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Abstract—A grounding grid is essential to the lightning protec-
tion of power systems. This paper presents a modified partial ele-
ment equivalent circuit method for predicting the transient behav-
ior of the grounding grid. The frequency-dependent parameters of
the grounding grid are obtained first by using the image method.
Both modified nodal formulation and vector fitting techniques are
applied to derive an extended equivalent network for time-domain
simulation. In this method, the soil ionization effect is considered
using a nonlinear resistance. The proposed method is verified with
experimental results available in the literature. Finally, lightning
transients in the grounding grid of a radio base station is pre-
sented. The ionization and propagation effects on grounding grid
performance are discussed.

Index Terms—Equivalent circuit, grounding grid, lightning tra-
nsient, partial element equivalent circuit (PEEC), soil ionization.

I. INTRODUCTION

GROUNDING grid performance is one of major concern
of lightning protection for power systems. An effective

grounding grid can direct the lightning current to the earth with
a low potential rise. The analysis of grounding grids during a
lightning strike has been widely investigated using both analyt-
ical expressions and numerical techniques. The models devel-
oped for grounding transient analysis can be classified in three
categories: circuit model, transmission line model, and electro-
magnetic field model.

The circuit model [1]–[5] represents a grounding electrode
as a lumped RLC equivalent circuit. Mutual inductance, capac-
itance, and resistance are brought to model coupling effects
among different grounding conductors. The nonlinear soil ion-
ization effect can be incorporated into the model. However,
the main drawback of the circuit model is that it is difficult to
deal with frequency-variant parameters. The transmission line
model [6]–[8] was initially deduced by Sunde and has been pop-
ular ever since. This method uses Bergeron’s travelling wave
technique to derive the frequency-dependent impedance of a
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grounding electrode. The model can be also analyzed in time do-
main, thus is capable of including the soil ionization effect. The
electromagnetic field model [9]–[13], which is strictly based
on the electromagnetic theory, is considered as the most rig-
orous method to model the transient behavior in a grounding
electrode. This method is a frequency-domain approach which
limits its application only for linear systems. Therefore, this
method cannot include nonlinear soil ionization phenomena ef-
ficiently. Meanwhile, the field approach needs huge computer
memory and computation time in simulation.

Soil ionization phenomena are observed locally around an
electrode in the situations of a large impulse injected to the
ground. The behavior of the electrode is completely different
from that at the low-level excitation. Recently ionization mod-
els have been developed for transient analysis in the ground
[14]–[18]. Empirical expressions for modeling the ionization
effect were well proposed, including the nonlinear resistance
model. Note that the model itself is not able to take into account
the frequency characteristics of a grounding electrode.

Frequency-dependent soil parameter [19]–[22] is another im-
portant influence factor on the ground grid. Previously, this ef-
fect has been neglected in evaluating the performance of ground-
ing grids due to the lack of formulations to describe it. While,
Visacro and Alipio [20] proposed the formulation for express-
ing soil parameter frequency dependence based on laboratory
and field measurements. He also revealed that frequency depen-
dence of the soil parameters results in a decrease of the potential
of the grounding electrode, with respect to the case where the
parameters are assumed to be constant.

Though many models have been developed for a grounding
electrode, predicting the transient performance of a grounding
system is still a challenging issue. In this paper, a modified
partial element equivalent circuit (PEEC) method is proposed
to model and analyze transients in a grounding grid. The vec-
tor fitting method [23], [24] is adopted and the ionization re-
sistance is included to deal with the frequency- and current-
dependent characteristics of the grounding grid. The modified
PEEC formulation including techniques dealing with frequency-
and current-dependent parameters is described in Section II.
Section III presents the validation of the proposed model by
comparing with experimental results available in the literature.
Finally, the grounding grid for a radio base station (RBS) is
investigated, and the effect of the ionization phenomenon and
soil resistivity is discussed.
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Fig. 1. Segments and equivalent circuits of a grounding electrode. (a) Wire
segments. (b) Equivalent circuit of the segments.

II. BASIC GROUND IMPEDANCE FORMULATION

Transients in a grounding grid are more complex than those
in the conductors above the ground. Two issues may be ad-
dressed in the transient analysis of a grounding grid, that is,
wave propagation and soil ionization. The propagation effects
are frequency dependent and could be effectively analyzed us-
ing the electromagnetic theory. Soil ionization occurs when the
current impulse has a high magnitude, which results in a low
ground resistance. Under this situation, the electric field at the
electrode surface is greater than the ionization threshold. To in-
clude both propagation phenomena and soil ionization in the
analysis, frequency- and current-dependent characteristics of
the grounding grid should be implemented simultaneously.

A. PEEC Model of Grounding Electrodes

The PEEC method [25]–[27] has been developed for mod-
eling electromagnetic coupling among thin conductors. It rep-
resents the electric field integral equation using an equivalent
circuit which can be integrated into a circuit solver directly.

In the PEEC method, all the conductors need to be divided
into small segments for taking into account the nonuniform
distributions of the current and the charge. In the T-type circuit
model, both current and charge segments are offset with half-
length of a segment, as seen in Fig. 1(a). The segment length is
commonly chosen as one-tenth of the wavelength in the soil at
the primary frequency of concern. In this method both volume
currents and surface charges or voltages on the segments [28]
are the unknown parameters to be determined.

Fig. 1(b) shows an equivalent circuit for the conductor given
in Fig. 1(a). Current segments of the conductor are represented
with longitudinal impedances, i.e., self-impedance Zt,i i and mu-
tual impedance Zt,i j (i and j = 1, 2, . . . ). The self-impedance
is made up of internal impedance and external impedance. Be-
cause segment current is not evenly distributed over the cross
section due to the skin effect, frequency-variant formulas are
adopted to determine the internal impedance of a segment. For
a solid circular segment with radius a, internal impedance Zt,i i,s

is expressed as [6], [29], [30]

Zt,i i,s = jω

2π Ra

I0 (Ra)

I1 (Ra)
(1)

where Ik(·) is the modified Bessel function of order k, and Ra =√
jωσμ · a. Both σ and μ are the conductivity and permeability

of the conductor. In case of a segment with noncircular cross
section, a two-dimensional eddy-current analysis procedure [31]
needs to be applied to determine its internal impedance.

External impedance Zt,i i,e of a segment is determined using
surface current on the segment. As the soil is assumed to be
a nonmagnetic material which is the same as the air, external
impedance of a segment in the soil has the same expression
as that in the air. A general procedure for the conductor with
arbitrary cross section is presented in the appendix of [31].

It is noted that conductor spacing in a grounding grid is usu-
ally much greater than its cross-sectional dimensions. Mutual
inductance of two segments is simply determined using the fil-
ament model, and is expressed as [32]
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where μ0 is the permeability of the soil. Both �i and � j are the
lines of segment i and j, and Ri j is the distance between two
segments. For two parallel segments with spacing d0 and length
l0, an explicit formula yields, as follows:
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Impedance matrix ZT can be then constructed by assembling
self and mutual impedances given in (1)–(3).

Charge or potential segments are represented with transverse
admittance, as shown in Fig. 1(b). It represents the leaking
current from the grounding grid in the soil, and is a function
of the soil properties and the electrode geometry. As the earth
is assumed to be a semi-infinite medium, the image method
[1] is adopted for the calculation. The air is replaced with the
image of each segment. Taking the fact that the conductivity
and the relative permeability of the air is 0 and 1, coefficient of
potential pt,i j on segment i contributed by charge on segment j is
given as

pt,i j = jω

4π
(
σg + jωεg

)
li l j
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where reflection coefficient kg is expressed as

kg = σg + jω εg − ε0
)

σg + jω εg + ε0
) .

In (4) both σg and εg are, respectively, the conductivity and
permeability of the soil. �i ′ is the line of segment image i,’ and
Ri ′ j is the distance between segment image i ′ in air and segment



j under the ground. Admittance matrix YT is then obtained by
inverting matrix P = [pt,i j ], i.e., YT = jωP−1.

B. Soil Ionization Effect

When a substantial lightning current is discharged via a
grounding electrode, electric field around the electrode may
exceed the breakdown strength of the soil. This results in a low-
resistance zone in the vicinity of the electrode. The ionization
effect, which depends on electrical and geometrical parameters,
can be simulated approximately using a nonlinear resistance
resulting from a virtual electrode with current-varying radius
[33]. The radius of the virtual electrode increases until the elec-
tric field around the electrode does not exceed the breakdown
strength of the soil. An empirical formula for the nonlinear re-
sistance as a function of the injected current pulse has been
recommended by CIGRE [17], and is expressed as

Rg (I ) = R0√
1 + I (t) /Ig

(5)

where Ig = E0/2πσg R2
0 , and I(t) is the current injected into the

electrode. E0 is the critical electric field intensity of the soil, and
R0 is the ground resistance with low current at low frequency.

C. Extended Equivalent Circuit Model

With impedance and admittance matrices ZT and YT of the
grounding grid, a matrix equation can be established using the
modified nodal analysis formulation, as follows:

[
−A ZT

YT −AT

] [
I

�

]
=

[
Vs

Is

]
(6)

where A is the incidence matrix of the original network. Formu-
lation (6) is set up in frequency domain as both self-impedance
and admittance vary with frequency. In order to perform a time-
domain simulation, an extended network built with frequency-
invariant circuit components is constructed using a rational ap-
proximation technique.

Note that the network built with (6) consists of two indepen-
dent parts: impedance subnetwork for matrix ZT and admittance
subnetwork from matrix YT. These two subnetworks share the
common nodes, and can be converted into the extended sub-
networks individually by the vector fitting technique. The final
extended network can be then assembled by combining these
extended subnetworks together.

Fig. 2 shows these two subnetworks for two coupled branches.
Impedance subnetwork retains the original topology of the
branches. It contains original self- and mutual- impedance mod-
els of the branches. The admittance network retains the nodes
in the original network. The original coefficients of potential
among the nodes in admittance matrix YT can be realized with
an electrical circuit without mutual coupling, as shown in Fig. 2.
Assume that Yi j is the admittance of the equivalent branch be-
tween nodes i and j, and Yii is the admittance of the equivalent

Fig. 2. Equivalent network of two coupled branches in the soil.

branch between node i and the reference. They are expressed as

Yi j = −Yt,i j

Yii = Yt,i i −
∑n

j=1
Yt,i j . (7)

The mutual coupling effect in the original equation now is
replaced with admittance of equivalent branches connected to
these nodes defined in the original network.

In the network shown in Fig. 2, both self-impedance Zii and
admittance Yi j are frequency dependent. Zii in s domain can
be approximated by rational functions in rational polynomial,
pole-zero or pole-residue form, as

Zii (s) = Rii,0 + sLii,0 +
M∑

m=1

s

s − aii,m
rii,m (8)

where Rii,0, Lii,0, ai j,m , and ri j,m in the following equation are
the constants obtained using a data fitting approach, such as the
vector fitting or least-squares fitting method. Similarly, Yi j can
be approximated by the following rational functions as well

Yi j (s) = Gi j,0 + sCi j,0 +
M∑

m=1

1

s − bi j,m
ri j,m . (9)

Constants Gi j,0, Ci j,0, bi j,m , and ri j,m in (8) are also obtained
using a data fitting approach. These rational functions can be
realized with the Mth order RL and RC circuits, respectively
[34]–[36]. Fig. 3 shows the realized circuits for the rational
functions given in (7) and (8). In Fig. 3 circuit parameters of all
the components are frequency invariant.

According to (9), Gii,0 could be considered as the conduc-
tance of grounding segment i under a dc current. Thus, element
for Gii,0 is represented as a resistor with the resistance that
equals to dc ground resistance of the segment. In order to incor-
porate the ionization effect in the circuit analysis, this resistance
is approximated by nonlinear resistance Rg,i (I ) given in (5).
Now the original grounding grid is completely replaced with
an extended circuit network built up using frequency-invariant
circuit components together with a number of nonlinear resis-
tances. Subsequently, the time-domain simulation can be per-
formed by using a conventional circuit analysis approach.

III. VERIFICATION OF THE MODEL

The model described in this paper has been verified by the
comparison with several experimental tests extracted from the



Fig. 3. Rational equivalent circuit of (a) Zii where Rii,m = −rii.m/aii,m , and
Lii,m = 1/rii,m , and (b) Yii where Rii,0 = 1/Gii,0, Rii,m = −rii.m/bii,m , and
Cii,m = 1/rii,m .

TABLE I
INFORMATION OF ELECTRODES AND THE SOIL

Material Radius
(mm)

Length
(m)

Depth
(m)

ρg (
·m) εg

Vertical steel 10 6 – 50 8
Horizontal copper 6 15 0.6 80 15

published literature. First, the transient behavior of simple elec-
trodes under low impulse currents is compared for verifying the
modeling of frequency-dependent effects. Then, the behavior
under high impulse currents is demonstrated to show the per-
formance of the model when soil ionization occurs. Finally, the
transient results on a 2 m × 2 m grounding grid are presented
for comparison. The experimental data or curves for comparison
were manually sampled from figures or graphs available in the
published literature. The sampled currents used as the source in
the circuit solver were processed with a 10 MHz low-pass filter
first. In all the simulations, the breakdown strength of soil was
assumed as E0 = 350 kV/m.

A. Low-Current Measurements by Électricité de France [7]

A 6-m-long vertical rod and a 15-m-long horizontal wire were
separately tested under small impulse excitation. Steep impulse
currents with the front time of less than 0.5 μs were injected at
one end of the electrodes. The parameters of the electrodes and
the soil are listed in Table I. The transient voltages at the injection
point in both cases were measured, as well as at the points of
3.5 and 7 m from that point along the horizontal electrode.

The results by measurement and simulation are presented in
Figs. 4 and 5. It is found that they agree with each other gener-
ally. Some differences in the voltage peak and voltage waveform
are observed, which might be caused by two things. First, the
propagation effects of the impulse are underestimated which are
dominant under the fast impulse fronts. In these fast transients,
the frequency can reach up to 10 MHz that a slight change of

Fig. 4. Transient voltages on a 6 m vertical rod under a small impulse current.
(meas. – measurement, sim. – simulated result).

Fig. 5. Transient voltages on a 15 m horizontal wire under a small impulse
current. (meas. – measurement, sim. – simulated result).

TABLE II
INFORMATION OF ELECTRODES AND THE SOIL

Material Radius
(mm)

Length
(m)

Depth
(m)

ρg (
·m) εg

Vertical steel 25 1 – 42 10
Horizontal steel 4 5 0.6 42 10

inductance would lead to large errors in voltage calculation. Sec-
ond, the source current was obtained by point-by-point sampling
which could result in errors in the waveform of an impulse.

B. High-Current Measurements by Geri [37]

In this part, the impulses with peak current more than 25 kA
were injected separately into a 1-m-long vertical rod and a 5-m-
long horizontal wire for comparison. Soil ionization phenomena
were expected under such high-current levels. The parameters
of two grounding electrodes are listed in Table II. Figs. 6 and 7
show both measured currents and voltages at the injection point



Fig. 6. Transient voltages on a 1 m vertical rod under a large impulse current.
(meas. – measurement, sim. – simulated result).

Fig. 7. Transient voltages on a 5 m horizontal wire under a large impulse
current. (meas. – measurement, sim. – simulated result).

of electrodes under such large impulse currents. It is found that
the simulation results match well with the measurement results.
Again, point-by-point sampling of the source current from the
literature may introduce errors in the slope of the waveforms.

C. Measurement on a Grounding Grid by Stojkovic et al. [38]

A 2 m × 2 m horizontal grounding grid with the dimensions
of 10 m × 10 m was selected for comparison. The grid was
made of round copper wires with the cross section of 50 mm2. It
was buried 0.5 m underground. The soil resistivity was estimated
to be 29.1 
·m [38]. The impulse with a peak current of 10 A
was injected at one corner of the grid. Both the transient voltage
and the transient current at the injection point were measured.
Fig. 8 shows the comparison of the transient voltages obtained
from the calculation and the simulation. It is found that the
calculated and measured voltages match well in waveform, and
the difference of their peak values is less than 3%. Therefore,
the proposed model for grounding grids is generally acceptable
for the simulation of transients during a lightning stroke.

Fig. 8. Transient voltages on a 2 m × 2 m grounding grid. (meas. – measure-
ment, sim. – simulated result).

TABLE III
PARAMETERS OF THE TWO HEIDLER’S FUNCTIONS

imax (kA) Waveform η T (μs) τ (μs)

First Stroke 200 10/350 0.93 19 485
Subsequent Stroke 50 0.25/100 0.993 0.454 143

Fig. 9. Configuration of the grounding grid for radio base system.

IV. ANALYSIS OF THE GROUNDING GRID FOR AN RBS

In this section, analysis of the grounding grid for RBS is
presented under direct lightning strokes. In the analysis, the
lightning current impulses specified in IEC Standard 62305 [39]
are adopted. These impulses can be expressed using Heidler’s
equation [40] as

i (t) = imax

η

(t/T )n

1 + (t/T )n exp (−t/τ ) (10)

where η is the correction coefficient of the current peak imax, T
is the front-time coefficient, τ is the stoke duration time, and n is
the current steepness factor. Two different current waveforms are
tested, that is, the first and subsequent lightning stroke current
waves. The first stroke current has larger intensity, while the
subsequent stroke current has a larger rate in its front. The
constants in (10) for these two lightning stroke currents are
shown in Table III.

Fig. 9 shows the configuration of a practical grounding grid
for an RBS. The grounding grid consists of a tower mesh of
5 m × 5 m buried at 0.7 m depth and an equipment-room mesh



TABLE IV
MATERIAL INFORMATION OF TOWER AND THE ROD

Material ur Rdc (
/m) Radius (mm)

Horizontal Grid 42 0.24 19
Vertical Rod 42 0.15 23.5

of 9.5 m × 9.5 m buried also at the same depth. Two meshes
are interconnected via three horizontal conductors. Meanwhile,
eight vertical rods of 4.5 m in length are provided at the corners
of tower and room meshes. The ground buses are connected to
the equipment-room mesh at two ends of the room. The soil
resistivity is taken to be 100 
·m, and an additional value of
1000 
·m is selected for comparison. The relative permittivity
of soil is assumed to be 10. The critical electric field is assumed
to be 350 kV/m. The material of the conductors used in the grid
is listed in Table IV.

The impulse currents are injected into the grounding grid from
rods ©1 , ©2 , ©3 , and ©4 simultaneously, which are connected to
four feet of the telecommunication tower. ©5 is the ground bus
outside the equipment room, which provide the grounding for
power/signal cables. The potential difference between four foot
rods and the ground bus ©5 is investigated. Ground potential
rise at these points, as the result of the impulse current in the
grounding grid, was evaluated with the proposed procedure. The
calculations with and without ionization are presented to inves-
tigate the influence of the ionization phenomenon. Meanwhile,
the propagation effect of the lightning pulse in the grounding
grid is also discussed by comparing waveforms under first and
subsequent strokes.

Figs. 10 and 11 show potentials at Point ©1 and Point ©5 on the
ground grid with and without considering the soil ionization, as
well as the potential difference between these two points. Both
100 and 1000 
·m soil resistivities are considered in the simu-
lation. The injected current is either the 200 kA first lightning
stroke current or the 50 kA subsequent lightning stroke current.

By comparing Fig. 10(a) with (b), it is found that the poten-
tial difference between the models with and without ionization
becomes larger when the soil resistivity is 1000 
·m. This indi-
cates that the ionization affects more significantly when the soil
resistivity is higher under the first stroke. The behavior under
the subsequent stroke also gives the same result as shown in
Fig. 11(a) and (b).

Fig. 11 shows a large peak potential in the beginning of the
potential waveform, where corresponds to wavefront. However,
this peak potential lasts only during the wavefront of the cur-
rent impulse and then deceases quickly to a stationary period. It
reveals that the subsequent stroke is greatly affected by the prop-
agation behavior of a lightning impulse. By comparing the wave-
form shapes of ionization and nonionization results in Fig. 11(a)
and (b), we can find that propagation effect is barely influenced
by the ionization effect and the soil resistivity.

As shown in Fig. 10(c) and (d), the peak potential difference
between the foot rod and the ground bus reaches, respectively,
113 and 81 kV for ionization and nonionization cases when

Fig. 10. Comparison of potentials with and without ionization effect under
a 10/350 μs impulse with a peak current of 200 kA. (a) Potentials at ©1 and
©5 , Rg = 100 
·m. (b) Potentials at ©1 and ©5 , Rg = 1000 
·m. (c) Potential
difference between ©1 and ©5, Rg = 100 
·m. (d) Potential difference between
©1 and ©5 , Rg = 1000 
·m. (No Ioniz. – without ionization effect).



Fig. 11. Comparison of potentials with and without ionization effect under
0.25/100 μs impulse with a peak current of 50 kA. (a) Potentials at ©1 and
©5 , Rg = 100 
·m. (b) Potentials at ©1 and ©5 , Rg = 1000 
·m. (c) Potential
difference between ©1 and ©5 , Rg = 100 
·m. (b) Potential difference between
©1 and ©5 , Rg = 1000 
·m. (No Ioniz. – without ionization effect).

Fig. 12. Transient ground impedance between point ©1 and ©5 with and without
ionization effect at the rise front of lighting impulses. (a) Under 10/350 μs
impulse. (b) Under 0.25/100 μs impulse. (No Ioniz. – without ionization effect).

soil resistivity is 100 
·m. However, the difference becomes,
respectively, 127 and 98 kV when soil resistivity increases to
1000 
·m. Therefore, the potential difference varies little when
soil resistivity changes under the first stroke.

However, the peak potential difference between points ©1 and
©5 varies significantly under the subsequent stroke with the fast
rise front. This is because the contribution of both propagation
effect and high soil resistivity. Due to the limited speed of light-
ning propagation in the grounding grid, only a small part of
the grounding grid is effective in discharging the current to the
earth in the wavefront. Thus, potential difference comes to its
maximum before the soil ionization is fully developed. High
soil resistivity will reinforce this effect as the potential at early
arrived point has higher values when soil resistivity grows.

Fig. 12 shows the time variant of the transient grounding
impedance between the foot rod and ground bus. The transient
grounding impedance (ZTG) is a time function defined as a



quotient between v(t) and i(t) as ZTG(t) = v(t)/ i(t). The ZTG at
the waveform front is mainly caused by the propagation effect.
As a first approximation [17], the first stroke current waveform’s
frequency content is below 100 kHz, and subsequent stroke’s is
below 1 MHz. Thus, subsequent stroke suffers more from the
propagation effect, which behaves as a higher transient ground
impedance as displayed in Fig. 12(b). By comparing the results
with/without ionization effect we can find that transient ground
impedance with/without ionization almost coincident with each
other. It proved that soil ionization does not have a large effect in
reducing the propagation potential peak. The transient ground
impedance between feet rod and room bus under these two
stroke waveforms decrease to about 0.2 
 quickly after the
front of the waveform. Under the first stroke, the ionization
effect is more significant than the propagation effect because of
its low-frequency spectrum.

V. CONCLUSION

In this paper, we proposed a modified PEEC method for tran-
sient simulation of the grounding grid. The techniques of mod-
ified nodal network transformation and rational approximation
were employed to generate a time-domain equivalent network.
Ionization effect was also taken into consideration by using a
nonlinear resistance. The proposed approach was verified ex-
perimentally, and was applied to evaluate lightning potential
distribution in a practical grounding grid for an RBS system.

The behavior of the grounding grid is affected by both ion-
ization and propagation effects. The analysis shows that the
ionization effect decides the performance of the grounding grid
under first stroke. While, the propagation effect is dominant for
the wavefront of the subsequent stroke. The potential difference
between the tower footing and the equipment room barely varies
with the soil resistivity under the first stroke. However, under
the subsequent stroke, the potential difference is greatly affected
by the soil resistivity because of the propagation effect.
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