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ABSTRACT Substations are important parts of electric power systems, and they require well-designed
grounding systems. A proper grounding system guarantees the safety of the personnel working in an
environment surrounded by grounded equipment from possible electric shock, protects the equipment against
unnecessary breakdowns, and conserves the stability of the entire electrical system throughout its operation.
Grounding systems developed under power frequency conditions generally react differently under high
frequency and transient conditions, such as switching transients and lightning strikes. This work reviews
the modeling methods for substation grounding systems and their performance when grounding design

parameters change under high frequency and transient fault conditions.

INDEX TERMS Substation grounding, grounding, transient faults, lightning, uniform soil.

I. INTRODUCTION

Electrical grounding systems are important in creating a
safe environment for human operators and equipment under
fault or transient conditions. Electrical installation must be
grounded for the following reasons [1]-[8]:

o It provides a low impedance path between the electrical

equipment and the ground;

« Itprovides areference potential for electrical equipment;

« It prevents extreme overvoltage and potential gradients

that might harm the human personnel working around it
and damage the power equipment.

Generally, any fault current in a power substation flows
through the ground via a ground electrode system, which has
an impedance to the current flow. The impedance causes the
voltage of the ground electrode system to increase. The poten-
tial difference created by the excessive voltage increase might
cause equipment damage and endanger the lives of humans
and animals in the proximity of the grounded system [9].
Grounding designs and procedures under power frequencies
are comprehensively described in many standards [10]-[13].
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The behaviors of grounding systems under high frequency
and transient conditions are different from those under
conventional power frequency conditions. For example,
a grounding system exhibits different behaviors when light-
ning current passes through the grounding system. This con-
dition is caused by the inductive and capacitive effects on
the grounding system. A huge lightning current with a fast
rise time flows to the grounding grid, which induces large
transient voltages in the system. The resulting voltages can
create a huge potential rise and electromagnetic coupling,
which lead to system breakdowns and errors, especially in
important and sensitive electronic equipment in power sub-
stations [3], [14]-[16].

Therefore, the research on grounding system behavior
under high frequency and transient conditions is essential to
enhance the performance and design of grounding system.
Numerous studies have explored actual grounding systems
and laboratory-scale models [8], [17]-[32]. Although experi-
ments can clarify actual grounding operations, they require a
large space, which reflects high costs. Thus, numerical mod-
eling methods using computer simulations have been utilized
as a solution to expensive lab space restrictions. Numerical
models can be categorized into four types, namely electric
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FIGURE 1. Equivalent lumped circuit model for a vertical grounding
electrode under lightning current [38].

circuit models, transmission line (TL) models, electromag-
netic models and hybrid models.

Il. MODELING METHODS OF GROUNDING SYSTEMS
Theoretically, most numerical models for grounding transient
analysis can be categorized as follows [33]-[35]:

1) Electric circuit models

2) Transmission line models
3) Electromagnetic models
4) Hybrid models

Electric circuit models [28], [36]—[39] are similar to basic
circuit models which are based on nodal analysis and Kir-
choft’s law for lumped circuits identified for each small seg-
ment of grounding conductors. Initially, these models treated
grounding grid segment parameters as frequency indepen-
dent. The first circuit model was proposed in [40].

Nodal analysis was applied to that model for
frequency-independent circuit elements of small segments.
The equations were solved on the basis of a Laplacian
equation. Further improvements through research include the
frequency dependence of internal resistance, capacitance a,
self- and mutual inductance, and conductance [41].

The proposed model was improved later using Maxwell’s
equations to consider the impact of frequency on the parame-
ters of grounding systems [42]. A modest model for ground-
ing systems that considers mutual effects was proposed
in [43]. Then, a few equivalent circuit models in [44] were
compared with other previous models to take the soil ion-
ization effect into account. A lumped circuit model [45]
was recommended to simulate grounding electrodes under
transient conditions. The Resistor (R), Inductor (L), Capac-
itor (C) model (RLC) can easily be simulated in transient
programs, such as the Electromagnetic Transients Program
(EMTP). Fig. 1 shows an identical lumped circuit model of
a typical grounding electrode. It does not contemplate wave
propagation delay and comprises only one section of RLC
components.

In Fig. 1, the current affects the grounding electrode and
flows into the ground thereby adding to the resistivity; and
has a dielectric constant, ¢. Thus, conductive current in the
ground is developed when the electrode voltage changes with
time. The capacitive current follows the conductive current
path; therefore, the ground electrode gains capacitance, that
reciprocates the resistance shown in (1) and (3) [46]. The
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inductance of such a rod is calculated using (2). The con-
ventional expressions of ground resistance (R), inductance
(L), and capacitance (C) for a vertical rod are respectively
given by the following equations [3], [47]-[49] with the
assumptions of [ > aand [ > d :

R= L () -1 1
—ﬁ[ﬂ(z)—] (1)

where p is the soil resistivity in [€2.m], [ is the length of the
electrode in [m], a is the radius of the electrode in [m], and d
is the burial depth in [m]:

L="n (2—’) 1 P
2 a

where (4 is the soil permeability (47 x10~7 H/m), [ is the
length of the electrode in [m], and a is the radius of the
electrode in [m]:

pE
=3 3)
where p is the soil resistivity in [€2.m], ¢ is the permittivity
of soil in [F/m], and R is the ground resistance calculated
using (1).

Electric circuit models can be easily designed in circuit—
based programs, their mutual impedances can be included
in calculations, and their nonlinear elements can be consid-
ered [38]. However, circuit models are unable to forecast
surge propagation delays and the accuracy of their transient
voltage responses is not as high as that of electromagnetic
field models [37], [38], [49], [50].

TL models (TL) [48], [22], [51]-[56] which can be consid-
ered as an extension of circuit models are highly applicable,
simple and computationally efficient. Some of TL models are
suitable for the resolutions in time domain, whereas others
are effective in the frequency domain. The first TL models
were proposed in [57]. A horizontal wire was serving as
a grounding system was modeled on the basis of the loss
TL concept with the same transient characteristics as an
overhead transmission line as defined by the telegrapher’s
equations [7].

The typical TL model has been protracted from basic
grounding wires to grounding grids, and enhanced from
uniform to nonuniform per-unit parameters [48], [58]. This
model can be computed in the time or frequency domain and
it can comprise mutual couplings between grounding wires,
as well as soil ionization.

A uniformly distributed model is used to consider the
nonuniform distribution of the current along electrodes
(Fig. 2). This model is divided into lumped models separated
into N sections. VLi is the inductive voltage at each section.

The number of sections should be considered to determine
the RLC values of the distributed model for each segment.
Typically, each meter of ground electrode is equal to one
section. Therefore, the per-unit length distribution of parame-
ters for each section is approximately determined as follows:

C

R =RI )
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FIGURE 2. Distributed model of grounding system [59].
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where R, C, and L are obtained by (1) to (3) in the circuit
model approach, r’ is the electrical resistance of the per- unit
length electrode (in €2), p. is the electrical resistivity of the
electrode (in £2.m), and « is the electrode radius (in metre).

TL models are regarded as the least accurate among all
four models. The main disadvantage of TL models is that
they cannot produce an accurate transient voltage response
in grounding systems.

Nevertheless, TL models are highly applicable, simple,
and computationally efficient. They also satisfy engineering
requirements as they can be modeled in transient programs
such as EMTP. In addition, they are quick to perform compu-
tations, and they are easy to formulate [54], [60].

Electromagnetic models [49], [61]-[64] are said to be
the most accurate because they use Maxwell’s equations
to solve problems with the least assumptions [65], [66].
The equations can be solved using the Method of Moment
(MoM), Finite-Difference Time-Domain (FDTD), and Finite
Elements Method (FEM).

However, numerical calculations of these approaches are
extremely heavy and time-consuming [50]. In the MoM,
Maxwell’s equations are used to derive the integral equations
as the boundary conditions of a system [67]. These integral
equations need to be solved using linear numerical methods.
In this case, a grounding system should be divided into N,
small and equal segments such that the approximation of a
linear system can be achieved. This requirement is due to
the magnitude of the current which is considered constant in
conductors. The first investigation about grounding systems
based on the electromagnetic model using antenna theory was
carried out by Miller [67].

The MoM technique operates in the frequency domain,
which computes based on the residual weight that solves an
integral equation. The simulation of the technique needs to
be carried out in the frequency domain via Fourier transform
with discretized time-domain data according to sampling
time. The solution solved using the MoM represents the
problem by using Sommerfeld integral form. Most impor-
tantly, current distributions for every segment of the ground-
ing conductor were solved using the MoM, followed by the
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calculation of leakage current and electric fields surrounding
the conductor. Potentials at different reference points can be
calculated by integrating the electric field from the surface
of the conductor to the remote earth. Although this method
can generate accurate data, it takes a significant amount of
computer memory for computation and, concurrently, the
nonlinear behavior of the soil in the frequency domain will
be complicated to compute.

The MoM starts with (8) to compute the distributed electric
field:

E; =

. = 47'rja)s*(vv — v /I £.0(r').Gy (rr')dl  (8)

where E is the total dispersed electric field along the surface
of the conductor. ¢'.I; (r/ )is the flow of current along the
conductor. G, (r.r/ ) is the complete Green function. £* is the
complex permittivity and y is the wave propagation constant.

FDTD is based on the discretisation of Maxwell’s equation
directly in both time and space to rectangular cells. Each
electric field component was situated at a half-cell width from
the origin in the direction of its position, while each magnetic
field component was in a counterbalance from the center of
three faces of the cell. Hence, a solution was achieved in the
time domain, and solving linear equations were unnecessary
because FDTD seemed to need less computational time than
other numerical methods. The disadvantages of this method
were cubical meshing, where there were problems when
the requirements of curve geometry and small time steps
arise [68].

The FEM resolves differential or integral equations by dis-
cretizing the volume-space and applying the equations to the
surfaces characterized by volume-space points before resolv-
ing the subsequent matrices. The advantage of the method is
that an electromagnetic field can be calculated at any point
within the boundary of the model. Therefore, the simulation
has additional ability to calculate the grounding impedance
at the injection point. The major challenge is the meshing
procedure, simply because the geometry contains very small
and long grid conductors coupled with large boundaries.
Besides, the reflections from the boundary need to be avoided
to simulate the open boundary problems [22].

Electromagnetic models are only aimed at transforming
the related electric field based on Maxwell’s equations into
a linear algebraic equation system with the least presump-
tions. Miller also proposed the reflection coefficient model
and the transmitted coefficient model to boost computation
speeds [69], [70].

Hybrid models [62], [71]-[74] are combinations of electric
circuit models and electromagnetic models based on Partial
Element Equivalent Circuit (PEEC) [35], [37] and Hybrid
Electromagnetic Method (HEM) [75]. PEEC can solve in
both time and frequency domain. The integration of the elec-
tric field along a defined path calculated the potential value.
It can include electrical components such as transformers,
resistive, inductive, and capacitive (RLC) elements, transmis-
sion lines, and cables which are based on circuit theory.
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TABLE 1. Summary of grounding modeling methods.

Model Fundamental of computation Concept and solutions Benefits Drawbacks
Electric Nodal analysis, Kirchoff’s law Simple can be easily designed in circuit- | cannot predict the surge
circuit based programs, the mutual | propagation delay, the

impedances can be included in | accuracy of the transient
calculations, and the nonlinear | voltage response is not as
elements can be considered high as the electromagnetic
field model
Transmission line Telegrapher’s equations Simple more applicable, simple, and fast | least accurate, it cannot
in computation and it satisfies the | produce  the  accurate
engineering aspects as it can be | transient voltage response of
modeled in transient programs | the grounding systems
such as EMTP
Electromagnetic EM  computation, Maxwell’s | Complex most accurate and with least | numerical calculations are
equations, MoM, FEM, FDTD assumptions extremely heavy and time-
solution consuming
Hybrid Maxwell’s equations, Transform | Complex able to foresee all the important | it cannot be used in circuit-
equations, PEEC and HEM parameters of transient behavior. | based standard programs to
solution show the influence of the
grounding systems on power
system equipment

HEM is named after adopting a dual approach (Electro-
magnetic and Circuit). First, couplings are assessed from a
numerical execution of basic electromagnetic (EM) equa-
tions. Then, the continuity of current is applied to provide an
answer for circuital quantities. The HEM method equalizes
well between precision and competence of the computational
code that executes the model algorithm. From an engineering
view, a grounding systems model developed for the transient
analysis should be modest for fast and accurate applications.

Hybrid models require heavy numerical computations to
solve equations, especially when the analysis involves large
systems. These models consider the impact of frequency vari-
ations on series internal impedances, inductive components,
and capacitive-inductive components. Hence, these models
are more precise than conventional electric circuit models
particularly when the frequency at the injection point is high.
The basic electromagnetic equation for an energized ground-
ing conductor [67] is given as:

n n 1

B0y Aty oo )
The equation generates a set of linear equations, which can
be used to determine the current distribution in » conductor
segments. Zy is the internal impedance of the kth segment. I
is the current in the kth segment. Ajx is the vector potential.
®;x is the scalar potential, v is any point on the surface of
the kth segment, and w is the angular frequency. The internal

impedance Zy is obtained as:

Jjou Io(r/jopo)

“ T 2nrJjone TirJjomro)

(10)

where r is the radius, w is the permeability, and o is the
conductivity of the copper conductor segment k. Iy and I are
the zero and first-order Bessel’s functions of the first kind.
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For each segment, (11) can be written in the form of an
equivalent circuit using a hybrid model [76]:

n n
Zilktjoy . Awxt)y ee—ei=0 (1D

where gk and @i are the average scalar potentials on the
surface of segments k and i, respectively.

This model can forecast all important features of lightning-
induced transient behavior. For example, in an analysis,
evaluating soil ionization is more important than treating
boundary conditions. The drawback is that the model can-
not be used in circuit-based standard programs to show the
influence of grounding systems on power system equipment.
Table 1 presents a summary of the concepts, benefits, and
drawbacks of the different grounding modeling methods.

With the advancement of modeling understanding and
capabilities provided by software developers, the accurate
representation of the modeling methods listed in Table 1 can
be implemented in real equipment or practical scenarios.
In this implementation, the design details of systems are
considered along with several assumptions and limitations in
accordance with standard recommendations that are in good
agreement with measured works. Simulation packages such
as power system computer-aided design/EMTP, and Current
Distribution, Electromagnetic Interference, Grounding, and
Soil Structure Analysis (CDEGS) provide a platform for
users to model and represent the behavior of the same object
based on its theoretical model. Furthermore, these modeling
approaches extend existing works to be carried outside labo-
ratory. For instance, with the option to vary and change the
design parameters (configuration, dimension and material)
and level of disturbances (magnitude and waveform), one can
predict the behavior and performance of systems installed
without worrying about damage and installation costs. Hence,
the most appropriate solutions, can be achieved through sim-
ulation and practical installation.
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IIl. INFLUENCE OF DESIGN PARAMETERS ON
GROUNDING SYSTEM BEHAVIOR

The behaviors of grounding systems under high frequency
and transient fault conditions are unlike from those under
power frequency fault conditions. The power frequency fault
currents can vary from a few kA up to 20-30 kA [77].

Moreover, ground impedances of high voltage substations
range from 0.05 2 to 1 Q. Although high fault current mag-
nitudes are commonly related to low ground impedances,
ground potential can increases as high as several tens of
kV [77]. Thus, working personnel in the proximity of power
systems face the risk of possible electrocution during earth
faults, and equipment damage is likely unless precautionary
actions are taken to restrict ground potential rise and control
potential differences in high-risk zones.

High magnitude currents of several tens of kA under tran-
sient fault conditions such as direct lightning strikes, flow to
the earth through grounding systems, leading to large poten-
tial gradients: in such a case, grounding systems exhibit a
potential rise relative to the reference earth and power systems
should thus be secured against overvoltage [78]. The flow of
transient currents into earth may also cause an electric shock
risk but their acceptable limits are not as well defined as those
of power frequency fault currents.

The main parameters accountable for grounding system
behavior under transient conditions can be categorized into:
the association between the power system and the electrodes,
which should be as short as possible [79]; the design of
the grounding system, including the electrode type, length,
and sizes; and the characteristics of the earth (soil resistiv-
ity) where the grounding grids are established. The investi-
gation results of these parameters provide useful guidance
for installing grounding electrodes, measuring and testing
grounding systems’ performances and for achieving an effec-
tive design of the substation grounding systems.

A basic grounding performance analysis includes the
design parameters of grounding grids and soil characteristics.
Grounding impedance relies on the size and shape of the grid,
spacing between electrodes, current injection point, wave
shape and magnitude of the current and characteristics of soil.
Considering uniform soil, we discuss the factors of grounding
design parameters that influence grounding impedance and
ground potential rise in following sections.

A. EFFECT OF GRID SIZE
This section confers the impact of grid size on grounding
grid impedance. Grid size is the total size of conductors
covered by the grounding grid [23], [80], [81]. Fig. 3 shows
the impedance magnitudes at various frequencies under high
and low soil resistivity. The grid impedance is almost constant
(resistive behavior) until a certain frequency which is referred
to as the “upturn” frequency.

Beyond the upturn frequency, the magnitude of grid
impedance starts to increase fast as the frequency increases.
The particular frequency at which the grid impedance begins
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FIGURE 3. Impedance magnitude at various frequencies for different grid
sizes [82].

TABLE 2. Summary of effects of grid size on grounding grid impedance.

Frequency Soil resistivity Effect of grid size on
grounding grid impedance
Low Low Less reduction
High Significant reduction, higher
magnitude compared to low
resistivity
High Low Slight reduction
High Almost constant, higher
magnitude compared to low
resistivity

to increase is called the upturn frequency. It also confide
on the grounding grid dimensions and the medium of soil
resistivity [82]. For low soil resistivity (10 €2.m), the grid
impedance begins to decrease (inductive effect) at 100 Hz for
a2 10 m x 10 m grid, and at 10 kHz for 100 m x 100 m grid.
By contrast, high resistivity soil (10 k€2.m), has no upturn
frequency, and the grid impedance is almost constant for a
high frequency condition (100 kHz). However, the impedance
of increasing grid sizes does not converge at a high frequency.

The graphs in Fig. 4(a) and Fig. 4(b) show that the grid
impedance decreases greatly as grid size increases at a low
frequency. Moreover, the grid impedance decreases slightly
as the grid size increases before reaching a constant value at a
low frequency (100 kHz) under low soil resistivity (100 €2.m).

Beyond 10 m x 10 m at 1 MHz and 100 2.m soil resistivity,
the grid impedance is constant as it has reached its effective
area. A similar behavioral pattern can be observed at high
soil resistivity. A summary of the effects of grid size on grid
impedance is presented in Table 2.

B. EFFECT OF OVERALL MESH DENSITY

In a grounding grid, a mesh is referred to as the separa-
tion between conductors. This mesh is designed to minimize
the possible increase in step and touch voltages. Grid mesh
density can vary uniformly across the grid or it may be
enhanced locally within areas of the grid. Mesh density exerts
a significant effect at an intermediate frequency, under which
it is determined by soil resistivity [81], [84]-[87]. Fig. 5
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TABLE 3. Impedance magnitude at different frequencies for overall mesh density.

F Soil resistivity (10Q.m) Soil resistivity (100Q.m) Soil resistivity (100002.m)
re((ﬁlze)ncy No. of mesh No. of mesh No. of mesh
4 16 100 400 4 16 100 400 4 16 100 400
10 0.08Q 0.07Q 0.06Q 0.05Q 0.8Q 0.7Q 0.6Q 0.5Q 8Q 7Q 6Q 5Q
100 0.08Q2 0.07Q 0.06Q2 0.05Q 0.8Q2 0.7Q 0.6Q 0.5Q 8Q 7Q 6Q 5Q
1k 0.1Q 0.1Q 0.1Q 0.1Q 0.8Q 0.7Q 0.6Q 0.5Q 8Q 7Q 6Q 5Q
10k 0.5Q 0.5Q 0.5Q 0.5Q 1Q 1Q 1Q 1Q 8Q 7Q 6Q 5Q
100k 2Q 2Q 2Q 2Q 8Q 8Q 8Q 8Q 10Q 10Q 10Q 10Q
1M 10Q 10Q 10Q 10Q 11Q 11Q 11Q 11Q 60Q 60Q 60Q 60Q
10M 30Q 830Q 80Q 30Q 90Q 90Q 90Q 90Q 100Q 100Q 100Q 100Q
100 - 100m
N Ground surface
1MHz % AN
N, AY
10 100kHz \:‘_ <
IS Zme \ \‘- --éi- --¥\--h\__
FIGURE 5. Overall mesh density of 100m x 100m grounding grid
with 100 meshes [88].
0.1

1] 10 20 30 40 50 60 70 80 90 100
Earth grid side length

(a). Effect of grid size on grid impedance at 100 e.m soil
resistivity [83].

100 -

Impedance (Q)

1 : . . . - : :
10 20 30 40 50 00 70 80 90 100

Earth grid side length (m)
(b). Effect of grid size on grid impedance at 1k *.m soil
resistivity [83].

FIGURE 4. (a) Effect of grid size on grid impedance at 100 2.m soil
resistivity [83]. 4(b) Effect of grid size on grid impedance at 1k 2.m soil
resistivity [83].

shows the overall mesh density of a 100 m x 100 m grid
with 100 meshes.

Table 3 represents the impedance magnitudes at different
frequencies for a 100 m x 100 m grounding grid under various
overall mesh densities value [88].It shows that the effect
of the overall increasing mesh density becomes noticeable
between between 100 Hz and 10 kHz; at 1 kHz, the mesh
density reaches its maximum value for low soil resistivity
(10 2.m). For high soil resistivity (1000 €2.m), the decrease of
the grid impedance reaches the peak value at 100 kHz. This
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TABLE 4. Summary of effects of overall mesh density on grounding grid
impedance.

Frequency | Soil Effect of mesh density on
resistivity grounding grid impedance
Low Low Less reduction
High Less reduction, higher magnitude
compared to low resistivity
High Low Almost constant
High Significant reduction, higher
magnitude compared to low
resistivity

FIGURE 6. Local mesh density of 100 m x 100 m grounding grid with
4+36 meshes [90].

behavior could be associated with different effective areas of
the grounding system as soil resistivity varies. A summary
of the effects of overall mesh density on grid impedance is
presented in Table 4.

C. EFFECT OF LOCAL MESH DENSITY

Fig. 6 shows the local mesh density of a 100 m x 100 m
grid with extra 46 meshes. Table 5 represents the impedance

142473
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TABLE 5. Impedance magnitude at various frequencies for different local
mesh density.

Frequency 10Q.m 1kQ.m
(Hz) 4+36 4+4 4 4+36 4+4 4 mesh
mesh mesh mesh mesh mesh
10 0.08Q | 0.08Q | 0.08Q 8Q 8Q 8Q
100 0.08Q | 0.08Q2 | 0.08Q 8Q 8Q 8Q
1k 0.1Q 0.1Q 0.1Q 8Q 8Q 8Q
10k 0.4Q 0.5Q 0.6Q2 8Q 8Q 8Q
100k 2Q 2Q 2Q 10Q 10Q 10Q
1M 9Q 9Q 9Q 50Q 40Q 30Q
10M 70Q 70Q 70Q 200Q 200Q 200Q

TABLE 6. Summary of effects of local mesh density on grounding grid
impedance.

Frequency Soil resistivity Effect of mesh density on
grounding grid
impedance

Low Low Almost constant

High Almost constant, higher
magnitude compared to low
resistivity

High Low Less reduction

High Significant reduction,
higher magnitude compared
to low resistivity

magnitudes at various frequencies for a 100 m x 100 m
grounding grid under different local mesh density [88]. The
grid is enhanced with local mesh density under low soil
resistivity (10 €2.m) and high soil resistivity (1 k2.m). The
overall mesh density of the grounding grid behaves similarly
to the improved local mesh density. The magnitude of the grid
impedance is less influenced by the local mesh density than
by overall mesh density at a low frequency under low and
high soil resistivity.

The decrement in grid impedance is barely noticeable.
Meanwhile, the reduction of grid impedance with the increase
in local mesh density depends on soil resistivity at a high
frequency. Under low soil resistivity (10 €2.m), the impedance
magnitude decreases as the local mesh density increases
for frequencies between 1 kHz and 100 kHz. A significant
reduction can be observed at high soil resistivity. Table 6
presents a summary of the effects of local mesh density on
grid impedance.

D. EFFECT OF NUMBER OF ELECTRODES
Attaching electrodes at the grid boundary is one of the sug-
gestions given by IEEE 80 [10] and EA 41-24 [79] stan-
dards to enhance the power frequency performance. However,
under transient conditions, the standards suggest that the elec-
trodes should be attached directly below the current injection
location, where the transient currents flow into the [89]-[93].
Fig. 7 shows a 12 m x 12 m 16-mesh grid buried at a depth
of I m and a current injected into the center of the grid through
a 3.3 m downlead conductor located above ground. Initially,
five electrodes are added to this model; the first electrode
is placed at the center just below the injection point, and
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FIGURE 8. Impedance magnitude at various frequencies for a different
numbers of electrodes [94].

the rest of the electrodes are positioned at the corners of the
grid. Other electrodes are added to the grid and are uniformly
dispersed around the perimeter of the grid. The total number
of electrodes is increased to seventeen, and each electrode
measures 5 m in length.

Fig. 8 shows the impedance magnitude of electrode
arrangements for different soil resistivities and frequencies.
The grid impedance decreases for all soil resistivities when
the electrodes are added. In high soil resistivity, the addition
of rods reduces the grid impedance at a high frequency of
up to 4 MHz. Beyond this frequency, the impedance mag-
nitude for all grids converges similarly to that under low
soil resistivity. This study shows that adding five electrodes
results in an estimated reduction of 14% in grid impedance
for all soil resistivities and that increasing the number of
electrodes to 17 causes a 26% reduction in the magnitude
of grid impedance when no additional electrodes are added.
Table 7 presents a summary of the effects of number of
electrodes on grounding grid impedance.

E. EFFECT OF LENGTH OF ELECTRODE

Extensive research evaluated the impact of ground elec-
trodes length on the performance of grounding systems [18],
[24], [83], [89], [95]. This section presents the effects of dif-
ferent lengths (vertical ground electrodes; 5, 10, 15 and 20 m;
horizontal ground electrodes; 10, 20, 40 and 50 m) on grid
impedance. The electrodes are made of copper and are buried
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TABLE 7. Summary of effects of number of electrodes on grounding grid
impedance.

Frequency Soil Effect of the number of electrodes
resistivity on grounding grid impedance
Low Low Less reduction

High Less reduction, higher magnitude
compared to low resistivity

High Low Almost constant
High Significant ~ reduction,  higher
magnitude compared to low
resistivity
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(a). Effect of electrode length on the TEPR of vertical
electrodes [83].
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(b). Effect of electrode length on the TEPR of horizontal
electrodes [83].

FIGURE 9. (a) Effect of electrode length on the TEPR of vertical
electrodes [83]. (b) Effect of electrode length on the TEPR of horizontal
electrodes [83].

at a depth of 1 m into the soil with an impulse current of
8/20 u s injected at one end. The results, with transient earth
potential rise (TEPR) as a function of time, are shown in
Fig. 9(a) and Fig. 9(b) [83].

Fig. 11(a) shows that the TEPR decreases as the vertical
electrode length increases. Fig. 9(b) shows that the TEPR
decreases as the horizontal electrode length increases. The
increase of the vertical electrode length from 5 m to 20 m
causes a significant reduction of approximately 70% in the
TEPR as shown in Fig. 9(a). A similar pattern can be observed
for the horizontal electrode with lengths ranging from 10 m
to 50 m (Fig. 9(b)). The effective length of the horizontal
electrode is reached at 40 m as no further reduction in TEPR
is gained beyond this length.

Fig. 10 compares the contrast between 5 and 10 m ver-
tical electrodes over a series of frequencies for two differ-
ent soil resistivities (100 2.m and 10 k2.m). For a 10 m
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FIGURE 10. Impedance magnitude at various frequencies for different
lengths of vertical electrodes [94].

Voltage (kKV}

@
=]
T

i L I L L
0 100 200 300 400 700 800 900

600
Soll Reslstivity (c.m)

FIGURE 11. Peak voltage for different soil resistivities with an injected
current of 10 kA 1.2/50. us at the corner of a 20 m x 20 m grounding
grid [100].

TABLE 8. Summary of effects of electrode length on grounding grid
impedance.

Frequency Soil Effect of length of electrode on
resistivity grounding grid impedance
Low Low Less reduction

High Less reduction, higher magnitude
compared to low soil resistivity
High Low Almost constant

High Significant reduction, long
electrodes have lower magnitude
compared to short electrodes

vertical electrode, the impedance is smaller than that for a
5 m vertical electrode. For a low soil resistivity medium,
the grid impedance of the 5 m vertical electrode is double
of the grid impedance of a 10 m vertical electrode. For a
high soil resistivity medium, the impedance magnitude of
the 10 m electrode is about 55% of that of the 5 m electrode
for frequencies of up to 5 MHz. The ground impedance of
10 m electrode beyond 5 MHz increases as the frequency
increases [85]. Table 8 shows the effects of electrode length
on grid impedance.

F. EFFECT OF SOIL RESISTIVITY

Soil resistivity is one of the most important parameters deter-
mining the type of soil to establish a grounding system.
Generally, soil resistivity is subjected to the chemical content,
temperature, geography and water content of the soil [19],
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FIGURE 12. Location of injection point [23].

[35], [83], [84], [96]-[99]. In this section, the values ranging
from 10 Q.m to 1000 2.m are used to further study the
effects of soil resistivity. A lightning current of 10 kA with
a 1.2/50 us voltage waveform is injected through the down
conductor to the corner of the grid. The depth of grid buried
under soil is 0.5 m. The grid size is 20 m x 20 m and the mesh
size is S m x 5 m. Fig. 11 shows the peak ground potential rise
for various soil resistivities. The potential peak magnitude
in 10 .m soil resistivity is about 35k V, which gradually
increases with high soil resistivity. For example, the ground
potential rise is about 310 kV when the soil resistivity is
1000 ©2.m.Therefore, low soil resistivity is important in good
grounding design.

IV. INFLUENCE OF LIGHTNING CURRENT AND
WAVEFORM PROPERTIES ON GROUNDING

SYSTEM BEHAVIOR

In addition to grid geometry, design and soil parameters,
lightning properties such as the current injection location
and the waveform of current impulse play a vital part in
determining the grounding grid performance.

A. EFFECT OF THE CURRENT INJECTION POINT

The grounding system behavior under transient conditions
can be enhanced through the positions of the current injec-
tion point because they can create additional paths for the
current to flow from the grid to the soil. Fig. 12 loca-
tions of current injection points (corner and center) for
a 40 m x 40 m grid with a 5 m x 5 m mesh size. The influence
of the current injection point on the grid performance is
investigated for different frequencies in low and high soil
resistivity [23], [24], [22], [101].

Fig. 13 shows an assessment of the grid impedances at
different soil resistivities for currents injected at the center
and corner of the ground grid. At a low frequency, the cur-
rent injection points exert no reaction, thus the impedance
remains persistent for high and low soil resistivity. At a high
frequency range, as the inductive effect becomes assertive,
the impedance magnitude increases distinctly. The magnitude
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FIGURE 13. Ground grid impedance for the center and corner current
injection points for different soil resistivities [83].

TABLE 9. Summary of effect of current injection point on grounding grid
impedance.

Location Frequency Soil Effect of current
of the resistivity injection point on
injection grounding grid
point impedance
Corner Low Low Almost constant
High Almost constant
High Low Higher than the center
injection point
High Higher than center
injection point, higher
magnitude compared to
low resistivity
Center Low Low Almost constant
High Almost constant
High Low Lower than corner
injection point
High Lower than corner
injection point, higher
magnitude compared to
low resistivity

of impedance for current injected at the center of the grid is
lower than for the corner injection point [94]. Table 9 shows
the effects of current injection points on grid impedance.

B. EFFECT OF LIGHTNING CURRENT WAVEFORM

The front time of a lightning current waveform defines the
frequency content of the current. Therefore, it is one of the
critical components to consider in simulations. In simula-
tions, different lightning currents including 1.2/50, 2.6/50 and
10/350 us, are used to study the impact of lightning current
waveforms on ground potential rise. The magnitude of the
current is fixed at 10 kA. Thereafter, the currents are injected
at the corner of a 20 m x 20 m grid with 5 m x 5 m mesh size.
The grid is buried 0.5 m below the surface of the soil with
1000 €2.m resistivity [23], [102].

Fig. 14 exhibits the potential rise at the injection points
for varying impulse waveforms. The figure shows that a
1.2/50 ps front time generates almost double the potential
relative to the 2.6/50 us front time. A faster front time with
a steeply-changing current can create a high potential rise
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FIGURE 14. Potential rise for various front times [23].
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FIGURE 15. TGPR peak magnitude of the 5 m vertical electrode injected
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FIGURE 16. Effect of lightning current magnitude on the grounding
resistance of different grounding devices [105].

because of high-frequency elements. This condition increases
the impedance of the grounding system. The ripple is obvious
and large for short front times possibly because of reflection
of the wave when the impedance changes at the junction of
the grid conductor or because of the numerical instability of
the software. The reflection can be estimated by calculating
the velocity of the electromagnetic wave.

The velocity of the electromagnetic wave can be estimated
as 100 m/pus when the permittivity of soil, &, = 9. The first
ripple occurs approximately at 1 us as shown in Fig. 16;
during reflection, the ripples form 50 m from the injection
point. However, at 50 m from the injection point, the charac-
teristic impedance does not change as the soil is homogenous.
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TABLE 10. Summary of effects of lightning current waveforms on ground
potential rise.

Current impulse Soil Effect of the current
resistivity waveform on GPR
Fast (1/5us) Low High
High Low
Slow (8/20us) (30/80us) Low Low
High High

Therefore, the ripple can be improved by refining the mesh
size, especially for the shortest rise time to improve the
numerical calculation. However, fine meshes require much
computational time and memory [23].

Fig. 15 shows the connection between the transient ground
potential rise (TGPR) peak magnitude and the current
impulse for different soil resistivities. The TGPR values are
compared across different impulse shapes namely; fast tran-
sient current impulse (1/5 us), standard lightning current
impulse (8/20 ws), and switching current impulse (30/80 us).
The graph shows that the 30/80 s current impulse produces
a TGPR peak magnitude that is equivalent to that produced by
8/20 ps current impulse. The TGPR peak magnitude is higher
for 1/5 us than for 8/20 ps and 30/80 s under low soil resis-
tivity, but it is generally low in a high soil resistivity medium.
This result indicates that capacitive and inductive effects are
obvious in a fast-transient impulse current. Moreover, the
increment in TGPR peak magnitude is low as soil resistivity
increases for a fast-transient impulse current (1/5 us) relative
to that for slow current impulses (8/20 us and 30/80 ws).
A summary of the effects of lightning current waveforms on
the ground potential rise is presented in Table 10.

C. EFFECT OF LIGHTNING CURRENT MAGNITUDE

The effect of the peak value of lightning current on ground-
ing resistance is shown in Fig. 16. The effect is analyzed
using actual grounding devices enclosed with low resistivity
materials (LRM) namely: type a: steel tower radial grounding
device; type b: circular grounding device; type c: concrete
tower radial grounding device; type d: horizontal ground-
ing electrode; type e: horizontal grounding electrode with
lightning injected in the middle point; type f: vertical ground-
ing electrode.

The grounding resistance decreases as the lightning peak
current increases until it reaches a saturation point. When
the magnitude of lightning current exceeds a specific value,
the grounding resistance still decreases gradually. A proper
apprehension on this trend of saturation will help in designing
lightning protection systems. For example, the potential on
top of TL tower is linearly related to the current peak value
when lightning hits a TL tower, [104], [105]. Grounding
behaviors depend not only on grounding design and soil
resistivity, yet also on the waveform and lightning current
magnitude.

An extremely conductive channel will be formed around
the electrode, when the strength of the electric field exceeds
the dielectric strength of soil around a grounding electrode
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TABLE 11. Summary of soil ionization models.

Soil The equation for ground resistance with soil Advantages Disadvantages
Ionization ionization
model
CIGRE [110] R = R . simple . only valid for a maximum of 30m long electrodes.
' T+i(t)/ 1, . easily used in | e  Incomputations, it does not consider the energy balance
circuit approaches. concept.
where R is a grounding electrode resistance in [Q], . cannot show' the hysteresis characteristic of grounding
and i(?) is the impulse current in [kA]. Ig is the limit electrode resistance.
current at which the soil ionization happens in [KA].
Bellaschi . can be used for a | does not consider the energy balance concept in the
[111] Considers the geometry of the ionized zone as the multi-electrode calculations
grounding electrode’ new geometry because it system.
considers the arc’s resistance to zero. | e simple and
Consequently, the length and radius of the ionized applicable to use
region are used as the effective radius, a; and in circuit
effective length [; of conductor. The following approaches.
relation is considered for calculating the effective
radius a;,.
ai(t)
a;, =
L IC
where q, is the conductor radius in [m], i(t) is the
magnitude of impulse current in [kA], and Ic is the
critical current in [kA] where soil ionization occurs
at the electrode surface.
The relation of a; to the current is used to calculate
the conductor effective length, [; as
it al
I, al
Nor [112] e  simple e does not consider the deionization time.
R(D) = Ry(D) (Rz ® n et/rl_) . cannot accurately predict the resistance characteristics
1 R, (i) for the decay time duration of the impulse current.

e  Difficult to obtain experimental data to obtain the
where 7; is the time constant of ionization. Due to resistances in the pre- and post-ionization branches.
thermal effect and soil capacitive effect, resistance e  cannot generate an accurate grounding electrode
R; reflects the conduction of the soil in the pre- resistance and its voltage response, unless the
ionization branch. R, resistance represents the experimental data is used to calibrate the model.
conduction performance in the post-ionization e does not consider the energy balance concept because
branch after the ionization is completely expanded. the model does not consider the deionization time.

Liew- . considers the | ®  more complex.
. _t . - .
Darveniza p=pi+ (po— po. (1 —e /‘rz) (- J /] )2 concept of energy | e In'the equalent circuit, the electrode inductance and
[113] ¢ balance. soil capacitance are ignored.
where b is the lowest soil resistivity value and ©» = | © exhibits the | e  cause large errors in electrode voltage response under
45 F;‘h coximate r tin}; s th 2 il hysteresis fast and slow fronted currents when the inductive and
> M8, the approximate recovery fime. pols the o characteristic ~ of capacitive characteristics are important.
resistivity at the instance of current discharge. t, is the grounding
the time measured from the ionization onset, J is the clectrode
current density and J. is the critical current density. resistance  under
. P | a+l impulse condition
= —1In
2ml a
where p is the soil resistivity in [Q.m], / is the
electrode length in [m], and a is the conductor
radius in [m].

which reduces ground impedance [74], [106], [107]. New
empirical formulas estimating the effective area of grounding
grids, the impulse coefficient, and impedance identify the
parameters which are responsible for reducing surge per-
formance of grounding grids as opposed to low-frequency
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performance. The concept of soil ionization models sug-
gested by CIGRE, Bellaschi et al., Nor et al., and Liew
and Darveniza have been explained well in [35], [49],
[108]-[111]. The following Table 11 summarizes the equa-
tion, advantages, and disadvantages of the suggested models.
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FIGURE 17. Effect of soil ionization on. transient impedance of
grounding grid at. p = 300 2m [106].
This classification is not rigorous as indicated in [49], but
is generally adopted in the literature for fundamental under-
standing.

A methodical simulation and analysis were conducted
in [106] to compute the effect of soil ionization on the
behavior of the grounding system. Fig. 17 shows the transient
impedance (Z) of a 12 m x 12 m grounding grid, injected with
2/12 ps impulse at the center with and without soil ionization.
As can be seen for 50 kA and 25 kA of lightning current in soil
without ionization, the transient impedance of both cases has
the same waveshape. However, comparing this to the cases
which consider the influence of soil ionization, soil ionization
decreases the voltage and thus decreases the grid impedance.

V. INFLUENCE OF SOIL IONIZATION ON TRANSIENT
GROUNDING IMPEDANCE

Soil ionization is a nonlinear effect that is created by injecting
high currents into concentrated grounding systems buried in
high-resistivity soil. The effect of soil ionization is simulated
by many methods such as the Finite Element (FEM) method,
Finite Difference Time Domain (FDTD) method, and the
Transmission-Line (TL) method.

VI. CONCLUSION

High frequency and transient conditions such as switch-
ing and lightning behaviors, are important to consider in
grounding grid design. The analysis of grounding behav-
ior in transient conditions helps to prevent high potential
rise on the ground, which could be harmful to humans and
damaging for power equipment. The development of mod-
eling methods as mentioned in this article helps in a better
understanding of grounding system theory and implementa-
tion in real equipment or practical scenarios. Furthermore,
a basic understanding of computation and solution involved
in modeling approaches enable the prediction of behavior
and performance of grounding systems installed without
worrying about damage and installation costs. The analysis
of design parameters on grounding behavior provide useful
direction for installing grounding electrodes and determining
grounding systems’ performances to obtain a safe and effec-
tive substation grounding system design. The investigation
of grounding behaviors in different design parameters and
also in transient conditions helps to prevent high potential
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rise on the ground, which could be harmful to humans and
damaging for power equipment. the ground, which could
be harmful to humans and damaging for power equipment.
In addition, the characteristics of lightning also plays an
important role while designing the grounding system. For
example, a grid impedance which is in satisfactory range for
a power frequency condition, might not be adequate for a safe
working environment under lightning fault condition. The
boundary of a substation should be located at a safe distance
from the grounding grid as transient can be a disastrous for
small grids and high soil resistivity medium due to high
ground potential rise. Finally, under transient condition, soil
ionization influences the value of the grounding impedance in
transient conditions. It reduces the potential on the electrode
which assumes significant changes to soil resistivity. This
will significantly affect the design and performance of the
grounding grid.
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