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Abstract— Grounding system (GS) represents one of the most essential items of the power plants and substation systems design. The
main objective of power system substation grounding grids is to maintain reliable operation and protect personnel and equipment during
fault conditions. For all substations planning, economical and effective GS plays an essential role since the absence of effective grounding
grid can result in mal-operation of protective devices and hazardous for operators and substation equipment. Therefore, in this paper, the
evolutional technique for unequally spaced grounding grid design is suggested. The design is based on hybridization of optimum
compression ratio (OCR) and particle swarm optimization (PSO) techniques. This approach is purposed to control the grounding copper
volume of the GS with the aid of controlling of unequally spaced grounding conductor lengths with reference to the safety measures. The
proposed technique offers almost 20% of copper savings comparing with the optimum compression ratio method.

Index Terms— Ground Grid (GG); Optimum Compression Ratio (OCR); Particle Swarm Optimization (PSO); Ground Potential Rise

(GPR); Step Voltage; Touch Voltage; Ground Resistance.

1 INTRODUCTION

he short-time large ground fault currents will make the

power systems unstable and meantime be danger to

persons and network equipment. Hence, the GG design
should consider the limitations of the step voltage, touch
voltage, ground potential rise (GPR), and GG resistance for
safety. In modern substations, the GS is a necessary part for
all electrical systems; its design has very much importance [1,
2].

According to IEEE 80 standard [2], the GG resistance must
be low enough to guarantee that faults currents dissipate
through the GG into the earth, while the GPR on the earth's
surface must be remained under specific tolerances [2]. As it is
known the person’s safety which is one of the key goals of the
GS is usually affecting by the GPR, step and touch voltages of
GG structure during grounding faults of all electrical
networks [3-9]. In order to limit the GPR to safe values, it is
necessary to design a right GG that efficaciously connects with
the metallic structure of the substation to ensure the safety
criteria [10-12]. Some of the investigators and designers
suggested unequally spaced grids as a method to save about
34% of GG material [13-15].

Some parameters of GG such as grounding resistance, step
and touch voltages can be determined using simplified
assumptions and some of these parameters are difficult to be
determined by simplified method but they are determined by
using experimental techniques [16-17]. Some investigators
have proposed formulas to calculate the GPR, touch voltage,
step voltage and grounding resistance. Others used the charge
simulation method to carry out the same calculations [18-19].
Experimental models are used to obtain the same parameters
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by other investigators [20 -22].

The optimal GS design for the substation is to suitably
arrange the conductors of GS to equalize the leakage current
distribution and the potential gradient of ground surface;
while keeping the step and maximum touch voltages within
the safe limits; this would assure making all grounding
conductors sufficiently utilized so certified as a safe and
economic design method. IEEE 80-2000 standard is used in the
design of safe GG. Based on this standard software, programs
are designed and used in choosing the economical design and
installation of substations grounding system through a lot of
alternatives [23-25]. Optimum GS design in uniform and non-
uniform soils using ANN is presented by O. E. Gouda [26].
Optimized GS design of substation using newly developed IEEE
compliant software is reported by Kaustubh A. Vyas. [27].
Optimal design of the GG by FEM considering different layered
soil models is reported by Anton [28].

Recently, new techniques are used in the most economical
GS design [29-36]. Designing of the GG system having safety
and GG resistance requirements with the lowest cost is a
nonlinear problem with relative minimum points. Some
techniques have been suggested to achieve this goal. One of
these techniques is the optimum compression ratio (OCR).
Many studies of GG design have been planned on the trial-
and-error approaches. These approaches make the mesh
dimension of the GG satisfy with Limitations of the touch
voltage, step voltage, GPR and GG resistance from standards.
In this paper design of unequally spaced GG by hybridization
of OCR and Particle Swarm Optimization (PSO) Techniques, is
suggested. As it is known PSO is a powerful scheme for the
solution of similar problems. The proposed technique proved
that it is suitable for determining the best substation GS
design. It offers almost 20% of copper savings comparing with
the unequally spaced traditional methods.
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2 METHODS USED IN THE DESIGN

2.1 Optimum Compression Ratio (OCR)

The conductor compression ratio (CR) is related to the grid
dimensions and the maximum conductor separation dmax
which occurs toward the grid center and is given by:

L(1-CR)

dmax = m N is even (1)
_ L(1-CR) .
dmax = m N is odd (2)

Where N is the desired conductors' number perpendicular
to axis of a given grid of length L. When the grounding
conductors are arranged according to an exponent regularity,
the conductors span decreases gradually from the center to the
side of the GG. The i*" conductor span from the center is

d; = dpgy - CR! (3)

For the optimal GG design, the OCR can be used, in
which the touch voltage reaches its minimum value if the GG
is designed under this CR [37]. Grid conductors of the
unequally spaced grid having denser conductors at the edges
proved the most safe and efficient design [38-40]. However,
one merit of the use of unequally spaced grid produces more
uniform current density in the grid conductors and therefore
remarkable decrease in the voltage gradients of the earth’s
surface is reported [41- 44]. Then, the touch voltage for such
grid reaches its lowest values and thus the conditions of safety
for human above the earth surface of the substation will be
ensured. It is concluded by [42] that the use of unequally
spaced grid using OCR technique saves about 34% of GG
material. Sequentially the installation cost of the GG will be
reduced. An empirical expression is obtained to calculate OCR
as follows [23].

OCR =ay+a, . e(0:0001R) a e (4)
Where
b = —0.3503 — 9.6311e(—0-3666L) 5)
ag = agy + Aok + agzk? ©)
a, = ayq + ak + ag3k? @)
a; = Qzq + azzk (8)

Where k is the conductor segments number in any direction; h
is the laying depth of the grid. The relationship between a0,
al... and L is given in Table 1 [23].

TABLE 1
RELATIONSHIPS BETWEEN ag,a;, a, AND L

2.2 Particle Swarm Optimization (PSO) Algorithm

The PSO is defined as a multi-agent search technique that
ensures a swarm of particles and each particle performs a
prospect solution in the swarm. All the particles fly
meanwhile multi-dimensional the search space. Each particle
is regulating its position with respect to its own practice and
the experience of neighbors [45]. Therefore, in a PSO
technique, all particles are beginning randomly and estimated
to compute fitness together with finding the personal best and
global best. After that, a loop starts to find an optimum
solution. In the loop, first the particles’ velocity is updated by
the personal and global bests, and then each particle’s position
is updated by the current velocity. The loop is ended with a
stopping criterion predetermined in advance. Basically, two
PSO algorithms, namely the Global Best (Gbest) and Local
Best (Lbest) PSO, have been developed which differ in the size
of their neighborhoods [45].

2.3 Voltage Profile Computation by Using Image
Method

By using the Infinite Series Potential Method (1.5.M) [8, 9],
the potential difference in volts can be determined in three
dimensions (x, y, z) using the following equation.

Ip[inf(x,y,
v(x,y,2) = W )
Where

JGx+o. .
f(x, y, Z) _ J(x+0.50)2+y2+22+x+0.51 (10)

T Jx=050)2+y2+z2+x—0.51

Where I is the short circuit current in ampere, 1 is grid side
length in meter and p is the soil resistivity in Q.m [20, 21]. If
there is a GG of total conductor length (L) buried in uniform
soil, the total potential differences (Vr,¢q;) caused by this grid;
means interference between any point and all conductors of
the GG and its images, it will be the sum of the potential
caused at this point by this grid conductors and all its images
[44].

v __1pTxyln f(x,y,2)+In f (x,y,2+2h)]
Total — 4mLc

(1)

3 DESIGN OF UNEQUALLY SPACED GG USING
OCR

The safe design of the unequally spaced GG system should
limit the GPR, step and touch voltages of grounded structures
during electric power faults to safe values, besides reaching to
the predetermined value of the GG resistance. In this paper,
the GPR, step voltage and touch voltage are calculated along
the center conductor for unequally spaced grid area

Coefficients L‘_iollilim 100 méL‘élTSm 175 mSOL?SDm L?l;grn A=105%x105 m?2 having 64 meshes. Flgsl(a) and (b) give the
Qg 3 -0.5 . . f
2oz =713 5065 3318 1541 unequally spaced grid GPR and step potential of GG structure
ags 1563 1388 18.49 13.42 along the center conductor in case of unequally spaced grid
33 5 8 : i
z“ O,‘g'g' 5061“91 L 13)" f}ssﬂg having denser conductors at the edges under different values
12 ! UL DL.0L - . . . . .
as 15.56 -13.83 1844 1338 of compression ratios (CR) when the short circuit current is 10
Gy -0.067 -0037 -0.029 -0.022 kA and the soil resistivity is 100 Q.m.
g, 0.5 0.41 034 0.26
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Summary of the relations between the GPR, step and touch
voltages and GG resistance from one side and the compression
ratios on the other side is given in Table 2. By the analysis of
the achieved results given in Fig. 1 and Table 2, it is concluded
that the GPR along the grid center conductor, the touch and
step voltages along the center conductor and grid resistance
reach their lowest value when the CR for this GG reaches 0.493
and the grid meshes number is 64. These results are in
agreement with that obtained by O.E. Gouda [46].

To achieve the relation between the meshes number and
optimum compressed ratios, calculations are done when the
short circuit current is 10 kA and the soil resistivity is 100 Q.m.
Fig.2 gives the relation between the GPR along the center of
the square GG for different values of compression ratios (CR).

Unfortunately, it is found that the OCR value is not constant
for all the grounding grids. Each grid with different meshes
number has its own value of OCR. Fig.2 illustrates the
relationship between the GPR over the center conductor and
the relation between OCR for the unequally spaced grid as a
function of CR. Remarkable, these relationships usually have
an obvious "U" shape. It is noticed also from Fig.2 that
increasing in the grid meshes number increases it's OCR. As
example OCR for 36 grid meshes is 0.31, it is 0.493 for N=64,
0.58 for N=100 and 0.65 for N=256. The voltage profile
distribution samples in 3D for optimum compressed ratio
value given in Fig. 3. It is observed that at CR=0.493 the
ground potential is more uniformly distributed.
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Fig. 3 The voltage profile along all conductors of the grid in case of the
unequally spaced grid having denser conductors at the edges of
(A=105%105 m2, N=64) in case of OCR=0.493.

TABLE 2
SUMMARY OF THE RELATION BETWEEN THE GPR, STEP AND
TOUCH VOLTAGES AND GROUND RESISTANCE FROM ONE SIDE
AND THE COMPRESSED RATIOS FROM THE OTHER SIDE, N= 64

Compression | GPR Emesh Estep Ground
Ratio (CR) | (Volt) | (Velt} | (Valt) RHEM
CE=0 24803 a01.49 2457 04134
CE=0.1 22833 3302 23845 03823
CE=0.2 21786 48698 213.08 0.3631
CE=0.3 21166 41798 188.28 0.3528

CE=04 2106 31357 1454 0331
CER=0.493 2007 6 21568 102.38 0.3496
CE=0.6 22032 266.546 14234 0.3672
CE=0.7 23059 32645 215.82 03843
CR=0.5 24113 401.7 2875 04019
CE=0.2 2518.8 4995 13.115 04198
CE=1 26264 3937 3532 04377
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4 DESIGN OF THE GG USING PSO

In this part of the paper, the step voltage, touch voltage,
GPR, and grounding resistance, based on ANSI/IEEE Std.80
and applying the PSO to achieve the optimal GG design,
which includes meshes number, and is laying at a known
depth. The GG design has to consider factors of safety and
minimum used copper. The parameters of GG design and
used copper volume are estimated based on ANSI/IEEE Std.
80 [2].

4.1 Total GG Conductors Volume

Attention has to be considered for the copper grid volume.
To have the optimal GG design with minimum cost, the
objective volume function has to be optimized while satisfying
the safety considerations and predetermined value of GG
resistance.
The copper volume of the conductors of the GG is evaluated
as given in equation (13)

2
Objective Volume= minimise {(n X (%) X (NL, + Nw,) X
LO)+ (72X dr22 X Nr X Lr) (13)

Where

d  the conductor diameter of GG (m)

NLc conductors number in the length direction
Nwc  conductors number in the width direction
dr the ground rod diameter (m)

4.2 Safety Criteria Limitations and GG Resistance

The safety standard includes that the actual step and mesh
potentials of the GG must be less than or even equal the
corresponding acceptable potentials values which are borne
by humans without being subjected to electric shocks.

Emesh—Actual < Emesh—acceptable
Estep—Actual < Estep—acceptable (14)

The recommended limits of the GPR value is usually 5000V for
the substations GG [2].
GPR—acceptaple = GPRmax (15)

The designed GG resistance has to be equal or less than the
target GG resistance
Rg =< Rtarget (16)

For the most high-voltage and large substations, the GG
resistance is usually less than 0.5 Q. In smaller substations, the
acceptable value usually depends on the local conditions [2].
The conductors' separation in x and y directions is
proportional to the GG dimensions as follows [2]. In case of

the unequally spaced grid, the space between the conductors
depends on the designed compressed ratio.

Dx,min < Dx < Dx,max

D

ymin < Dy <D

ymax (17)

The grid burial depth influences the GPR and the GG

resistance. According to standards, the grid burial depth is

recommended to be between 0.25-2.5 m.

hmin <h< hmax (18)
Finally, a mathematical model is expressed in general

constrained optimized problem.

minimise{f (x,v) = Volume}

glx,v) =0
S.t {h(x’ V=0 (19)
f(x,v) is defined as the objective function, g(x,v) and
h(x,v) are defined as the set of inequality and equality
limitations, respectively, x is known as state variables and v is
the vector of variables. The control variables depend on the
designer vision.

4.3 Applications of the PSO Algorithm in GG Design

The field data that are given in Table 3 is used for designing
of GG by using PSO algorithm. The control variables
considered in the design using PSO algorithm are the spacing
between the grid adjacent conductors (continuous variable),
the grid burial depth (continuous variable), rods number
(integer number and continuous variable), and the grounding
conductor cross-sectional area (discrete variable). The PSO
algorithm and the GG optimization flowchart is given in [36].
The obtained designed parameters are given in Table 4 and it
is compared with the GG parameters equally spaced between
each conductor that is designed by using IEEE Std 80-2000. It
is noticed that the GG design using PSO algorithm gives
saving in copper volume and mass of the GG by about 24.9%
and decreases the step potential by 12.3%, but unfortunately,
an increase in GPR and mesh voltage by 5.5% and 4.9%
respectively is noticed. It should be noted that nevertheless
these values give a safe design for the GG and meets the
design requirements.

TABLE 3
THE FIELD DATA OF THE GROUNDING SYSTEM
Grid parameter Field data
A (Grid area, m” ) 105=10% m”
2 (Soil resistivity, {.m) 10082 m
Iy { Fault current, A) 10000 Amp
D ¢{ Decrement factor) 1
§¢ (Current division factor) iX3]
ty (Duration of fanlt current) | zec
t, { Duration of shock) | zec
2 Crushed Rock Resistivity) 2500 £2m
h; (Thickness of Crushed Rock) 0102 m
Diameter of the conductors 001 m
Eyouch—talerable 3722w
Esrep—tolerable 181858 v
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The voltage profile of the GG design using IEEE Std 80-2000
and using PSO in the 3-D and also the GPR in 2-D are given in
Fig. 4.
TABLE 4
GROUNDING GRID PARAMETERS USING IEEE STD 80-2000 AND
PSO WITHOUT USING RODS

Ground grid design without | Using IEEE | Using PSO
using rods Sed 80-2000
h {laying depth, m} 1 0o
D {3pacing between each 13 21
conductor and the other, m)
MLc (Conductors' number in g i
each side)
Volume (m™) 0.1319 0.0950
Mass (g} 117018 22306
GPR (v} 23339 260932
Estep {v) 30333 266.01
Emesh {v) 338492 36351
Ground Eesistance {£2) 04257 04492
TABLE 5

GROUNDING GRID PARAMETERS USING IEEE STD 80-2000 AND
PSO WITH USING RODS, EQUAL SPACE BETWEEN CONDUCTORS

Ground grid design with rods | Using IEEE | TUsing P50
Std 80-2000

h {layving depth, m} 13 11

D (5pacing between each 2625 35

conductor and the other, m)

NLc(Conductors' number in 5 4

each side)

Nr (Number of rads) 17 15

Lr (Rod length, m) 3 3

Dr (Rod diameter, m) 0.03 003

Volume (m”) 0.1183 [EEE]

Mass (kg) 1030 3% 803104

GPE (v} 1568 27555

Estep {v) 21533 183.03

Emeshiv) 476.87 33911

Ground Eesistance {(Q) 04277 04593

5 DESIGN OF THE GG USING HYBRIDIZATION
BETWEEN CR AND PSO ALGORITHM

5.1 Uniform soil
Hybridization of the CR method and PSO algorithm is
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done to achieve the most economical and safe GG. It can be
considered as an evolutionary technique for the unequally
spaced GG design. In this technique, the compressed ratio CR
is taken as one of the variables that are optimized by PSO. One
advantage of the suggested method is to obtain unequally
space, economical and safe grounding grid design.

The considered control variables are the spacing between
conductors, the required copper volume and the conductors'
number in each side. It is found that the optimized value of
CR is 0.23 in the case under study (A square grounding grids
of 105x105 m? area, buried in 100 ohm.m uniform soil
resistivity and the current emanating from this grid into the
soil is 10 kA). Fig.4 (a) shows the voltage profile in 3-D of the
GG designed by using IEEE Std 80-2000. Fig. 4 (b) gives the
voltage profile by using PSO in 3-D. GPR of GG by using IEEE
Std 80-2000 and PSO in 2-D is given in Fig. 4(c).Table VI gives
the GG system design parameters by using OCR and PSO, the
grid conductors are unequally spaced.

TABLE 6

DESIGN OF THE GG USING OCR AND PSO THE GRID CONDUCTORS
ARE UNEQUALLY SPACED

Ground grid Using CR ' New

design technique
CR 23
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Using IEEE Std 80-2000
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Fig. 4 Voltage profile of the GG system design, (a) using IEEE Std 80-
2000 (b) using PSO in 3-D and (c) GPR of GG using IEEE Std 80-2000
and PSO in 2-D.
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Fig. 5 Voltages of GG design, (a) GPR, (b) Mesh voltage and (c) Step
voltage of the designed grids given in Table 6.

The comparison is done between grid designed by using the
new technique, using the OCR method and also by using
compressed ratio equals 0.9 as given in Table 6. Fig.5 (a) shows
the GPR of the three grids, Fig.5 (b) shows the mesh voltage
and Fig.5 (c) shows the step voltage of the designed grids.
Using the new technique in the GG design indicates that 4
conductors only in each side of the grid gave economical and
safe GG. From Table 6 it is noticed that 19.27% saving in
copper GG volume is done by using the new technique and
slight increase is observed in the GG resistance, GPR and
mesh voltage comparing with using OCR and CR= 09
methods in the GG design, with acceptable safe design.

5.2 Non-uniform soil

The apparent soil resistivity of two-layer soil can be
calculated using the following formulas that are developed by
E. D. Sunde [47]:

Pao = 2(pz — (p2 = p1)-e77°) = (p2 — (p — p1).e72)

(20)

Where

P... Apparent soil resistivity between first and second layer

p,. First layer soil resistivity

p,. Second layer soil resistivity

S: the spacing between probe electrodes of measuring soil
resistivity.

d,:First layer soil thickness

6 : Scaling factor

(z—;)—ln (0.0176)

n
j=6/2(dy), 6 = —22—
The apparent soil resistivity in the above example is taken 80
Q.m. The designed GG parameters using the new technique is
shown in Table 7. It is found that the optimized value of CR is
0.23 in the case under study, a square grounding grids of
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105x105 m? area, buried in the first layer of the three layers
and 80 Q.m apparent soil resistivity of the three layers. The
current emanating from this GG into the soil is 10 kA. Fig.6 (a)
shows the voltage profile in 3-D of the GG designed by the
suggested technique and Fig. 6 (b) shows the GPR.

TABLE 7
GROUNDING GRID PARAMETERS OF THREE LAYERS BY USING THE
SUGGESTED TECHNIQUE

Ground grid design Using the suggested
technigue

Soil resistivity 80 Qm

CR 0.23

H 1.5

D [26.23 325 26.23] .4

NLc 4

Volume (m?) 0.0660

Mass (kg) 390

GPR (v) 1861.7

Estep (v) 102.31

Emesh{y) 34332

Ground Resistance (Q) 0.3103
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Fig.6 Voltages of GG design using the new technique of three layers
example (apparent soil resistivity is 80 Q.m) (a) Voltage profile (b) GPR.

6 CONCLUSION
In this paper, the design methods of GG using OCR method
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and PSO technique are presented. It has been found that each
grid has its own OCR depending on the grid meshes number.
Hybridization of CR and PSO techniques is suggested. This
approach is purposed to control the copper GG volume with
the aid of controlling the grid conductors' length under the
safety limitations. The proposed technique offers almost 20%
of copper savings while respecting all design requirements
and safety measures. Hence it is obvious that the suggested
method is quite satisfactory for the GG design in uniform as
well as multi-layered soils and meets IEEE safety criteria.
Hence this technique proves to be an effective method and
copper savings for preliminary design at least of the optimum
grounding grid, rather than using the experience rules.
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