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Abstract. The grounding grid of a power system is
very important for absorbing the harmful overvoltages
and/or overcurrents during transients. The lightning
surges frequently causes overvoltages and/or overcur-
rents via the grounding grid. This may have dangerous
effects on persons and/or equipment. Therefore, this
paper reviews in detail the transient in grounding grids
due to lightning surges. The grounding grid configura-
tions and mathematical modeling are explained. Many
configurations are used in the analysis such as one,
four, sizteen meshes grounding configurations. Also,
two injection points are analyzed: at the terminal and
the middle of the grid. The analysis is carried out using
ATP/EMTP. Many transient responses of voltages and
currents at different points of the grounding grid for
different configurations are calculated and compared.
The peak voltage and current values are compared to
be the basis of safety design of the grounding system.
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1. Introduction

The framework of power systems is structured around
specific points like generator and transformer neutral
points [I]. Grounding grids play a key role in re-
ducing overvoltage during short-circuit events. These
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grids consist of conductive segments acting as ground-
ing units.

Grounding systems in substations are essential for
safety and reliability, aiming to maintain touch and
step voltages within established standards [2]. A
grounding grid includes interconnected horizontal con-
ductors and rods, with the primary goal of meet-
ing safety levels set by industry standards [3]. Vari-
ous grounding methods are studied to enhance human
safety around grounding grids and electrical equipment
[4].

Improving grounding grid performance involves ad-
dressing two key areas: reducing fault current and re-
fining grid design [5]. Decreasing fault current is chal-
lenging [6] but can be achieved by adjusting the grid’s
mesh and adding vertical grounding rods [7, 8], enhanc-
ing protection against electric shocks [9].

Grounding systems have multiple functions, such as
neutral grounding of transformers, dissipating over-
head ground overvoltage, balancing charge between
phases and ground, and providing equipment ground-
ing [10]. Proper grounding is crucial for defense against
lightning, ensuring operator and equipment safety [11].
Inadequate grounding can lead to damage, data and
equipment loss, plant shutdowns, and safety risks
[12]. Electric power companies are working to improve
grounding systems for safety and reliability [13].

Grounding system performance is affected by fac-
tors such as grounding current, so monitoring and
assessing grounding conditions is an ongoing area
of research [I4]. Due to the difficulty of observ-
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ing overvoltage directly, numerical simulations like
the Alternative/ElectroMagnetic Transient Program
(ATP/EMTP) are used for investigation [15].

In this paper, a detailed overview and brief discus-
sion of grounding grids are introduced. The grounding
grid configurations and mathematical modeling are ex-
plained. Many configurations are used in the analysis
such as one, four, sixteen meshes grounding configu-
rations. Also, two injection points are analyzed: at
the terminal and the middle of the grid. The analysis
is carried out using ATPDraw version of ATP/EMTP
[16]. Many transient responses of voltages and currents
at different points of the grounding grid for different
configurations are calculated and compared. The peak
voltage and current values are compared to be the basis
of safety design of the grounding system.

The subsequent sections of the paper are organized
as follows: Section covers grounding configuration
and modeling, Section delves into the transient
behavior of grounding grids, Section[4. | presents simu-
lations of several illustrative cases, and finally, Section
[5] summarizes the conclusions.

2. Grounding Grid
Configuration And
Modeling

Various methods have been used over the years to
analyze and optimize grounding grid design and con-
figuration [I7]. Uneven spacing of grid elements has
demonstrated improved performance in some cases,
with factors like fault current, soil resistivity, and con-
ductor length contributing to lower and more evenly
distributed touch voltages [18§].

An experimental approach is presented in one study
[19], while another introduced the concept of a "Com-
pression ratio" conductor |20, 2I]. Other techniques
based on genetic algorithms are applied in different
studies [22] 23]. An evolutionary approach is often
preferred as it optimizes the grounding grid’s layout
without relying on fixed structures or previous experi-
ence.

The grounding grid is composed of bars positioned at
a specific depth beneath the substation floor, spanning
the entire substation area. Grounding rods are strate-
gically placed within the mesh, extending downward to
areas like building and transformer foundations [24].

Fig. [Ih provides a detailed view of the grounding
grid components [25], while Fig. illustrates the
grounding electrodes, including inductances and resis-
tances. The resistance (R) and self-inductance (L) are
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(a) The three-dimensional view.

(b) Parameters of the grounding electrodes model.

(¢) The equivalent circuit for vertical rod/spike.

Fig. 1: Equivalent circuit of the ground Grid.

determined using equations and .

rR=-L_[0 (1)

L= ’;Tl {m (\2%) - 1} [H] (2)

where [ is the length of each cell, r is the electrode
radius, pe, is the material resistivity, h is the depth
and the permeability is assumed as the vacuum per-
meability, o = 4710~ A/m [26]. Also, the grounding
resistance, R; and the capacitance to ground are de-
termined by:

et () o

3)

(4)

In this context, the resistivity of the soil (p) is a
key parameter, and it’s important to note that the
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permittivity (¢) is defined as ¢ = gg&,, where g9 =
8.859 x 10712 F/m represents the vacuum permittiv-
ity, and €, denotes the relative permittivity of the soil
[26].

The equivalent circuit of the vertical rod/spike is
shown in Fig. [Ik. The resistance, inductance, and ca-
pacitance under transient phenomenon are calculated

by:
. P 811‘ -

L; =2l (mil; X 107) [H]

(®)

(6)

o 5rli
 18In (%

)

where, p is solid resistivity (2m), I; is the total length
of ground rod (m), d is the diameter of the ground rod
(m), and &, is the relative permittivity of solid.

x 1079 [F] (7)

3. Grounding Grid Behavior

Via Transients-Litrature
Review

The industrial sector requires a reliable and cost-
effective way to monitor the safety of grounding grids
to protect people and equipment. A monitoring sys-
tem for assessing substation safety was created in [27],
incorporating telecom and sensor technology as part of
the smart grid initiative. It uses a set frequency to pe-
riodically measure touch and step voltages and relies
on a database for efficient grounding grid evaluation.

For better equipment protection, the plan should ex-
pand to include additional sensors and indices. The
grounding design also focuses on protecting equipment,
with a hypothesis suggesting that appropriate touch
and step voltages in various substation locations indi-
cate good grounding conditions for equipment protec-
tion. However, further research is needed to confirm
this hypothesis. The plan involves a sensor network
and data collection, which poses challenges such as
network creation, maintenance, and reliability, align-
ing with the goals of smart grid researchers focused on
information and communication technology (ICT).

In terms of grounding grid design, the main aim is
to reduce grounding resistance, mesh voltage, and step
voltage to acceptable levels during a ground fault. It’s
also essential to evaluate the grid’s performance af-
ter a lightning strike, as it behaves differently under
impulse current compared to power-frequency failures.
The ATP-EMTP software assesses the grounding grid’s
effectiveness during lightning strikes. Various methods
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to decrease induced and lightning overvoltage involve
modifying the grid design by adding conductors or rods
to increase the grid’s surface area in contact with the
soil.

One approach, the IEEE method, involved placing a
single rod of different lengths at the point of the light-
ning wave’s impact. An optimal rod length of 3 me-
ters has been found, as longer lengths increase induced
overvoltage due to frequency-dependent inductive ef-
fects [28].

An external ground design in distribution systems
aimed to improve lightning performance by connect-
ing an external ground wire and ground rod to over-
head wires [29]. An ATP-EMTP model simulates light-
ning performance, including pole top voltage, critical
current, and back flashover rate (BFOR), using dif-
ferent impulse resistances and lightning current wave-
forms. Installing an external ground affects pole top
voltage, critical current, and BFOR, depending on fac-
tors such as lightning current waveform, wave veloc-
ity, and ground rod impulse resistance. These findings
guide transmission line grounding system designs and
grounding standards revisions.

Another study introduced a transient methodology
for calculating node voltages and uses a genetic algo-
rithm to optimize grounding grid size for studying the
effects of lightning strikes [24]. Simulation results with
varying mesh grid sizes provide insights into the be-
havior and impedance of the grounding system during
lightning strikes. The study examines ground potential
rise (GPR) and mesh grid size to enhance safety, find-
ing that irregular grounding grids tend to be more se-
cure, with lower total GPR compared to regular grids.

Another investigation examined the transient behav-
ior of grounding systems under lightning strikes us-
ing circuit models [26]. These models include current-
controlled voltage sources (CCVS) to represent inter-
actions among grounding electrodes and simulate com-
plex grounding grids under surge conditions. The
models align with EMF theory models despite ap-
proximations related to circuit representations during
surge conditions. Further research is suggested to im-
prove performance at lower frequencies and examine
the model’s potential for simulating complex ground-
ing arrangements.

While circuit models are limited by low-frequency
quasi-static approximations, EMF theory models of-
fer more accuracy but struggle with complex geome-
tries. Field theory-based models often overlook ioniza-
tion effects. The circuit approach can be extended to
higher frequencies by dividing the electrode representa-
tion into basic cells, but it may overestimate transient
voltages due to quasi-static assumptions [30].
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Lastly, a case study at the Al-Mostakbal substation
in Cairo, Egypt, evaluated grounding grid design un-
der different conditions, including ground faults and
lightning strikes [28]. The study highlights the impor-
tance of assessing grounding grid performance during
lightning strikes, where impulse currents cause differ-
ent behavior than power-frequency failures.

Various strategies are examined to mitigate induced
overvoltage, focusing primarily on changing grid de-
sign to increase contact surface with the soil. The
IEEE method recommends using a 3-meter rod at the
point of lightning impact to reduce induced overvolt-
age. ATP-EMTP simulations assess the effectiveness
of these methods.

Moreover, a study explores grounding system mod-
eling for ground potential rise (GPR) computation,
power system simulations, and insulation coordination
[31]. Tt proposed a method to predict equivalent circuit
parameters through time-domain impulse response op-
timization. Equivalent circuits that accurately repre-
sent grounding systems while accounting for frequency
effects and soil ionization are developed. Nonlinear
circuits improve response accuracy, reducing errors in
GPR estimation to less than 4%. These circuits apply
to systemic analyses and GPR calculations considering
lightning strikes and short circuits.

While many electromagnetic transient (EMT) inves-
tigations focus on overvoltage behavior across a wide
frequency range, overcurrent of grounding grid’s effects
receives less attention.

4. Grounding Grid Simulation
and Analysis
4.1. Grounding Grid Simulation

To examine the transient response of grounding grids
accurately, it is crucial to conduct simulations of these
grids. In this research, the transient response to light-
ning impulses using various tested grids: CS01, CS04,
and CS16, as depicted in Fig. [2] are analyzed for many
cases. The dimensions of these test cases are detailed
in Table [I} The horizontal grounding grid conductors
have a radius of 10 mm and are buried at a depth of
0.6 m in soil with e = 50 and p = 100Qm [32]. The
current impulse injected at point A in each grid fol-
lows the formula presented in equation . The peak
value of this current impulse is approximately 12 kA.
The peak current and the time constants are selected
as given in [32] for comparison purpose.

I(t) = 12000 (6—27000t — ¢5600000¢)

(®)
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The first point of injection is point A at the terminal
of the grid, whereas the second point is point B at the
middle of the grid, as given in Fig. [ Fig. [3] illustrates
the ATPDraw model employed for these test cases. Ta-
ble 2 provides the RLC parameters for the grids under
investigation, where R and C represent the resistance
and capacitance of the grid, while L1 and L2 denote the
inductance of the main wire and the grid conductors.

Fig. presents the comparison between the pub-
lished in [32] and simulated voltage waveform at the
outlet point for both one and four meshes grounding
grid as response to the lightning impulse at point A.
It can be seen the closeness between the waveforms
and hence the availability of the proposed model using
ATPDraw.

Tab. 1: RLC for each grid configuration.

R(Q) | Li(H) C(F) L2(H)
CSO01 | 6.499 | 2.3966-005 | 6.802¢-09 | 5.529¢-006
CS04 | 5.665 | 2.3966-005 | 7.803¢-09 | 5.529¢-006
CS16 | 1.071 | 1.412¢-004 | 4.125¢-08 | 3.301e-005
4.2.  Analysis of Grounding Grid’s

Voltages

The analysis of grounding grid’s voltage is carried out
via the investigation of the grid response when the in-
jection is applied at two points; terminal point A and
middle point B.

1) Injection at the terminal point A

The lightning impulse is applied in this case at point A.
The waveforms of the transient voltages in response to
a lightning impulse for different grounding grid configu-
rations are illustrated. In Fig. [5} the voltage waveforms
at the outlet point for one, four, and sixteen grounding
grid meshes are observed.

Also, Fig. [6] shows the transient voltage waveforms
at points B2 and B3 at one mesh configuration and the
same point at various grid configurations in response to
the lightning impulse. Additionally, Fig. [7]displays the
transient voltage waveforms at several points for each
grid configuration in response to the same lightning
impulse.

The above analysis is carried out again when the
three terminals of the ground grid are earthed via the
vertical rod. Fig. [§ illustrates the transient voltage
waveforms at the three terminals of both one and four
meshes’ ground grid configurations. Furthermore, Fig.
[ shows the comparison between the voltage of the
same terminal point for the three ground grid confi-
urations under study.
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Fig. 2: Different number of meshes for square grids.
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Fig. 3: ATPDraw simulation models for different cases.
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The voltage waveforms at terminal points for different
grids as response to the lightning impulse at point A
without earthing the terminals.
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16 meshes as response to the lightning impulse at point
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Fig. 7: The voltage waveforms at several points for different
grid configurations as response to the lightning impulse
at point A without earthing the terminals.

Fig. [10| shows the comparison between the transient
voltage waveforms at many points of the four meshes
configurations when the three terminals are earthed.
Also, Fig. shows the comparison between the tran-
sient voltage waveforms at many points of the sex-
teen meshes configurations when the three terminals
are earthed.

It can be seen that nonlinearity of voltages waveform
and the peaks. Also, the earthing of the main terminals
reduces the peak values.

2) Injection at the terminal point B

Again for more investigation of the response of the
grounding grid to the lightning impulse, the injection
of the lightning is applied in this case at point B. The
waveforms of the transient voltages in response to a
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lightning impulse for different grounding grid configu-
rations are illustrated.
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Fig. 8: The voltage waveform at the three terminal points for

1 and 4 meshes as response to the lightning impulse at
point A with earthing of the three terminals.
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Fig. 9: The voltage waveforms at terminal points of the one
mesh and their equivalents for different grids as response
to the lightning impulse at point A with earthing of the
three terminals.
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10: The voltage waveforms at several points of the four
grid configuration as response to the lightning impulse
at point A with earthing of the three terminals.

11: The voltage waveforms at several points of the sexteen
grid configuration as response to the lightning impulse
at point A with earthing of the three terminals.
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12: The voltage waveforms at the terminal points for differ-
ent grids as response to the lightning impulse at point
B without earthing of the terminals.

13: The voltage waveforms at several points for the four
meshes’ grid as response to the lightning impulse at
point B without earthing of the terminals.
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14: The voltage waveforms at several points for the sexi-
teen meshes’ grid as response to the lightning impulse
at point B without earthing of the terminals.
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ent grids as response to the lightning impulse at point
B with earthing of the terminals.
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Fig. shows the transient voltage waveforms at
the teminal points for various grid configurations in
response to the lightning impulse at point B. Addi-
tionally, Figs. [[3] and [I4] display the transient voltage
waveforms at several points for each of four and sexi-
teen grid configuration in response to the same light-
ning impulse.

The above analysis is carried out again when the
three terminals of the fround grid are earthed via the
vertical rod. Fig. illustrates the transient voltage
waveforms at the three terminals of both one and four
meshes’ ground grid configurations. Furthermore, Fig.
[I6] shows the comparison between the voltage of the
same terminal point for the three ground grid confiu-
rations under study.

4.3.  Analysis of Grounding Grid’s

Currents

The analysis of grounding grid’s currents is carried out
via the investigation of the grid response when the in-
jection is applied at two points; terminal point A and
the middle point B. Also, the terminals of the main
sides are not grounded and then grounded as two case
studies as given before.

1) Injection at the terminal point A

The injection of the lightning impulse is applied in this
case at point A. The waveforms of the transient cur-
rents in response to a lightning impulse for different
grounding grid configurations are illustrated.

The terminals of the main sides are not
grounded

Fig. shows the currents of the four branches of
the one mesh grounding grid configuration (CS01).

Fig. [I7b shows the currents of the branches of the
first mesh of four meshs grounding grid configuration
(CS04). Also, Fig. shows the currents of the
branches of the first mesh of sexiteen meshs ground-
ing grid configuration (CS16).

The currents of the two branches connected to the
injection point are increased with the increasing of the
grounding grid meshes. It is increased for the one,
four, sixteen meshes as 1598 A, 3954 A, and 6766A,
respectively. Therefore, it can be concluded that the
ground grid currents at the first mesh are increased as
the number of meshes increased.

Fig. [[§illustrates the distribution of currents in sev-
eral pathes of the four meshes configuration for the
right path (I1, 17, 121, and 117), the left path (I3, 19,
111, and I15), and the two middle pathes; middle pathl
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(11, 123, 113, and I115) and middle path 2 (I3, 15, 119,
and I17).

It can be notice that the oscillatory behaviour of the
current increases at the end of each path where the
current go to the earth.

Fig. [I9 illustrates the distribution of currents in
several pathes of the sixteen meshes configuration il-
lustrates the right path (I1, 12, 14, 16, 123, 124, 159,
I77), the middle right path (I1, 12, 14, 119, 127, I55,
173, 174), the middle path (I1, 12, 115, 129, 151, 167,
170, I74), the middle left path (I1, 111, 131, 137, 138,
155, 173, and 174), the left path (19, 132, 143, 161, 162,
168, 170, and I74), the left-middle path (19, 132, 143,
148, 152, 156, 177).

It can be noticed that the oscillatory behaviour of
the current increases at the end of each path where the
current goes to the earth.

The terminals of the main sides are grounded

Fig. POh shows the currents of the four branches
of the one mesh grounding grid configuration (CSO01).
Fig. 20b shows the currents of the branches of the
first mesh of four meshes grounding grid configura-
tion (CS04). Also, Fig. shows the currents of the
branches of the first mesh of sixteen meshes grounding
grid configuration (CS16).

The currents of the two branches connected to the
injection point are increased with the increasing of the
grounding grid meshes. It is increased for the one,
four, sixteen meshes as 9059 A, 13857 A, and 24448 A,
respectively. Therefore, it can be concluded that the
ground grid currents at the first mesh are increased as
the number of meshes increased.

Fig. 2T]illustrates the distribution of currents in sev-
eral pathes of the four meshes configuration for the
right path (I1, 17, 121, and I17), the left path (I3, 19,
I11, and I15), and the two middle pathes; middle pathl
(11, 123, 113, and I15) and middle path 2 (I3, I5, 119,
and I17).

It can be notice that the oscillatory behaviour of the
current increases at the end of each path where the
current go to the earth.

Fig. illustrates the distribution of currents in
several pathes of the sixteen meshes configuration il-
lustrates the right path (I1, 12, 14, 16, 123, 124, 159,
I77), the middle right path (I1, 12, 14, 119, 127, I55,
173, 174), the middle path (I1, 12, 115, 129, 151, 167,
170, I74), the middle left path (I1, 111, 131, 137, 138,
155, 173, and 174), the left path (19, 132, 143, 161, 162,
168, 170, and I74), the left-middle path (19, 132, 143,
148, 152, 156, I177).
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It can be noticed that the oscillatory behaviour of
the current increases at the end of each path where the
current goes to the earth.
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Fig. 16: The voltage waveforms at several points for the
meshes’ grid as response to the lightning impulse at

point B with earthing of the terminals.
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Fig. 17: Currents of all branches of the first mesh of different
grid configurations as response to the lightning impulse
at point A.
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Fig. 18: Currents of all branches of four meshes grid as response

to the lightning impulse at point A.
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b) 4 meshes.

A. Injection at the terminal point B

Again for more investigation of the response of the
grounding grid to the lightning impulse, the injection
of the lightning is applied in this case at point B. The
waveforms of the transient currents in response to a
lightning impulse for different grounding grid configu-
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rations are illustrated. The terminals of the main sides
are not grounded and then grounded as two case stud-
ies.

The terminals of the main sides are not
grounded

Fig. [23h shows the currents of the branches of the
first mesh of four meshs grounding grid configuration
(CS04). Also, Fig. shows the currents of the
branches of the first mesh of sexiteen meshs ground-
ing grid configuration (CS16).
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Fig. 19: Currents of all branches of four meshes grid as response
to the lightning impulse at point A.
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Fig. 20: Currents of all branches of the first mesh of different
grid configurations as response to the lightning impulse
at point A.

Fig. 24]illustrates the distribution of currents in sev-
eral pathes of the four meshes configuration for the
right path (I1, I7, 121, and I17), the left path (I3, 19,
I11, and I15), and the two middle pathes; middle pathl
(11, 123, 113, and 115) and middle path 2 (I3, 15, 119,
and I17).
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Fig. 22: Currents of all branches of sixteen meshes grid as re-

sponse to the the lightning impulse at point A.

It can be notice that the oscillatory behaviour of the
current increases at the end of each path where the
current go to the earth.

Fig. illustrates the distribution of currents in
several pathes of the sixteen meshes configuration il-
lustrates the right path (I1, 12, 14, 16, 123, 124, 159,
I77), the middle right path (I1, 12, 14, 119, 127, 155,
173, 174), the middle path (I1, 12, 115, 129, 151, 167,
170, I74), the middle left path (I1, 111, 131, 137, 138,
155, 173, and 174), the left path (19, 132, 143, 161, 162,
168, 170, and I74), the left-middle path (19, 132, 143,
148, 152, 156, I77).

The terminals of the main sides are grounded

Fig. 26k shows the currents of the branches of the
first mesh of four meshs grounding grid configuration
(CS04). Also, Fig. shows the currents of the
branches of the first mesh of sexiteen meshs ground-
ing grid configuration (CS16).
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Fig. 23: Currents of all branches of the first mesh of different
grid configurations as response to the lightning impulse
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Fig. 24: Currents of all branches of four meshes grid as response
to the lightning current impulse at point B.
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(f) The left-middle path.

Fig. 25: Currents of all branches of sixteen meshes grid as re-

sponse to the lightning current impulse at point B.
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Fig. 27: Currents of all branches of four meshes grid as response
to the lightning current impulse at point B.
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Fig.

Fig. 27]illustrates the distribution of currents in sev-
eral pathes of the four meshes configuration for the
right path (I1, 17, 121, and I17), the left path (I3, 19,
I11, and I15), and the two middle pathes; middle pathl
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(11, 123, 113, and I15) and middle path 2 (I3, 15, 119,
and I17).

Fig. illustrates the distribution of currents in
several pathes of the sixteen meshes configuration il-
lustrates the right path (11, 12, 14, 16, 123, 124, 159,
177), the middle right path (11, 12, 14, 119, 127, 155,
173, 174), the middle path (I1, 12, 115, 129, I51, 167,
170, I74), the middle left path (I1, I11, 131, 137, 138,
155, 173, and 174), the left path (19, 132, 143, 161, 162,
168, 170, and I74), the left-middle path (19, 132, 143,
148, 152, 156, 177).

It can be notice that the oscillatory behaviour of the
current increases at the end of each path where the
current go to the earth.

5. Conclusion

In this paper, the transient in the grounding grid due to
lightning surges is discussed. the grounding grid con-
figurations and mathematical modeling are explained.
Also, the previous research of the grounding grid be-
havior via transients is summarized and discussed.
Furthermore, many grounding grid configurations that
consist of one, four, and sixteen meshes are simulated
using ATP/EMTP. The developed model of the ground
grid is verified via a comparison with a published study.

Overvoltages and overcurrents are counted through
many case studies. Also, two injection points are ana-
lyzed: at the terminal and the middle of the grid. Many
transient responses of voltages and currents at differ-
ent points of the grounding grid for different configu-
rations are calculated. The peak voltage and current
values are compared. It is found that the overvoltages
are reduced when the lightning is injected at the mid-
dle of the ground grid. Whereas the overcurrents are
increased in the same case. Therefore, more detailed
studies and analysis are required for the best estima-
tion of ground voltages and currents. Also, overvoltage
mitigation techniques must be studied for ensuring safe
step and touch voltages.
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