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Abstract: The behaviour of transient characteristics of the grounding grid due to lightning is investigated. The effect of permittivity
and resistivity of the earth on such characteristics is consolidated. Simulation is carried out at high frequency using MATLAB. It is
interesting to note that the permittivity has small influence and resistivity has considerable effect on transient response.
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1. Introduction 

When lightning strikes an electric substation, large currents 
will flow in substation and electronic equipment before 
dissipating into the soil through the grounding system. The 
electromagnetic fields are generated by such lightning 
surges will produce large currents and voltages which may 
cause damage to the equipment and may be dangerous to the 
personnel working close by. Besides, modern electronic 
circuits generally have weak signal levels and are sensitive 
to different kinds of electromagnetic disturbances. The 
unwanted electromagnetic fields are induced by the 
lightning current may cause measurement error or result in
damage to the electronic circuits. The grounding system is
designed in such a way that the electromagnetic fields do not 
exceed tolerable levels. The tolerable levels are defined in
several publications both in terms of safety [l, 2] and 
equipment susceptibility [3-5]. 

Substation grounding grids are made of interconnected 
conductor rods, buried under substations. The use of the 
grids is to reduce the ground resistance of electric 
installations and smooth the potential gradient on the earth 
surface to ensure safety to the persons during short-circuit 
defects of the power system. The maximum step and touch 
voltages are computed to reduce the hazard .The grounding 
systems is designed to meet the requirement of safety and 
electrical properties. The decrease in the ground resistance is
to reduce the rise of the potential around the grid, caused by
the fault current emanating to the earth, so that the 
electromagnetic interference with the communication system 
nearby will be decreased [6]. 

Many papers have investigated the performance of
grounding grid [14-16], they did not take account of the 
effect of the earth permittivity. This is true if the frequency 
of the injected current, the earth resistivity and the earth 
permittivity are low. If the earth relative permittivity is 100
and the earth resistivity is 1000 Ωm, then the earth 
permittivity influence will be comparable with that of the 
earth resistivity when the frequency of the current is high. 
Even the earth permittivity still produces a few effects on the 
performance of grounding grid at low frequency; it may 

cause the transient performance of grounding grid greatly
[8]. 

However, based on experimental results, it has been 
recognized for a long time that the soil resistivity and 
permittivity are strongly frequency dependent [17-21]. 

In this paper, the earth permittivity influence on the 
performance of grounding grids at high frequency and 
transient is analyzed. In order to take account of the earth 
permittivity, model of complex resistivity is used which is
the combination of both the earth permittivity and the earth 
resistivity. Grounding grids with several earth parameters 
are analysed to show the influence.

It is observed that the impedance at low frequency is
constant and resistive. At higher frequencies (more than 100 
KHz), the impedance will increase and it becomes inductive. 
For the highest frequencies, the effect of capacitance is
dominant, mostly in soils with high permittivity. The 
permittivity of the soil has practically no influence on the 
ground impedance for frequencies lower than 500 kHz. 
Thus, the resistivity is determinant for all the cases and at
low frequencies the impedance is directly proportional to the 
resistivity [7]. 

The influence of the soil relative permittivity is related to the 
capacitive coupling between the conductors of the grounding 
system since the soil is a dielectric medium. So, it is obvious 
that the influence of the soil permittivity is effective through 
the influence of the self and mutual capacitance of the 
grounding conductors on the transient behaviour of the 
grounding system [9]. 

The soil with lower resistivity, the conduction current is
dominant, so the influence of the soil permittivity on the 
transient behaviour of the grounding system is neglected 
compared with the influence of the soil resistivity. 

Keeping soil conductivity constant, soil permittivity 
variation does not have much influence on the transient 
response of the grounding system except in soils with 
extremely high resistivity. 
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The influence of the soil resistivity is more important than 
that of the soil permittivity. The influence of the soil 
permittivity on the transient behaviour of the grounding 
system in the soil with very high resistivity may be
considered for better accuracy of results. 

The resistivity and permittivity of certain soil (Tasikmalaya 
soil) will vary which depend on the percentage of water and 
also depend on the variation of injected frequency current 
[10]. 

 The calculated GPR as a function of time is shown in fig.6. 
It is observed that relative permittivity has no major effect 
on the GPR for low soil resistivity (below 1000 Ωm).
However, for a resistivity of 10 kΩm, it is observed that
increasing the permittivity reduces the peak value of the 
GPR but increases the rise time, making the shape of the 
curve less sharp [11]. 

Measurement of the apparent permittivity of a soil provides 
a well-designed method of estimating its water content [12]. 
In nature, the most common polar liquid is water which has 
a relative permittivity of 80, and for air 1 and for quartz 5. 

2. Formulation 

The Green‟s function [22-23] is used to calculate the 
potential caused by a point source. For a point source in the 
earth as shown in fig. 1, the potential at any point in the 
earth can been calculated by solving the Laplace‟s equation
with its boundary conditions. 

2 V = 0 (1) 
As z  VK 0, At z = - t,

 = 0, At mth layer interfaces, Vm = Vm+1 , 

 .  = .  m = 1, 2, 3, ... , K-1.

Where is the resistivity of the ith layer, is the potential 
in the ith layer. By solving the Laplace‟s equation with 
boundary conditions, the formula for the potential at any 
point in the earth can be obtained [13]. 

Figure 1: K-layer earth structure model.

In order to take account of the effect of the earth 
permittivity, model of complex resistivity is used which is
the combination of both the earth permittivity and the earth 
resistivity. From the Maxwell‟s first equation

 j E                              (2)  

and the relationship between the current density and the 
electric field intensity 

 J = E.                                          (3)  

We have 
j )E                     (4) 

Where, H is the magnetic field intensity and E is the electric 
field intensity, J is the current density, ρ and  are the earth 
resistivity and the earth permittivity. Let‟s introduce the 
concept of complex current density J ', is given by

J ' = j )E

Then, the complex resistivity is 
ρ' = =                       (5)  

By using the complex resistivity in (1), the effect of the 
earth permittivity can be counted for when a grounding grid 
is analyzed.

When ρ = 10Ωm, ρ = 100Ωm, ρ = 1000Ωm, fig. 2 shows the 
variation of the complex resistivities with frequency if  = 
10 and  = 100.

From fig.3 the following points are observed. 

1) It is observed that when the earth permittivity is counted 
and the complex resistivity is introduced, great difference 
between the earth resistivity and the earth complex 
resistivity may takes place at some situations.  

2) When the earth resistivity is low, it is almost equal to the 
earth complex resistivity even when the frequency is up
to 1 MHz and the earth relative permittivity is up to 100.

3) When the earth relative permittivity is low, the earth 
resistivity is almost same with the earth complex 
resistivity. 

4) At high frequencies, if the earth resistivity and the earth 
relative permittivity are larger, then there is a greater 
difference between the earth resistivity and the earth 
complex resistivity.  

5) When ρ = 1000Ωm,  = 100, and the frequency is
higher than 100 kHz, the difference between the earth 
resistivity and the earth complex resistivity is very large. 
This is due to effect of the earth permittivity. In this 
situation, the effect of the earth permittivity is taken into 
account when the grounding grid is analysed. 

It is observed that when the earth resistivity is large, the 
influence of the earth permittivity on the performance of
grounding grid at high frequency or transient is large. 
  
The influence of earth permittivity is shown on both the 
performance at high frequency and transient of a 10m x10m 
grounding grid buried in the earth resistivity of 1000 Ωm
with several earth permittivities and they are analyzed. The 
analysed grounding grid with a depth of 0.8 m is shown in
fig.2. 
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Figure 2: The grounding grid. 

The transient performance is calculated with the help of the 
fast Fourier Transform when a lightning current shown in
fig. 4 strikes the grounding grid directly. 

The frequency response of the amplitude of the ground 
potential rise (GPR) at the current injected point is shown in
the fig.5. The transient performance is shown in the fig. 6. It
is observed from these characteristics that the GPR will 
increase with frequency if the earth permittivity is small. 
The GPR will decrease and vibrate with frequency if the 
earth permittivity is great. This is because the earth 
permittivity produces capacitance which will take effect in
company with the mutual inductances among grounding 
segments at high frequency. 

3. Results and Conclusions 

The effect of the earth permittivity on the performance of
grounding grid at high frequency and transient is analysed
using MATLAB. Model of complex resistivity used, is the 
combination of both the earth resistivity and the earth 
permittivity. 

If the earth permittivity and the earth resistivity are very 
large and the performance of the grounding grid at high 
frequency is analyzed, the effect of the earth permittivity is
taken into account. It is observed that the permittivity has 
small influence and resistivity has considerable effect on
transient response. 

 

(b) ρ = 100Ωm 

 (c) ρ = 1000Ωm 

Figure 3: Variation of Complex resistivity with frequency.

Figure 4: The lightning current. 

Figure 5: Frequency response of the ground potential rise 
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Figure 6: Transient performance of the grounding grid. 
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