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Transient impedance of grounding system with 
impulse superimposed sinewave 

Sherif S. M. Ghoneim, Ahdab M. Elmorshedy, and Rabah Y. Amer 

Abstract− Investigating the transient performance of grounding systems subject to lightning (impulse or impulse 
superimposed sinewave) is valuable for protecting the power system and maintaining the system operation. In this work, 
the grounding system's impedance is computed when an impulse superimposed sinewave is applied to the grounding 
grid's proposed lumped circuit andthe grounding system can be simulated as an inductance in series with resistance, and 
all of them are in parallel with capacitance based on Thione's assumption. Several variables were investigated to study 
their effects on the grounding system's behavior. The variables were the soil resistivity, soil permittivity, main wire length, 
grid conductor radius, grid side length, grid configurationand its mesh number. The grounding system configuration  
varied between square and rectangular shapes, which connects to the protecting rod via the main wire conductor. A 3.69 
kA peak of impulse current was applied to avoid soil ionization. The results indicated the performance of the grounding 
system when subjecting to impulse current. 
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I. INTRODUCTION 

Grounding systems are utilized as a part of a lightning 
protection system providing an easy path to discharging current 
to pass into the ground. In this sense,the impedance of the 
designed grounding system must be as low as possible to avoid 
the excessive voltage rise, which harms the equipment and 
individuals [1-4]. 

The grounding systems' analysis subjected to lightning strokes 
is very complicated, especially with grounding grids where 
much research has been addressed to explain the performance 
of grounding impedance of the grounding grid under lightning 
[5, 6]. The performance of grounding system when subjected to 
lightning is investigated through many techniques such as 
experimental works [7, 8], simplified computational methods 
[9], and numerical analysis [10, 11]. 

Some other approaches are analytical based on the circuit 
theory approach [12], which is based on replacing all conductor 
elements, including the lightning paths, with an equivalent 
electrical network. The circuit theory is a fast and 
straightforward calculation [13, 14]. The network analysis leads 
directly to the results in terms of currents and voltages for all 
interest points. The other approach is the field theory approach 
[15], based on the direct solution of the electromagnetic field 
equations about the energized conductors and all metallic 
structures nearby, whether directly energized or not.  

In this paper, the transient impedance of the grounding grid is 
computed when applying the impulse superimposed sinewave 
current. Furthermore, the influence of some grid and soil 
variables on the grounding system behavior was investigated.  

The variables were the soil resistivity, soil permittivity, main 
wire length, grid conductor radius, grid side length, grid 
configuration, and its mesh number. 

II. GROUNDING SYSTEM MODEL 

L. Thione observed that grounding conductors' response to an 
impulse current might be oscillatory [5]. As a result, the 
grounding systems' equivalent circuit should include an 
inductive part of the ground conductors' total inductance, 
directly in series to the ground resistance. Thus all of them are 
in parallel to ground capacitance, as in Fig. 1.  

 

 
Fig. 1. Grounding system model. 

 

Let the applied current, which is applied to the equivalent 
circuit in Fig. 1, is as follows,  

 
𝑖(𝑡) = 𝐴𝑒ିఒ௧ 𝑠𝑖𝑛 𝜇 𝑡, 
where,  
𝐴 = (Imax × 6.45E8/3.69)𝑘𝐴, 
 𝜆 = 1.21E5(1/s)  
and 𝜇 = 2.94E5 (rad/s) 

(1) 

As the derivation in [16], the applied voltage in s domain is as 
follows, 
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where, 

𝑅 =
𝜌

4𝑟
+

𝜌

𝑙
   Ω  

R refers to grounding resistance, ρ is the soil's resistivity, r is 
the equivalent radius of the grid, and l is the total grid length. 
The grid capacitance can be computed as follows, 
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Where ε is the permittivity of the soil. The inductance of the 
grounding grid can be evaluated as follows, 
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Where l″ is the side length of the grid and r′ is the grid radius. 
The inductance of the main wire can be determined as follows, 
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Where l′′′ refers to the main wire length and r″ is the main wire 
radius. 

Equation (1) can be rewritten as in (2), 
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(2) 

From (2), the first term can be rewritten as in (3), 
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(3) 

Similarly, the second term in (2) can be rewritten as follows,  
 

   

    1

1

2

2
2

22

2
2

22













RCSCSL

YXS

S

VUS

RCSCSLS

RSLA






        

 

(4) 

where, 
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hence, 
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Then, the voltage can be determined using inverse Laplace as 
follows, 

 






















































 


























 























2

2

2

2

1

1

1

1sin

1

1sin

1

sin

cos)(





























te
Y

tXe

teLA
UV

teULAtV

n
t

n

n
t

t

t

n

n

 

 
 
 
 
 
 
 
(14) 

As shown in [5], the effective inductance of long grounding is 
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one-third of the grounding grid's total inductance, then L2 
should be modified to L2/3 in (14). The impulse impedance is 
then identified as in [16] as follows, 

)(Current of eCrest valu

)(Voltage of eCrest valu

m

m
imp I

V
Z            (15) 

III.   TRANSIENT BEHAVIOR OF GROUNDING SYSTEM 

Figures 2 and 3 show the applied current waveforms and the 
output voltage on the square and rectangular grids with a similar 
area. The circuit's behavior seems to be an inductive circuit 
where the current seems to be lag for the developed voltage. 
 

 
Fig. 2. Voltage and current waveshape for the square grid. 
 

 
Fig. 3. Voltage and current waveshape for the rectangular grid. 

IV. INVESTIGATING THE INFLUENCE OF SOME PARAMETERS 

ON THE TRANSIENT IMPEDANCE 

A. The Effect of Soil Characteristics 

 

The influence of soil resistivity, permittivity on the ground 
system's transient impulse impedance was illustrated. The 
effect is shown in the following Figures 4 and 5. 

The greater the resistivity, the greater the transient impulse 
impedance. The value of the impulse impedance as in (15) is 
high when the resistivity increases. The impulse impedance 
reaches to steady-state value after 10 μs in the case of a square 
grid but 8 μs in the rectangular grid as in Fig. 4.  

Figure 5 shows no effect on the transient impulse impedance 

with the change in permittivity, which refers to the water 
content. 

B. The Effect of Grid Parameters 

Figures from 6 to 10 explain the effect of the grid's side length, 
the radius of the conductor, the number of meshes, and the 
grid's width in the case of a rectangular grid. 

The impulse impedance decreases as the grid side length 
increases. The impulse impedance with the variation of square 
grid length is lower than that in the side length variation of the 
rectangle grid.  

The effect conductor radius on the impulse impedance is not 
significant, which is shown in Fig. 8. It is noted that the impulse 
impedance decreases moderately as an increase of the radius of 
the grid conductor (it reduces 25% when the conductor radius 
increases from 0.005m to 0.25m) [17]. 

As in Fig. 9, the results explain that the number of meshes' 
changes causes a slight shift in transient impulse impedance. 
For the rectangular grid in Fig. 10, the grid's width variation 
causes a significant difference in the transient impulse 
impedance. 
 

 
 
Fig. 4. Effect of the variation of resistivity on transient impulse impedance. 
 

 
 

Fig. 5. Effect of the variation of permittivity on transient impulse impedance. 
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Fig. 6. Effect of the variation of side length on transient impulse impedance for 
square grid. 

 
 

 
 
Fig. 7. Effect of the variation of side length on transient impulse impedance for 
the rectangular grid. 

 

 
 
Fig. 8. Effect of the variation of grid conductor radius on transient impulse 
impedance. 

C. The Effect of Main Wire 

The effect of the main wire is studied. The main wire is the wire 
that transfers the surge current to the ground system, and it is 
inductive, which leads to the enhancement of the transient 
impulse impedance of the grid. The effect of the main wire is 
shown in Fig.11. An increase in the length of the main wire 
leads to a decrease in the impulse impedance. 

 

 
 
Fig. 9. Effect of the number of meshes on transient impulse impedance. 
 

 
Fig. 10. Effect of the variation grid width on transient impulse impedance for 
the rectangular grid. 

 
 

Fig. 11. Effect of the main wire length on transient impulse impedance. 
 

V. STEP RESPONSE 

The step response is used to express the grounding system's 
impulse impedance, which is convenient to understand the 
transient characteristics of the grounding system's impedance 
[9]. The following equation obtains the Step Response Zu(t) of 
a grounding impedance, 
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𝑍௨(𝑡) = 𝐿 − 1(𝑍௨(𝑠)) 

 
(16) 

V(t) is the measured grounding voltage, i(t) is the measured 
injected current, t is the time, s is the Laplace operator, and L 
and L-1 are the Laplace forward inverse transforms. 
 

 
Fig. 12. Step response of grounding system. 

VI. CONCLUSION 

The results obtained from the proposed circuit theory-based 
model help better understand the grounding systems' 
performance subjected to lightning (impulse superimposed 
sinewave). The step response is convenient to understand a 
transient characteristic of the impedance of the grounding 
system. When applying the proposed wave, the square grid 
configuration presents a low impedance for lightning in 
comparison to the rectangular one. The significant variation in 
transient impulse impedance occurs with the change of the soil's 
resistivity and the side length of the grid. 
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