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Abstract 

The grounding system of an electrical substation provides safety to both operator 
and equipment. The lightning current waveform has a major influence on the dynamic 
performance of ground electrodes. If lightning current is large enough, soil will be 
ionized, which will have a great effect on the transient performance of the ground-
ing system. Many numerical models have been developed to evaluate the transient 
performance of grounding system, still it is a challenging task to analyze the impulse 
behavior of grounding system efficiently. In this paper, the transient behavior 
of grounding systems with consideration of nonlinear and dynamic effects of soil 
ionization is presented. Grounding systems such as vertical rod, horizontal conductor 
and grounding grid buried in the homogeneous soil are considered as case study. Pro-
posed model is the combination of circuit theory approach and method of moment 
with consideration of frequency-dependent impedance and mutual coupling effect 
between the conductor segments. Self and mutual component of inductance 
and resistance are considered in the analysis. Initially, transient performance of ground-
ing system is analyzed for single vertical rod, horizontal and square grounding elec-
trodes, further it is extended for vertical rod (more than one), horizontal conductor 
and grounding grids with different configurations. The analysis of grounding system 
with the consideration of mutual coupling effect is compared with devoid of mutual 
coupling, and differences between them are evaluated. For validating the developed 
method, simulated results are compared with the results reported in the literature, 
and good agreements are found. Analysis shows that the grounding impulse imped-
ance decreased with increasing the magnitude of injected current. Developed method 
will help to improve the modeling of simple as well as complex grounding system 
buried in homogeneous soil.

Keywords:  Grounding system, Impulse impedance, Leakage current, Soil ionization, 
Transient voltage

Introduction
The grounding system using vertical rods, horizontal conductors and grounding grid 
provides a low-impedance path and ensure smooth distribution of ground potential, 
developed due to high magnitude fault or lightning current [1]. An effective ground-
ing system disperses abnormal current into the ground without increase the ground 
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potential and induced voltage that might be danger to the operators, installations and 
equipment [2]. The grounding system for high voltage substation should be designed to 
meet both safe and economic conditions [3, 4]. Grounding system performance under 
normal and fault conditions are well understood in [5], but the dynamic behavior of 
grounding electrode associated with lightning return stokes has different characteris-
tics from low frequency because of soil ionization and conductor reactance [6, 7]. The 
transient performance of grounding system was analyzed by experimental work in [8, 
9] and by numerical methods such as method of moment (MoM) in [10], finite differ-
ence time domain (FDTD) in [11], finite element method (FEM) in [12] and partial ele-
ment equivalent circuit (PEEC) in [13]. The representation of grounding conductor as 
equivalent impedance is necessary due to the frequency contents of lightning current 
that makes reactive effect vary relevant. Studies reported in [14, 15] show that with high 
magnitude of leakage current, impulse impedance of grounding electrode decrease. 
Under the influence of high magnitude impulse current, an electric field surrounding 
the grounding electrode goes beyond to the critical breakdown limit of soil and ioniza-
tion occurs [16]. In fact, transient phenomenon depends on geometrical and electrical 
parameters of grounding system such as shape and size of the electrode, soil resistivity 
in addition to rise time, decay time and peak of the injected current impulse [17, 18]. 
In [19, 20], the grounding impedance of the grounding grid shows a downward trend 
with the increase in impulse current amplitude. Also in [21], the tower footing imped-
ance was found to have a high reduction when the lightning current increased. Several 
numerical simulations and testings are mainly focused to study the impulse behavior 
of grounding system [22, 23]. Different models such as circuit model, electromagnetic 
field model (EMF) and transmission line model (TLM) are developed to compute the 
transient behavior of grounding electrodes under lightning current energization con-
dition. In circuit model [24, 25], grounding electrode is represented as a lumped RLC 
circuit. This model can incorporate soil ionization phenomenon, but it is difficult to 
deal with frequency-dependent parameters. In [26, 27], a new model is developed 
from the equation of nonuniform transmission lines (nuTL), which takes into account 
the electromagnetic couplings that arise after spatial discretization and soil ionization 
of grounding system. Electromagnetic field model [28, 29] is based on Maxwell’s equa-
tions. This model is frequency-domain approach and limited only for linear circuits. In 
[30], a model is developed which allows complete electromagnetic study by Finite Ele-
ment Method (FEM) of a grounding system in the significant frequently spectrum of 
a lightning stroke or a short circuit. The electromagnetic approach based on antenna 
theory and the method of moments (MOMs) is presented in [31]. This model is a full-
wave frequency-domain approach and based on Hertzian dipole with a lossy half-space. 
Therefore, this method is not suited for the modeling of nonlinear phenomena but well 
suited for modeling frequency-dependent characteristics [31, 32]. In TLM [33, 34], 
impulse response of grounding electrode is similar to the wave-propagation of transmis-
sion lines. This method is not capable to incorporate the mutual phenomenon between 
grounding electrodes. Transient response of grounding system in multilayer soil struc-
ture is analyzed using PEEC technique using quasi-static complex image method in 
[35]. The full-wave computational solution based on method of moments (MoM) is 
adopted to investigate the transient behavior of substation  grounding system [36]. In 
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[37], transient analysis on wind farms with interconnected grounding systems is ana-
lyzed using partial element equivalent circuit (PEEC). However, many numerical mod-
els have been developed to analyze the transient performance, still it is challenging task 
to predict the impulse behavior of grounding system efficiently. From the related litera-
ture, it is found that there is scope to improve the transient model of grounding system 
under the consideration of mutual effects between conductor segments and frequency-
dependent parameters.

This paper presents a modified numerical method based on MoM and circuit theory 
approach to analyze the transient behavior of grounding systems with consideration 
of soil ionization phenomenon. The developed model also includes mutual coupling 
between the conductor segments and frequency-dependent impedance of grounding 
electrodes. The validation of developed method has been done by comparing the calcu-
lated results with the published results reported in the literature for vertical rod, hori-
zontal grounding conductor and square grounding electrode. The study is also extended 
to simulate the transient voltage for complex grounding system with and without con-
sideration of soil ionization phenomenon. Percentage relative difference is evaluated 
between the grounding models with and without consideration of mutual coupling. The 
model applications are proved reliable to perform the transient analysis and soil ioniza-
tion phenomenon in the presence of high magnitude impulse current.

Grounding system analysis
Grounding system is analyzed in frequency domain using MoM and circuit theory 
approach because of unbalanced distribution of the current in the grounding electrode 
as in [6]. Method used in this paper incorporates conductive, inductive and capaci-
tive couplings between the electrode segments. The grounding electrodes are divided 
into number of segments. Each segment is considered as a branch of the circuit that is 
formed by series resistance, self and mutual inductance. The segment length is taken as 
1/10 of the wavelength in the soil. Impulse current with higher frequency and differ-
ent magnitude is injected at one node of the grounding circuit to energize it. Distribu-
tion of the current is arranged on the basis of MoM [38] by considering a grounding 
electrode with k segments and n nodes. Circuit theory approach is used to develop the 
nodal incidence matrix. When impulse current is injected at one or more nodes, electric 
current flows through the grounding electrodes and some part of the current leaks into 
surrounding soil. There are two longitudinal current: One is at starting point of the seg-
ment and other is at the end point of the segment. It is considered that the longitudinal 
current from starting point to central point of the segment is uniform and equal to the 
starting point current. Similarly current from central point to the end point is uniform 
and equal to the central point current. It is assumed that the longitudinal current I−l  and 
I+l  are centralized in the axis, and leakage current Ie is flowing out from the middle of 
the segment (central node) into the soil. Hence, the whole circuit is converted into 2k 
branches and n+ k nodes. The surface potential ( øc ) at the central node of the segment 
is developed due to the leakage current of each segment and given using (1)

(1)[∅c] = [R][Ie]
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here R is resistance matrix of the grounding network. The diagonal elements of resist-
ance matrix are self-resistance related with the central nodes, and the off-diagonal 
elements are mutual resistance. The self-resistance is defined as the potential at the cor-
responding node, when a unit current leaks radially into the soil. The mutual resistance 
between two middle nodes associated with the segment is defined as the potential on the 
node when a unit leakage current is flowing radially into the soil from another central 
node. For four central nodes, the grounding network can be represented using depend-
ent and independent voltage sources as in Fig. 1.

If leakage current Ie1 flows into the soil from central nodeC1 , the potential of the cen-
tral points C1 to C4 will beø11 , ø21 , ø31 , ø41 . For only leakage current Ie2 flowing from cen-
tral nodeC2 , the potential of the central points C1 to C4 will beø12 , ø22 , ø32 , ø42 . Similarly 
for leakage currentIe3 , potential will beø13,ø23 , ø33 , ø43 and for leakage currentIe4 , poten-
tial will beø14 , ø24 , ø34 , ø44 . Total potential on the central point of jth segment for leakage 
currents of i number of segments, due to self and mutual resistance can be represented 
using (2):

R is the resistance matrix that includes the self and mutual ground coupling between 
the conductor segments. Rj,i is self-resistance for i = j, and Rj,i is mutual resistance for 
i  = j . The relation between column matrix [ øc] of the potential on the surface of branch 
and leakage current matrix [Ie] can be represented using (3):

where [G] is a matrix of conductive and capacitive coefficients. “The capacitive reactance 
among the electrode segments is also incorporated in the analysis.” Soil is considered 

(2)øj =

k
∑

i=1

RjiIei

i = 1, 2, 3 . . . . . . ..k

(3)[Ie] = [R]−1
[øc] = [G][øC ]

Fig. 1  Grounding grid portion with nodes and segments. Where 
ø11 = R11Ie1, ø12 = R12Ie2, ø13 = R13Ie3, ø14 = R14 Ie4 ; ø22 = R22Ie2, ø21 = R21Ie1, ø23 = R23Ie3, ø24 = R24 Ie4 ; 
ø33 = R33Ie3, ø31 = R31Ie1, ø32 = R32Ie2, ø34 = R34 Ie4 ; ø44 = R44 Ie4, ø41 = R41Ie1, ø42 = R42Ie2, ø43 = R43Ie3
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as a semi-infinite medium, and it has different conductivity and permittivity compared 
to the air, so the principle of image method can be used to calculate the ground resist-
ance parameters [39]. The potential at the central point of the segments is represented 
with the transverse conductance. It represents the leaking current from the grounding 
electrode into the soil and is a function of soil property and the electrode geometry. The 
coefficient of potential on segment i due to leakage current from the segment j is given 
using (4)

where αg is reflection coefficient and given as:

σg and εg are the conductivity and permittivity of the soil, respectively. Ŵi′ is the segment 
image of i′ ; di′j is the distance between segment image i′ in the air and segment j in the 
ground. The admittance matrix 

[

Gij

]

 is obtained by inverse matrix of [ Rij ] using (5):

For reactance calculation, it is assumed that air and soil are nonmagnetic materials and 
they have the same permeability µ0 . The longitudinal current segments of the ground-
ing electrode are represented with longitudinal impedances. The longitudinal impedance 
matrix of the grounding system with 2k branches and  k + n nodes is evaluated using (6) as 
in [17]:

where Z0 is an internal impedance, it is a frequency-dependent parameter due to skin 
effect. The self-impedance Zi,i is made up with internal impedance Z0 and external 
impedance jωMi,i . Because of segment current is not properly distributed over the cross 
section of the conductor due to skin effect, frequency variant equation is used to calcu-
late the internal impedance. For a solid circular conductor with radius ′a′ , the internal 
impedance of the grounding electrode is calculated using (7) as given in [40, 41].

(4)Rij =
1

4π
(

σg + jωεg
)

li
·

[

∫
Ŵi

∫
Ŵj

1

dij
dlidlj + αg · ∫

Ŵi′

∫
Ŵj

1

di′j
dli′dlj

]

αg =
σg + jω

(

εg − ε0

)

σg + jω
(

εg + ε0

)

(5)[G] = [R]−1

(6)Z =

















Z1,1 · · · Z1,i · · · Z1,2k

...
...

...
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...
...

...
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




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

Zi,i = Z0 + jωMi,ii = 1, 2 . . . . . . . . . .2kω = 2π

(7)Z0 =
jωµI0(γa)

2πaγ I1(γa)
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where µ is permeability, ρc is conductor resistivity, I0(γa) is zero order Bessel’s function, 
I1(γa) is first order Bessel’s function and f  is the grounding current frequency. External 
impedance jωMi,i of any electrode segment can be calculated using surface current of the 
segment as given in [42]. Mutual reactance between two segments is determined by fila-
ment model and can be represented using (8) as in [13, 43].

For two parallel segments with spacing d0 and length l0 , mutual reactance can be calcu-
lated using (9)

if incidence matrix of the grounding circuit node is [A], than, nodal admittance matrix 
can be evaluated using (10) as given in [44].

where [Y ] is nodal admittance matrix that includes resistive and inductive effects. Nodal 
potential matrix [øn] is obtained using (11), and admittance matrix of the nodes is given 
by [Y ]k+n.

From (3) and (11)

Square matrix of (k + n) order is divided into four parts

where Ykk and Ynn are k order and n order matrix, respectively. Ynk is n rows and k col-
umns matrix, and  Ykn is k rows and n columns matrix. [Is] is a column matrix of the 
injected current at node.  [Is] is represented using (12)

γ =

√

jωµ
/

ρc

(8)Zi,j = jω
µ0

4π

∫

li

∫

lj

−→
dl i.

−→
dl j

Dij

(9)Zi,j = jω
µ0l0

4π

[
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+

√
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√

1+
d20
l20
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]

(10)[Y ]k+n = [A][Y ][A]T , [Y ] = [Z]−1
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Grounding electrode is  divided into N segments. Consider m,m− , m+ are the central and 
two end points of the segment m (m = 1, 2 . . . .N) , respectively. According to the developed 
model leakage current, Ie,m can be expressed as (13) as in [10]

Longitudinal current flowing through the segment’s two end I−l  and I+l  can be obtained 
from [øc] and [øn] using (14) and (15), respectively [6].

C0 is known as relation matrix. It represents the relationship between node and starting 
point of the segment. If starting point of segment j is connected to node i , than, C0j,i is one 
otherwise zero.

C1 is a relation matrix reflects the relationship between node and end point of the seg-
ment, if end point of segment j is connected to the node i , than, C1j,i is one otherwise zero. 
[øc] and [øn] are potential matrix at the surface of the segment and nodes, represented in 
(16) and (17), respectively.

The relation between leakage current Ie and current flowing between the two ends of the 
segments can be calculated using (18):

Modeling of soil ionization
Soil breakdown occurs if high magnitude current is applied on buried grounding elec-
trode and electric field ( E ) surrounding the grounding electrode exceeds the critical 
electric field ( Ec ) of the soil. Several studies have been carried out to analyze the break-
down mechanism of soil and suggested Ec for different type of soil models [14, 45–47]. 
Soil becomes a good conductor during E > Ec. The critical electric field of soil can be 
calculated using (19)

(12)[Is] = [Is, 0, 0, 0]
T

(13)Ie,m = Il,m−−Il,m+

(14)
[

I−l
]

=
([øc]− [C0][øn])

[Z]

(15)
[

I+l
]

=
([C1][øn]− [øc])

[Z]

(16)[øc] = [øc1, øc2, øc3, øc4]
T

(17)[øn] = [øn1, øn2, øn3, øn4]
T

(18)[Ie] = [I−l ] − [I+l ]

(19)Ec = 241ρ0.215
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where ρ is soil resistivity in Ω.m. Generated electric field E is a function of soil resistivity 
and the radius of grounding electrode. It is calculated using (20)

For soil ionization

α is a coefficient that depends on transient current and soil resistivity as in [37].
From (21)

At the instant when electric field E exceeds the critical value Ec , the equivalent radius 
of conductor during soil ionization is calculated using (23):

Using (21), Eq. (23) is modified as (24)

From (22) and (24), equivalent radius of grounding electrode can be obtained using 
(25)

Figure 2a represents the soil ionization phenomenon surrounding the electrode, and 
Fig. 2b represents the procedure to perform the transient analysis of grounding system 
with consideration of soil ionization phenomenon in the form of flowchart.

The assumptions made in this paper for soil ionization modeling are as follows:

1.	 Leakage current Ie leaks from per unit length of a cylindrical conductor to the earth. 
When E exceeds to Ec on conductor surface, soil ionization starts on surrounding 
earth of the conductor. The radius of the conductor exceeds up to the point where E 
decrease to Ec . The ionized zone has cylindrical shape and concentric with the con-
ductor.

2.	 The self and mutual inductance of the conductors are not affected due to soil ioni-
zation phenomenon. Ionization phenomenon is modeled with above mentioned 

(20)E = ρIe/(2πal)

E > Ec

(21)E = αEc(α ≥ 1)

ρIe

2πal
= α × 241ρ0.215

(22)α.a = ρ0.785 × Ie
/

481π l

(23)ai = a
E

Ec

ai = a
αEc

Ec

(24)
ai = α.a

(25)ai = ρ0.785 × Ie
/

481π l
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Fig. 2  a Soil ionization surrounding the grounding electrode. b Proposed flowchart for transient analysis of 
grounding system
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assumptions and appropriate modifications are done in the conductor radius. Hence, 
conductance matrix [G] is recalculated with modified radius for verifying E > Ec.

3.	 When high magnitude current is injected at the nodes of grounding network, a 
time dependent current function I(t) is determined. Using Fourier transform, time 
dependent current function is converted into the frequency domain as I(ω) . Also, 
nodal potential øn(ω) , branch surface potential øc(ω) and leakage current Ie(ω) are 
computed to solve the system in frequency domain. Using inverse Fourier transform, 
the leakage current Ie(t) , potential øc(t) , øn(t) and electric field E(t) are determined. 
System may be unstable due to update its parameters in frequency domain in each 
time step, so the effective method is needed to transform the transient impulse from 
time domain to frequency domain as in [48]. Critical electric field for soil break-
down is assumed to be 300 kV/m as suggested in [14]. With consideration of factious 
radius ai , the each electrode at every instant conductance matrix [G] is computed 
using (26)

Validation of the method
Validation with Liew and Darveniza [14]

The method used in this paper is verified for vertical copper rod with 3.05 m length and 
5 mm radius, buried in homogenous soil model with different soil resistivity as shown in 
Fig. 3. A 4 µs time-to-peak ramp current is injected at the top of the grounding rod, and 
impulse impedance is calculated for different current peaks. The value of critical electric 
field Ec is considered as 300 kV/m. Figure 4a, b depicts the results of impulse imped-
ance for different impulse current peak. Impulse impedance decreases when magnitude 
of injected current is increased. The decrement rate is more for high soil resistivity as 
compared to the low soil resistivity. From Fig. 4a, it can be observed that the calculated 
results are in good agreement with the results reported in [14]. Two and four vertical 
rods with length of 3.05  m each, separated with same distance of its length, are ana-
lyzed, and results are compared with [14], and the same is reported in Fig. 4b. Calculated 
result shows strong agreement with published result. It is observed that consideration of 
mutual coupling effect gives better result that is approximately equal to the result evalu-
ated in [14] as shown in Fig. 4a, b. For high soil resistivity and high magnitude of injected 
current, greater reduction in impulse impedance is observed. The analysis of grounding 

(26)
[

G′(t)
]

= [G(t)]+ [�G]

Fig. 3  Single vertical grounding rod under homogenous soil
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system impulse impedance is made for both, with and without considering mutual cou-
pling effect. The percentage relative difference between them is evaluated and reported 
in Tables 1 and 2 for grounding system with single vertical rod and two and four vertical 
rods, respectively.

Validation with Zhiqiang Feng et.al. [25]

In this sub-section, the grounding systems considered for the validation of developed 
method are as follows;

Fig. 4  Impulse impedance variations with current peaks. a Single vertical grounding rod buried in 
different soil resistivity. b More than one (2 and 4) vertical grounding rods buried in homogenous soil with 
ρ = 100�m

Table 1  Comparison of impulse impedance for single vertical rod with and without consideration 
of mutual coupling

Current 
peak (kA)

Soil resistivity

ρ = 50 Ω m ρ = 100 Ω m ρ = 500 Ω.m

Impulse impedance 
(Ω)

Relative 
difference 
(in %)

Impulse impedance 
(Ω)

Relative
Difference 
(in %)

Impulse impedance 
(Ω)

Relative 
difference 
(in %)

With
mutual 
coupling

Without 
mutual 
coupling

With
mutual 
coupling

Without 
mutual 
coupling

With 
mutual 
coupling

Without 
mutual 
coupling

10 10.51 10.00 4.85 21.00 20.20 3.81 67.00 65.00 2.98

20 8.50 8.00 5.88 16.60 15.80 4.82 47.00 45.00 4.25

50 6.40 6.00 6.25 12.70 12.00 5.51 34.80 33.00 5.17

100 5.42 5.00 7.75 11.00 10.20 7.27 30.00 28.40 5.33
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	(i)	 Single horizontal grounding electrode
	(ii)	 Square grounding electrode

The grounding electrodes are made of solid round steel and buried in homogenous 
soil with the soil resistivity of 120 Ω m. The burial depth of the grounding electrodes 
is 0.08 m. The critical breakdown field strength Ec of soil is considered as 92.58 kV/m.

Single horizontal grounding electrode (Different electrode length)

Various lengths of the electrode are considered in this study as reported in [49]. The 
length of electrode is 1.0, 1.2, 1.6 and 2.0  m with radius of 0.12  cm. The peak of 
injected impulse current Im is 0.2 kA, wave-front time tf  is 0.35–0.50  µs, and time 
to half value tf  is 150–250  µs. Figure  5 shows calculated impulse impedance using 
developed model for different electrode length. It is observed that the calculated 
results are in good agreement with results reported in [25]. Impulse impedance 
decreases when the length of the horizontal grounding electrode is increased. A 
comparison between measured impulse impedance and calculated impulse imped-
ance was performed, and errors between them are computed using (27)

where Zm is measured impulse impedance, and Zc is calculated impulse impedance. The 
calculated results using developed method are close to the measured results. Calculated 
errors for different electrode lengths of horizontal grounding electrodes are less than 7% 
and reported in Fig. 6 that shows the efficacy of developed model.

Square horizontal grounding electrode

A square grounding electrode with side length of 0.45 m and radius of 0.25 cm is buried 
in the homogenous soil. The injected impulse current magnitude varies from 88 to 700 
A and injected at corner of the square electrode. The wave-front time and time to half 
value of injected impulse current are 0.35–0.50 µs and 150–250 µs, respectively. Figure 6 
shows calculated grounding impulse impedance for different magnitude of impulse cur-
rent. Impulse impedance decreases when the magnitude of injected current is increased. 
A comparison between measured impulse impedance and calculated impulse impedance 

(27)error(δ) =
Zm − Zc

Zm
× 100%

Table 2  Comparison of impulse impedance of more than one vertical grounding rod with and 
without consideration of mutual coupling for ρ = 100 Ω.m

Current 
peak (kA)

Two vertical rods Four vertical rods

Impulse impedance (Ω) Relative 
difference 
(in %)

Impulse impedance (Ω) Relative 
difference 
(in %)With mutual 

coupling
Without 
mutual 
coupling

With mutual 
coupling

Without 
mutual 
coupling

10 13.40 13.00 2.98 8.00 7.80 2.50

20 12.10 11.60 4.13 7.60 7.30 3.94

50 9.20 8.70 5.43 7.30 700 4.11

100 8.20 7.70 6.10 6.80 6.40 5.88
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was done, and errors are computed for different magnitude of impulse current using 
(28). Obtained error is less than 6% as reported in Fig. 6. Calculated results show the 
strong agreement with measured and calculated results reported in [25].

Implementation of the developed method
The developed method for impulse impedance calculation described in Sect.  "Vali-
dation of the method" is further considered here as an application for analyzing 
horizontal grounding electrodes and grounding grids. A horizontal electrode and a 
grounding grid shown in Fig. 7a, b, respectively, are considered to analyze the effect of 
injected impulse current on impulse impedance. The dimension of grounding grid is 
4 m × 4 m. The numbers of meshes in the grid are 4 with the dimension of 1 m × 1 m 
each. Horizontal electrode and grid both are made by copper conductors with 10 mm 
radius and buried in homogeneous soil at 1 m depth. A 4 µs time-to-peak ramp cur-
rent wave of different magnitude is injected and impulse impedances are calculated. 
Comparison results of impulse impedance with and without consideration of mutual 
coupling between the conductors are shown in Fig. 8a, b for **horizontal conductor 
and grounding grid, respectively. Tables 3 and 4 represent the percentage relative dif-
ference in the impulse impedance for horizontal conductor and grid, respectively. 
From the analysis, it is observed that impulse impedance is increased when mutual 
effects between the conductors are considered. For low resistivity soil mutual 

Fig. 5  Impulse impedance and error analysis for horizontal grounding electrode for different electrode 
length

Fig. 6  Impulse impedance and error analysis for square grounding electrode for different current amplitude
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Fig. 7  Grounding system for analysis, a horizontal conductor, b grounding grid

Fig. 8  Impulse impedance variations with current peaks for different soil resistivity, a for horizontal 
conductor, b for grounding grid

Table 3  Comparison of impulse impedance of horizontal grounding conductor with and without 
considering the mutual coupling

Current 
Peak (kA)

Soil Resistivity

ρ = 50 Ω m ρ = 500 Ω m

Impulse impedance (Ω) Relative difference (in %) Impulse impedance (Ω) Relative 
difference 
(in %)With 

mutual 
coupling

Without 
mutual 
coupling

With 
mutual 
coupling

Without 
mutual 
coupling

10 14.70 13.80 6.12 71.00 67.00 5.63

20 10.70 10.00 6.54 48.00 45.00 6.25

50 7.60 7.00 7.89 37.60 35.00 6.91

100 6.60 6.00 9.09 33.00 30.60 7.27
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phenomenon is more effective than high resistivity soil. Greater reduction in impulse 
impedance is seen when high magnitude current is injected on grounding system 
buried in higher soil resistivity. Percentage relative difference of impulse impedance 
is large for high magnitude current. Mutual coupling phenomenon is more effective 
during the injection of high magnitude impulse current. From Tables 1, 3 and 4, it is 
observed that the percentage relative difference between the impulse impedance with 
and without considering the coupling effect is reduced for increasing soil resistivity 
with the same peak of injected current. Impulse impedance depends on the shape 
and size of the grounding system. At ρ = 50�m and current peak of 10kA , impulse 
impedance for single vertical rod is 10.51 Ω, for horizontal conductor is 14.70� and 
for grounding grid is 8.00 � . For a particular grounding system at constant resistivity, 
percentage relative difference of impulse impedance is increased with increases in the 
injected impulse current peak.

Transient voltage calculation at different points of the grounding system

Comparison with Jose Cidras et.al. [15]

A square grounding grid with the dimensions of 20  m × 20  m as shown in Fig.  9 was 
considered for the transient analysis [15]. The grid is made by copper conductors with 
10 m.m diameter and buried in homogenous soil at the depth of 1 m from the soil sur-
face. The soil resistivity is 100 Ω m, and permeability is 10. The critical electric field Ec is 
considered as 100 kV/m. The grid is excited by 6/20 µs impulse current wave with 50 kA 
peak value. Current impulse is injected at point O, and generated voltage is calculated at 
points O, C and B. Figure 10 shows the simulated voltage at given points and compari-
son with the results reported in [15].

The differences between voltage peaks at the same point with and without consider-
ation of soil ionization are large and decrease at far point from injection point. From 
Fig. 10, it is observed that generated potential at point O(current injection point) is close 
to the result given in [15], but differ at points C and B . This is due to the inductive cou-
pling that is considered in the developed model but not considered in the model pro-
posed in [15].

Table 4  Comparison of impulse impedance of grounding grid with and without considering the 
mutual coupling

Current 
peak (kA)

Soil resistivity

ρ = 50 Ω.m ρ = 500 Ω m

Impulse impedance (Ω) Relative 
difference 
(in %)

Impulse impedance (Ω) Relative 
difference 
(in %)With mutual 

coupling
Without 
mutual 
coupling

With mutual 
coupling

Without 
mutual 
coupling

10 8.00 7.20 10.00 49.20 48.00 2.44

20 7.00 6.10 12.86 39.70 37.60 5.29

50 3.90 3.30 15.38 19.60 18.00 8.16

100 3.00 2.50 16.67 15.60 14.20 8.97
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Influence of grounding electrode length on impulse impedance

Different length of horizontal grounding electrode is considered in this sub-section to 
simulate the effects of conductor length on impulse impedance. Grounding electrodes are 
made by copper conductors of radius 10 mm and buried in homogenous soil at the depth 

Fig. 9  Grounding grid for analysis

Fig. 10  Simulated voltages at different points of grounding system (O, C, and B) and comparison with the 
results reported in [15]

Table 5  Comparison of impulse impedance for different length of horizontal grounding electrodes 
buried in soil at 0.8 m depth with and without consideration of mutual coupling

Grounding 
Electrode 
Length (m)

Current peak (kA)

10 (kA) 20 (kA) 50 (kA)

Impulse Impedance (Ω) Impulse Impedance (Ω) Impulse Impedance (Ω)

With 
mutual 
coupling

Without 
mutual 
coupling

Relative 
difference 
(in %)

With 
mutual 
coupling

Without 
mutual 
coupling

Relative 
difference 
(in %)

With 
mutual 
coupling

Without 
mutual 
coupling

Relative 
difference 
(in %)

5 75.4 70.3 6.8 67.4 62.0 8.0 60.9 55.4 9.0

10 51.2 47.2 7.8 46.2 42.0 9.1 40.3 36.0 10.6

20 33.0 30.1 8.8 26.0 23.2 10.7 22.6 20.0 11.5

30 24.3 22.0 9.4 19.4 17.2 11.3 17.1 15.0 12.2

50 18.9 17.0 10.0 15.9 14.0 11.9 13.6 11.9 12.2
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of 0.8 m from the soil surface. The soil resistivity is 500 Ω m. 10 kA, 20 kA, and 50 kA cur-
rent peak with 2.6 µs wave-front time are injected on the grounding electrode and impulse 
impedance that are calculated. Comparison results of impulse impedance with and without 
consideration of mutual coupling effects are represented in Table 5. From the analysis, it is 
observed that for high impulse current peak, mutual coupling phenomenon is more effec-
tive than low current peak. When length of grounding electrode is increased, the impulse 
impedance is decreases. Percentage difference between the impulse impedance with and 
without considering the coupling effect is increased for long grounding electrode with same 
current peak.

Conclusion
A modified model is used to simulate the transient performance of the grounding system 
during leakage of high magnitude current into the soil. Proposed model includes coupling 
phenomenon between the grounding electrodes and frequency-dependent impedance. 
Test case (single vertical rod, horizontal and square grounding electrode) results obtained 
using the proposed method are in good agreement with the literature. Furthermore, a hori-
zontal conductor and grounding grids are used to apply this model, and satisfactory results 
are obtained. Transient voltages at different points of the grounding system are calculated 
with and without consideration of soil ionization phenomenon, and simulated results are 
compared with the published results. It is observed that consideration of mutual coupling 
between the grounding electrodes give more satisfactory results as compared to ignore the 
mutual coupling. Percentage relative difference is calculated in impulse impedance analy-
sis. For higher magnitude current and higher soil resistivity, rate of reduction in grounding 
impulse impedance is more. Proposed model assumes that the grounding grid consists of 
cylindrical conductors. For noncylindrical conductors, grounding electrodes can be rep-
resented by equivalent cylindrical conductors which are possible determined rigorously. 
Also, this method is not effective for large length of grounding conductors. For future work, 
experimental studies could be conducted at the field test site on the frequency-depend-
ent electrical soil parameters to develop a greater understanding of the characteristics of 
grounding systems under high frequency and low/high current impulse.
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