshes
n1 Number of grid conductor along horizontal direction
n2 Number of grid conductor along vertical direction
b1,b2, b3 Coefficients
α, β Coefficients
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n′
1 Reduced number of conductors along horizontal direction

n′
2 Reduced number of conductors along vertical direction

n′ Total number of reduced grid conductors

1 Introduction

It has been noticed that in a grounding grid with equal conductor spacing, more current originates
from the conductors at the periphery, which results in the surface voltage being higher near the edge
of the grounding grid than at the center [1]. Hence, it is not uniform throughout the grid. This results
in making the grounding grid unsafe near the edge under heavy fault. This problem is overcome by
designing the grid with the dense conductors at the periphery, which is done with two novel techniques
such as least-square curve fitting and Compression ratio techniques. An analysis is carried out using
these two techniques for both square and rectangular grid configurations. With increase in equal
spacing grid conductors for the same area, the ground potential rise decreases and potential difference
between two conductors will decrease, so, the voltage profile will be more uniform [2].

Initially, for the input data are shown in Table 1, one optimal feasible solution is obtained from
an enormous feasible solution to achieve an optimal number of conductors along the horizontal and
vertical axis for equal grounding grid design using Particle Swam Optimization (PSO) algorithm.
For this optimal number of conductors, the compression ratio technique creates unequal distance
by varying the value of CR from 0 to 1 in Eq. (1). Output parameters such as ground potential rise,
step voltage, touch voltage, and grounding resistance are compared. The compression ratio technique
results in many unequal grid configurations, but all the grid configurations may not be feasible. Hence,
only feasible grid configurations are considered, and the rest all are discarded. The Least-square curve
fitting technique results in one feasible solution with a reduction in the number of grid conductors
along horizontal and vertical axis. In [3], the authors proposed a cost effective substation grounding
grid design for given set of input parameters. Cost affecting factors such as types of the grid conductors,
depth of the grid burial, grid conductor spacing, number of ground rods and length of the ground rods
are considered to minimize the cost. One optimal solution is obtained with enormous feasible solution.
In [4], overview of substation grounding grid design was carried out based on IEEE std. 80-2000.
Gravitational Search Algorithm (GSA) and Particle Swarm Optimization are proposed to achieve an
effective grounding grid for equal grid conductor spacing. In [5], the authors proposed IEEE method
and Finite Element Method (FEM) to find out the effect of different grid configurations on touch
voltage, step voltage, grid resistance and Ground Potential Rise (GPR) for beverage and food industry.
The simulation results revealed that L-shaped grid with equal conductor spacing gave the best results
compared to other grid shapes. In [6], the authors, proposed two novel techniques such as compression
ratio and least square curve fitting techniques to achieve unequal span the grid conductor for give
number of conductor and given shape of the grid. Impact of touch and step voltages with increase
in depth of grid burial and at different grid configuration analyzed and plotted. In [7], a least square
method is presented for design of unequal spaced substation ground grid to make current density
uniform among the grid conductors. In [8], the authors proposed Genetic Algorithm (GA) to design
grounding grid with unequal conductor spacing. Proposed technology is used for design of grounding
grid for petroleum company. Results obtained from GA is compared with CYGRD software. In [9–12],
the authors proposed PSO and BAT algorithm to achieve optimal unequal grid configuration among
many feasible configurations. Developed a MATLAB software program to find optimal compression
ratio for a given grid area and number of grid conductors. In [13], the authors proposed is to inject
the grid current into deep soil to reduce GPR, grid resistance and surface potential satisfying safety
criterion. The ground rods for equal and unequal grid are analyzed using Auto grid pro SES grounding
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software. In [14,15], the authors proposed PSO and Genetic Algorithm Optimization (GAO) and
Hybrid Particle Swarm Genetic Algorithm Optimization (HPSGAO) to ensure the safety and to
determine economic grounding system. Results obtained revealed that HPSGAO technique presents
lower values of the cost than GAO and PSO methods. In [16,17], the authors proposed a simplified
approached for GPR and Earth Surface Potential (ESP) of grounding for uniform or non-uniform soil.
It has been shown that distribution of grid conductor with unequal spacing having denser conductor
at the periphery can provide most efficient grounding design. In [18,19], the authors presented a touch
voltage reduction technique for two layer and uniform soil by compression ratio. It has shown that, for
a given maximum step voltage, GRP and touch voltage of the rectangular grid with ground rods are
lower than the without ground rods regardless its compression ratio. In [20], the authors presented
computation of ground resistance and assesses safety of the grounding grid at three 161/23.9 kV
substation and obtained results are compared with one-layer model of Schwarz’s equation of IEEE
Std. 80-2000. In [21–23], the authors proposed a new mathematical function of the cost for designing
economics and effective T shaped and L shaped grid configurations. The cost function used here
include number of rods and conductors, dimensions of ground rods, horizontal and vertical conductor,
revetment and excavation area. Proposed a method which reduces the whole cost related to materials
of the grid, excavation and installation. In [24,25], the authors provided the rule to select the vertical
ground rods in two or multilayer o based on the based on the relationship between the length and
number of ground rods. Had concluded that placing the ground rods at the periphery and at the corners
of the grid is better that placing at the of the grid. In [26], the authors proposed a method to obtain
the voltage profile of the grounding grid by solving linear programming problem. Proposed method
is fast and gives satisfactory and accurate results. In [27], the authors suggested, the evolution method
for grounding grid design with unequal spacing among the grid conductor. Grounding grid design
is based on the hybridization of PSO and Optimal Compression Ratio (OCR) technique. Proposed
method offer 20% saving of the copper compared with OCR technique. In [28], the authors presented
a comparative analysis of square, rectangular and L shaped grid configuration to find the optimal
grounding design. Obtained results revealed that, compared to L shaped and square grid, rectangular
grid has minimum values of GPR, grounding system resistance and mesh voltage.

2 Optimal Grounding Grid Design

Optimal grounding grid design is achieved by the Particle Swarm Optimization algorithm. Most of
the mathematical computations involved in the traditional optimization algorithms are eliminated by
the PSO algorithm. The aim being pursued is to arrive at a design such that safety limitations required
by the standard guidelines are met [1]. The design is carried out based on the guidelines provided by
IEEE Std. 80-2000 [1]. Input data are shown in Table 1 for which optimal solution is obtained.

Rectangular and square grid are designed for upper soli resistivity of 2500 �-m and lower soil
resistivity 200 �-m and thickness of the upper layer is 0.5 m. Grounding grid is being test for the
fault current of 1 kA and duration of shocking current through body is 0.5 s. Optimal number of grid
conductors for square and rectangular grid is obtained considering input data shown in Table 1.

Particle Swarm Optimization (PSO) Technique is population based stochastic optimization
intelligent technique inspired by social behavior of bird flocking. This algorithm is easy to implement
as it used few parameters and can successfully applied to obtain optimal solution. In PSO each member
of particles has fitness function to be optimized and have velocity with which particle fly. In every
iteration particle are updated by two best values. The first is the Pbest and the second is the gbest. Flow
chart of the PSO algorithm used is shown in Fig. 1.
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Table 1: Input data for equal conductor spaced grounding grid design

Input parameters Values

Surface layer resistivity 2500 �-m
Lower layer resistivity (Uniform) 200 �-m
The thickness of surface layer soil 0.5 m
Length of the grid 40 m
Width of the grid 40 m
Duration of fault current 0.5 s
Fault current 1 kA
Depth of burial 0.5 m
Ambient temperature 40°C
Duration of shock current through body 0.5 s

Figure 1: Flow chart of the PSO algorithm
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Equation used for finding optimal value of compression ratio CR is

V = W ∗ V + c1 ∗ rand1 (pbest − CR) + c2 ∗ rand2 ∗ (gbest − CR) (1)

Chose

W = 1 and C1 = C2 = 1.5

3 Comparative Analysis by Compression Ratio Technique

As it is required to push more conductors towards the periphery to make the current distribution
uniform among them, compression ratio CR should be less than 1 in Eq. (2). The ith conductor spacing
from the middle is given by [2]

di = dmaxCR
i

(i = 0 to m) (2)

di: ith conductor spacing from center.

dmax: Maximum conductor spacing at the center.

m: Total number of conductors spacing from center to the left of the grid.

CR = Compression ratio.

The maximum distance at the center is given by [2]

d max = L(1 − CR)

1 + CR − 2CR
( n

2)
n is even number (3)

d max = L(1 − CR)

2
(

1 − CR

(
(n−1)

2

)) n is an odd number (4)

L: Length of the grid side.

n: Total number of conductors along horizontal and vertical axis of the grid.

Odd number of ‘n’ will result in symmetrical arrangement throughout the grid and even number
of ‘n’ results in symmetrical arrangement except the center span.

As touch voltage is more influenced by the increase in conductor spacing compared to step voltage
[3], unequal grid design has more effect on touch voltage than step voltage shown in Table 2. For input
data from Table 1, the optimal solutions obtained are: Tolerable touch voltage is 1011.9 V, tolerable
step voltage is 3381.6 V, calculated touch voltage is 844.1 V, calculated step voltage is 363.9 V, ground
potential rise is 2615.4 V, and the grid resistance is 2.608 �, number of horizontal and vertical grid
conductors is 4. Likewise, calculated for other grid configurations as well shown in Table 2.

Table 2: Simulation results of square gird with different compression ratios

Parameters 4 × 4
Grid

5 × 5
Grid

6 × 6
Grid

Calculated touch voltage in V Equal 844.1 683.7 590.7
Unequal
CR = 0.7 811.5 633.9 540.4
CR = 0.6 801.5 615.2 530.1

(Continued)
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Table 2 (continued)

Parameters 4 × 4
Grid

5 × 5
Grid

6 × 6
Grid

CR = 0.5 790.7 597.5 510.7
CR = 0.4 772.2 580.2 502.3
CR = 0.3 876.0 608.3 648.9

Calculated step voltage in V Equal 363.9 340.1 320.1
Unequal
CR = 0.7 359.3 331.5 312.1
CR = 0.6 358.7 328.1 310.2
CR = 0.5 351.3 325.7 307.6
CR = 0.4 350.1 322.1 305.3
CR = 0.3 360.1 324.1 312.1

Grid resistance in � Equal 2.608 2.488 2.422
Unequal
CR = 0.7 2.598 2.471 2.404
CR = 0.6 2.600 2.470 2.400
CR = 0.5 2.595 2.475 2.392
CR = 0.4 2.586 2.463 2.389
CR = 0.3 2.582 2.459 2.386

Ground potential rise in V Equal 2615.4 2485.5 2430.3
Unequal
CR = 0.7 2605 2477.8 2410.4
CR = 0.6 2603.4 2467.7 2406.9
CR = 0.5 2601.6 2455.9 2401.1
CR = 0.4 2592.7 2446.3 2396.7
CR = 0.3 2600.7 2469.3 2408.7

3.1 Comparative Analysis of Square Grid Design
The considered area of the grounding grid is 1600 m2 (40 m × 40 m) with three grid configurations

of 4 × 4 (4 conductors along the vertical axis and 4 conductors along the horizontal axis of the grid), 5
× 5 (5 conductors along the horizontal axis and 5 conductors along the vertical axis of the grid), and
6 × 6 (6 conductors along the horizontal axis and 6 conductors along the vertical axis of the grid).
For each configuration compression ratio CR is changed from 0.3 to 0.7 in step of 0.1 as the solution
is not feasible for other values of CR. The comparative analysis has been carried out with equal grid
design which resulted in a decrease in GPR, step voltage, touch voltage, and grid resistance as shown
in Table 2, but touch voltage percentage improvement is more compared to step voltage, GPR and
grid resistance in all the three grid configurations. From Table 3, it is observed that there is a better
improvement in all the simulated results with an increase in the number of grid conductors. As already
discussed, the grid design is not feasible for all grid configurations, so when the compression ratio CR is
less than 0.4 the solution is not feasible hence it can be discarded. Graph of percentage of improvement
of touch voltages, step voltages, grid resistances and GPR with variation in compression ratios are as
revealed in Figs. 2–5, respectively.
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Table 3: Percentage improvement of unequal grid design comparing with equal grid design

Parameters 4 × 4
Grid

5 × 5
Grid

6 × 6
Grid

Calculated touch voltage in V CR = 0.7 3.86% 7.24% 8.52%
CR = 0.6 5.10% 10.02% 10.26%
CR = 0.5 6.36% 12.60% 13.56%
CR = 0.4 8.52% 15.13% 14.97%
CR = 0.3 −3.78% 11.02% −9.86%

Calculated step voltage in V CR = 0.7 1.26% 2.53% 2.50%
CR = 0.6 1.43% 3.52% 3.06%
CR = 0.5 3.46% 4.23% 3.91%
CR = 0.4 3.79% 5.29% 4.62%
CR = 0.3 1.05% 4.70% 2.50%

Grid resistance in � CR = 0.7 0.38% 0.72% 0.74%
CR = 0.6 0.3% 0.72% 0.825%
CR = 0.5 0.5% 0.52% 1.24%
CR = 0.4 0.84% 1.00% 1.36%
CR = 0.3 0.99% 1.16% 1.48%

Ground potential rise in V CR = 0.7 0.4% 0.31% 0.82%
CR = 0.6 0.46% 0.72% 0.96%
CR = 0.5 0.53% 1.19% 1.20%
CR = 0.4 0.87% 1.58% 1.38%
CR = 0.3 0.56% 0.65% 0.89%
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Figure 2: Touch voltage improvement at the different compression ratios for square grid
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Figure 3: Step voltage improvement at different compression ratio for square grid
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Figure 4: Grid resistance improvement at the different compression ratios for square grid
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Figure 5: GPR improvement at different compression ratios for square grid
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3.2 Comparative Analysis of Rectangular Gird Design
The considered area of the grid is 2400 m2 (60 m × 40 m) with three grid configurations of 6 ×

4 (6 conductors along the horizontal axis and 4 conductors along the vertical axis of the grid), 7 ×
5 (7 conductors along the horizontal axis and 5 conductors along the vertical axis of the grid), and
8 × 6 (8 conductors along the horizontal axis and 6 conductors along the vertical axis of the grid).
For each configuration CR is changed from 0.3 to 0.7 in step of 0.1, and the simulated results are
shown in Table 4. It can be observed from Table 4 that, optimal step voltage, GPR, touch voltage
and grid resistance are decreasing with an increase in the number of conductors along horizontal and
vertical axis. Percentage improvement of an unequal gird design comparing with equal grid design is
shown in Table 5. Grounding grid solution is not feasible for CR less than 0.4, hence these solutions
are discarded. Unequal grid design from CR = 0.4 to CR = 0.7 gave a better result compared to equal
grid configuration. Graph of percentage of improvement of touch voltage, step voltage, grid resistance
and GPR with variation in compression ratio is as revealed in Figs. 6−9, respectively.

Table 4: Simulation results of rectangular gird with different compression ratios

Parameters 6 × 4
Grid

7 × 5
Grid

8 × 6
Grid

Calculated touch voltage in V Equal 535.8 451.9 395.7
Unequal
CR = 0.7 490.9 402.8 360.7
CR = 0.6 477.7 384.1 354.5
CR = 0.5 496.1 380.5 376.7
CR = 0.4 548.9 402.4 390.8
CR = 0.3 560.2 468.1 402.6

Calculated
step voltage in V

Equal 229.4 210.5 196.3
Unequal
CR = 0.7 222.6 206.3 192.1
CR = 0.6 220.8 204.2 190.9
CR = 0.5 218.5 200.8 189.1
CR = 0.4 221.3 207.1 192.7
CR = 0.3 224.3 216.8 198.4

Grid resistance in � Equal 1.769 1.705 1.661
Unequal
CR = 0.7 1.759 1.696 1.641
CR = 0.6 1.758 1.691 1.638
CR = 0.5 1.757 1.688 1.627
CR = 0.4 1.756 1.693 1.651
CR = 0.3 1.785 1.694 1.657

Ground potential rise in V Equal 1774 1709.9 1665.8
Unequal
CR = 0.7 1764 1700 1659.9
CR = 0.6 1762.5 1695.7 1658.1
CR = 0.5 1761.3 1696.6 1651.2

(Continued)
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Table 4 (continued)

Parameters 6 × 4
Grid

7 × 5
Grid

8 × 6
Grid

CR = 0.4 1761 1697.1 1655.7
CR = 0.3 1763.3 1698.1 1657.2

Table 5: Percentage improvement of an unequal grid design comparing with equal grid design

Parameters 6 × 4
Grid

7 × 5
Grid

8 × 6
Grid

Calculated touch voltage in V CR = 0.7 8.38% 10.87% 8.85%
CR = 0.6 10.84% 15.0% 10.41%
CR = 0.5 13.01% 15.8% 4.8%
CR = 0.4 −2.44% 10.95% 1.24%
CR = 0.3 −4.55% −3.58% −1.74%

Calculated step voltage in V CR = 0.7 2.96% 2.96% 2.0%
CR = 0.6 4.18% 3.75% 2.99%
CR = 0.5 4.45% 4.75% 4.61%
CR = 0.4 3.69% 3.53% 1.62%
CR = 0.3 2.22% −2.99% −1.07%

Grid resistance in � CR = 0.7 0.57% 0.53% 1.2%
CR = 0.6 0.62% 0.82% 1.38%
CR = 0.5 0.68% 1.00% 2.05%
CR = 0.4 0.73% 0.7% 0.60%
CR = 0.3 0.9% 0.65% 0.24%

Ground potential rise in V CR = 0.7 0.56% 0.58% 0.35%
CR = 0.6 0.65% 0.83% 0.46%
CR = 0.5 0.72% 0.78% 0.88%
CR = 0.4 0.73% 0.75% 0.61%
CR = 0.3 0.60% 0.69% 0.518%
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Figure 6: Touch voltage improvement at the different compression ratios for rectangular grid
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Figure 7: Step voltage improvement at different compression ratio for rectangular grid
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Figure 8: Grid resistance improvement at the different compression ratios for rectangular grid
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Figure 9: GPR improvement at different compression ratio for rectangular grid

4 Comparative Analysis by Least-Square Curve Fitting Technique

Let n1 and n2 are the numbers of conductors parallel to the x-axis and y-axis, respectively. L1 and
L2 are the lengths of horizontal and vertical grid conductors; k1 and k2 are conductor spacing along
the x-axis and y-axis, respectively. If there are k numbers of conductor segments, the length of the ith

segment is Lik given by

Sik = Lik ∗ L (5)

Based on the least square curve fitting method Sik is given by

Sik = b1 ∗ e−b2 ∗ i + b3 (6)

where,

i = (k + 1)/2 for k is odd

i = k/2 for k is eve

k = n1 − 1 for x direction conductors

k = n2 − 1 for y direction conductors

where k is the number of grounding grid meshes. Relationship between k and b [7] is as shown in
Table 6.

Table 6: Relationships between k and b

k b1 b2 b3

7 −0.312 0.369 0.287
8 −0.281 0.339 0.154
9 −0.237 0.322 0.214
10 −0.211 0.312 0.191
11 −0.815 0.304 0.165
12 −0.175 0.255 0.162

(Continued)
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Table 6 (continued)

k b1 b2 b3

13 −0.162 0.234 0.151
14 −0.161 0.199 0.150
15 −0.158 0.167 0.149
16 −0.146 0.157 0.139
17 −0.136 0.146 0.131
18 −0.132 0.133 0.127
19 −0.126 0.127 0.121
20 −0.119 0.122 0.117

Percentage of grid conductors saved using unequal spacing can be determined using the given
formula as follows [7]:

λ =
α ∗ β

100

1 + α ∗ β

100

∗ 100% (7)

coefficient of α and β varies with the total number of grid conductors used in an equal grid
configuration. The coefficient of α and β can be determined using Eqs. (8) to (11).

α = 121.2e−0.4n + 1.4864 for 8 ≤ n ≤ 20 (8)

α = 121.2e−0.3n + 1.2664 for 20 ≤ n ≤ 30 (9)

α = 121.2e−0.4n + 1.1400 for n > 30 (10)

β = −92.6e−0.07n + 66.337 (11)

The number of grid conductors along x-direction in unequal grid configuration is given by

n′
1 = n1(1 − λ) (12)

The number of grid conductors along y-direction in unequal grid configuration is given by

n′
2 = n2(1 − λ) (13)

Total number of grid conductors on both the direction

n′ = n′
1 + n′

2 (14)

4.1 Comparative Analysis of Square Grid Design
The considered are of the square grounding gird is 3200 m2 (57 m × 57 m approximate), upper

soil resistivity 2500 �-m, lower soil resistivity 200 �-m, fault current is 3 kA. The optimal solution for
equal grounding grid for this data is: number of grid conductors along the x-direction is 16, number
of grid conductors along the y-direction is 16, tolerable touch voltage is 880 V, tolerable step voltage
is 2854 V, calculated touch voltage is 868.6 V, calculated step voltage is 462.5 V, the ground potential
rise is 4403.7 V and grid resistance is 1.569 �. For this optimal solution when the least-square curve
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fitting technique was implemented, it resulted in a reduction of grid conductors along the x-direction
and y-direction as 11 for unequal grid configuration. The corresponding calculated touch voltage is
851.7 which is less than tolerable touch voltage 880 V, calculated step voltage is 505 V which is also
less than tolerable step voltage 2854 V, ground potential rise 4473.3 V and grid resistance is 1.593 �.
Hence the solution is feasible with a reduction of grounding grid conductors, hence the reduction in
total cost. Unequal conductor spacing by least-square curve fitting technique is given in Table 7 and
Fig. 10 shows the unequal grid configuration. Figs. 11–13 are profiles of step voltage, touch voltage,
and potential rise respectively.

Table 7: Unequal conductor spacing by least-square curve fitting technique

Unequal conductor spacing Mesh
1, 10

Mesh
2, 9

Mesh
3, 8

Mesh
4, 7

Mesh
5, 6

X and Y direction (m) 2.08 4.44 6.17 7.44 8.36

Figure 10: Unequal spacing in square grid configuration

Figure 11: Touch voltage profile
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Figure 12: Step voltage profile

Figure 13: Absolute potential profile

4.2 Comparative Analysis of Rectangular Grid Design
Consider rectangular grounding gird of area 3200 m2 (80 m × 40 m), upper soil resistivity

2500 �-m, lower soil resistivity 200 �-m. Fault current is taken as 3 kA. The optimal solution for
equal grounding grid for this data is: number of grid conductors along the x-direction is 14, number
of grid conductors along the y-direction is 20, tolerable touch voltage is 880 V, tolerable step voltage
is 2854 V, calculated touch voltage is 847.3 V, calculated step voltage is 460.3 V, the ground potential
rise is 4322.8 V and grid resistance is 1.54 �. With the least-square curve fitting technique the number
of grid conductors along the x-direction is 8 and y-direction is 12 for unequal grid configuration. The
corresponding calculated touch voltage is 879.2 V which is less than tolerable touch voltage 880 V,
calculated step voltage is 496 V which is also less than tolerable step voltage 2854 V, ground potential
rise 4451 V and grid resistance is 1.586 �. Hence the solution is feasible with a reduction in grounding
grid conductors in both the directions, hence the reduction in total cost. Unequal conductor spacing
by least-square curve fitting technique is given in Table 8. Unequal grid configuration for rectangular
(80 m × 40 m) grid is shown in Figs. 14. Figs. 15–17 are voltage profiles of step voltage, touch voltage,
and potential rise correspondingly.
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Table 8: Unequal conductor spacing by least-square curve fitting technique

Unequal conductor spacing Mesh
1, 7

Mesh
2, 6

Mesh
3, 5

Mesh
4

X-direction (m) 2.85 5.5 7.34 8.61

Unequal
conductor spacing

Mesh
1, 11

Mesh
2,10

Mesh
3, 9

Mesh
4, 8

Mesh
5, 7

Mesh
6

Y-direction (m) 2.54 5.39 7.47 9.00 10.12 10.94

Figure 14: Unequal spacing in a rectangular grid configuration

Figure 15: Touch voltage profile



EE, 2023, vol.120, no.3 613

Figure 16: Step voltage profile

Figure 17: Absolute potential profile

5 Comparative Analysis of Square and Rectangular Grid Configuration

Comparative analysis is carried out between square and rectangular grid configuration with the
same cross-sectional area of the grid, soil data, fault current, duration of the fault, depth of the burial
for both equal and unequal conductor spacing, and the results are tabulated in Tables 9 and 10.

Table 9: Comparative analysis of square and rectangular grid configuration for equal grid conductor
spacing

Parameter Square grid
configuration

Rectangular grid
configuration

Remarks

Optimal number of grid
conductor

n1 = 16, n2 = 16
n = n1 + n2 = 32

n1 = 18, n2 = 14
n = n1 + n2 = 32

No difference in
number of grid
conductors

(Continued)
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Table 9 (continued)

Parameter Square grid
configuration

Rectangular grid
configuration

Remarks

Calculated touch voltage in V 872.6 870.3 Less in a rectangular
grid configuration

Calculated step voltage in V 462.5 460.25 Less in a rectangular
grid configuration

Ground potential rise in V 4403.7 4322.8 Less in a rectangular
grid configuration

Grid resistance in � 1.569 1.54 Less in a rectangular
grid configuration

Table 10: Comparative analysis of square and rectangular grid configuration for unequal grid
conductor spacing

Parameter Square grid
configuration

Rectangular grid
configuration

Remarks

Reduced number of grid
conductor

n1 = 11, n2 = 11
n = n1 + n2 = 22

n1 = 12, n2 = 8
n = n1 + n2 = 20

Less in a rectangular
grid configuration

Calculated touch voltage in V 872.7 862.2 Less in a rectangular
grid configuration

Calculated step voltage in V 505 496 Less in a rectangular
grid configuration

Ground potential rise in V 4473.3 4451.2 Less in a rectangular
grid configuration

Grid resistance in � 1.596 1.586 Less in a rectangular
grid configuration

There is no difference in the total number of optimal grid conductors used in square and
rectangular grid configuration but comparing with all other parameters rectangular grid results are
better compared to square grid hence it can be concluded that rectangular gird configurations are
better compared to square grid configuration for both equal and unequal grid conductor spacing.

6 Comparison and Discussions between Two Novel Techniques

To create unequal grid configurations two novel techniques such as Optimal Compression Ratio
(OCR) technique and Least Square Curve Fitting Techniques are adopted. Least square curve fitting
technique results in only one feasible solution but this technique reduces the number of grid conductors
by 35% to 45% keeping the touch and step voltage with in the tolerable value. OCR techniques results
in many feasible solutions by varying CR between 0 to 1. It is clearly shown in Table 2, if CR value is
between 0.7 to 0.4 then only it is feasible to prefer unequal grid configuration compared to equal grid
configuration. This means, not all the unequal grid configurations resulted are better than equal grid
configuration.
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7 Conclusion

In this paper two novel techniques: the least-square curve fitting and the compression ratio
techniques are used in designing unequal grid configurations. Optimal solutions for equal grid
configuration such as number of parallel conductor along x-direction and y-direction of the grid,
tolerable touch voltage, tolerable step voltage, calculated touch voltage, calculated step voltage, ground
potential rise, grid resistance are obtained by Particle Swarm Optimization algorithm using MATLAB
software program developed.

Comparative analysis between the grounding grids with equal and unequal grid configurations
are carried out for both square and rectangular gird. From this comparison it can be concluded
that, a grounding grid with unequal grid configuration is better than a grounding grid with equal
grid configuration, as there is a reduction in touch voltage by 3% to 10%. Step voltages are not
much influenced on change in conductor spacing. It is also observed that in the least-square curve
fitting technique, there is a reduction in grid conductors by 35% to 40% comparing with equal grid
configuration for same input parameters and hence reduction in the cost. From the comparative
analysis carried out between the square and rectangular grid configurations, it can be concluded that
rectangular grid configurations are better than square grid configurations.
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