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Abstract - We present in this work a software based on 
electromagnetic field theory to analyze transients in 
grounding systems. In our model, we use the Method of 
Moments (MoM) to solve numerically the integral equation 
for the electromagnetic potentials. The equation describes a 
grounding system constituted by rods. The modified image 
theory is used to consider the interface air-earth. The MoM 
software was written in Matlab to analyze systems 
constituted by vertical and horizontal rods. The numerical 
results obtained by this software are presented and 
compared with experimental and theoretical data available 
in the literature. 
 
1 - INTRODUCTION 
 
The principal objetive of a grounding system is to protect 
an electric system against short-circuit, accumulation of 
charges, and lightning discharge [1]. A good grounding 
system easily guides the excess of charges to the 
ground. To know the performance of a given grounding 
system for the case when a lightning discharge occurs, it 
is necessary to do experiments or numerical simulations 
by mathematical models.  
 
Theoretical analysis of grounding systems can be 
classified in two types: low and high frequencies. In low 
frequencies, one simple equivalent resistence can be 
used as mathematical model. Examples of equivalent 
resistence are found in [1]. In high frequencies, there are 
equivalent impedances for simple grounding systems [2]. 
Models more elaborated for analysis of transients in such 
systems are: equivalent circuits [3,4] and transmission 
lines [5,6].  
 
More accurate theoretical models are those known in the 
literature as electromagnetic models, since these use the 
Maxwell’s equations. Full wave models in frequency 
domain (Method of Moments - MoM) is presented in 
[7,8,9] and in time domain (Finite Difference in Time 
Domain - FDTD) in [10,11]. 
 
In this work we present a software with graphical user 
interface based on electromagnetic field theory to analyze 
transients in simple grounding systems composed by 
horizontal and vertical rods. In the mathematical model 
we use the MoM [8] to solve the integral equation of the 
electromagnetic potentials of these grounding systems. In 
this model, we use sinusoidal basis and test functions. To 
consider the interface air-earth, we apply the modified 
image theory [8,12]. The software was developed in 
Matlab [13]. 
 
 

2 – MATHEMATICAL MODEL 
 
Analysis of transients in grounding systems consists in 
the evaluation of the voltage on the conductors and near 
of them when a given transitory current is incident in 
somewhere of the system. This injected current can 
represent for example a lightning discharge. In the MoM 
analysis presented in this section, this current given in the 
time domain i(t) is transformed to the frequency domain 
by Discret Transform of Fourier (FFT) and the results in 
the frequency domain are put in time domain by Inverse 
Discret Transform of Fourier (IFFT). In Matlab these 
functions are fft and ifft respectively. 
 
2.1 – INTEGRAL EQUATION FOR POTENTIALS 
 
For a given linear conductor in a uniform medium, it is 
considered that there is an incident external electric field 
on the conductor iE . This field will induce electrical 
current in the conductor, and consequently, the induced 
current will radiate an electric field eE  (scattered field). In 
the case of a lossless conductor, we have the following 
boundary condition at the surface of the conductor: 

ie EnEn ×−=× , n  is a unit vector normal to the 
conductor’s surface. Starting from the Maxwell’s 
equations, the folowing equations can be obtained to 
calculate the scattered field: 
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where I  is the linear current on the conductor, l the 
curve that describes the conductor’s geometry, 'r  the 
source point on the curve l, r  the observation point, l’ 
the curve l in function of 'r , and 
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Parameter µ is the permeability; εr and ε0 are the relative 
permittivity and permittivity of free space respectively, σ 
the electric conductivity, and ω the angular frequency. 
The factor ejωt is the time variation of the functions in (1)-
(5). 
 
The substitution of (2)-(5) in (1) we have the integral 
equation of potentials for a wire in a uniform medium with 
a linear current I . This equation is integral because the 
current function that we want to obtain is in the integrand. 
 
2.2 – NUMERICAL SOLUTION BY MOM 
 
To solve numerically the integral equation described 
above by MoM, the first step is to divide the linear 
conductor in several segments of discretization.   
 
Figure 1 shows a linear conductor of lenght L divided in N 
straight segments. Two generical segments n e m are 
shown and their representative vectors are nl∆  and ml∆  
respectively. The unit tangential vector of each segment 
is na , thus,  nnn all ∆=∆ . 

 
The series expansion of the current used in this work is 
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where In1 and In2 are the expansion’s coeficients and 
I12=I21=I1,...,In2=I(n+1)1=In,...,I(N-1)2=IN1=IN. The expansion 
(8) in one segment is the sum of two functions sine 
hiperbolic (sinh) as shown in Figure 2. Figure 3 presents 
an example of four basis functions existing in a conductor 
with five segments. Note that in this example the current 
at the extremities are null (I11=IN2=0), but in the case 
where there is injected current at one extremity, the 
constant I11 or IN2 are not null. 
 
Procedure to calculate the coeficients In is given as 
follows. The test functions firstly used in this work are the 
pulses 
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lmc is the midle point betwen the points lm1 and lm2 (Figure 
2). Integrating the product of the tangential componente 
of eE  on the wire with one generic test function Pm(l) we 
have 
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Ei is the tangential component of iE  on the wire.  
 
If we write the current in the folowing form: 
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For problems of antennas and scattering we have 
I11=IN2=0, and we obtain the linear system 
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Figure 1 – Two segments of a linear conductor with lenght L 

 
 
Figure 3 – Example of sinusoidal expansion in a conductor with 

five segments 

 
 

Figure 2 – Sinusoidal expansion in one segment 
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The values of Vm are related to the excitation source. The 
solution of (18) gives the coefficients of (8). Similar 
procedure to that from (10) to (19) can be done with 
sinusoidal test functions: 
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2.3 – ELECTRIC FIELDS RADIATED BY SINUSOIDAL 
CURRENT ELEMENT 
 
The exact expressions for the electric fields radiated by 
one sinusoidal current element (Figure 2) are [8]: 
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The geometric parameters of these equations are shown 
in Figure 4. 
 
 
2.4 – MODIFIED IMAGE THEORY 
 
Supposed we want to calculate the electromagnetic fields 

below the ground surface due the current element I 
shown in Figure 5(a). Using the modified image theory 
[12] the equvalent problem is that of Figure 5(b), where 
the medium is uniform with permittivity ε. If we want to 
calculate the electromagnetic fields above the ground 
surface due the current element I shown in Figura 5(a) by 
the the modified image theory, we have equvalent 
problem shown in Figure 5(c). The ficticious current I’ 
and I’’ given in Figure 5 are evaluated by 
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3 – TEST OF THE MODEL 
 
To verify the MoM model described above, we present in 
this section an example of simulation of a MoM code 
writen in Matlab and compare our results with the 
theoretical and experimental ones presented in [8]. In this 
example, we analyze the grounding system shown in 
Figure 6 composed by one horizontal rod of length L, 
depth h and radius a. The geometrical parameters of this 
system are given in Table 1. The source current i(t) is 
injected in the extremity of the rod (Figure 6). This current 
is shown in Figure 7. 
 
Table 1 – Parameters used in the simulations 
 

Parameter Value 
L (length) 15 m 
h (depth) 0.6 m 
a (radius) 12 mm 

σ (conductivity of the ground) (1/70) (Ωm)-1 
µr 1 
εr 15 

 
 

 

 
 

Figure 4 – Local coordenate system used in (21) and (22) 

    
                            

(a) (b) 

    
 
                       (c) 

 
Figure 5 – Application of the modified image theory for 

grounding systems. (a) real problem. Equivalent problem to 
compute the electromagnetic fields in the earth (b) and air (c) 



 

Figure 8 present the results calculated here and by the 
authors of [8] for the potential in different points of the 
rod. We observe a good agreement of the results in 
Figure 8. The number of segments of discretization used 
in this simulation is N=10. We also simulate the same 
system with N=40, the observed difference between them 
is about 5-10%. 
 
3 – THE MOM SOFTWARE DEVELOPED 
 
Based on MoM theory presented in previus sections, we 
developed a graphical user interface in Matlab to analyze 
two simple grounding systems composed by one vertical 
rod and one horizontal rod. 

The main window of the software Transiente MoM v1 is 
shown in Figure 9. In the toolbar of this window we have 
three options: sistema, figuras, and demos. In sistema 
there are two options of systems to analyze (horizontal or 
vertical rod). The option figuras shows the figures of the 
systems with the notations of the geometrical parameters. 
In demos we have numerical examples of simulations 
already calculated. 

 
 

Figure 7 - Current injected in the horizontal rod 

 

 
 
                                                        (a)                                                                                                                           (b) 
 

Figure 10 - Graphical user interface of the software Transiente MoM v1 for simulation of simple grounding systems. 
(a) vertical rod. (b) horizontal rod 

 
 

Figure 9 – Main window of the software Transiente MoM v1 

 
 

Figure 8 - Potential in different points of the rod 

 
 

Figure 6 – Grounding system constituted by a horizontal rod 



 

3.1 – NUMERICAL RESULTS 
 
If we choose sistema and horizontal or vertical, one of the 
windows of the Figure 10 is open. In these windows, we 
define the parameters of the corresponding system and 
the injected current that we want to simulate. Two 
simulations previously calculated are presented in 
demos. The windows of demos are the same which are 
presented in Figure 10. The parameters of the 
simulations in demos are those shown in Figure 10. In the 
next sections we present some numerical results of the 
simulations in demos. 
 
3.1.1 – POTENTIAL RESPONSE 
 
Injected current used in both systems of the demos is the 
same. The parameters of this current are presented in 
Figure 10 and the curve in Figure 11. The potential 
response in time domain obtained for the horizontal and 
vertical systems are shown in Figure 12 and 13 
respectively. We observe a little difference between these 
results because the injected current, length of the rod, 
and radius of both systems are the same. 
 
 

3.1.2 – NORMAL ELECTRIC FIELD ALONG THE ROD 
 
The distribution of the normal electric field along the rod 
obtained at t=0.4µs for the horizontal and vertical 
systems are presented in Figure 14 and 15, respectively. 
We observe in both results the maximum value of the 
electric field at the extremity where the current is injected, 
and minimum at other extremity. 
 
3.1.3 – ELECTRIC FIELD ON THE GROUND SURFACE 

 
The distribution of the tangential electric (Ex) field along 
the ground surface at t=0.4µs for the horizontal and 
vertical systems are presented in Figure 16 and 17, 
respectively. We observe the symmetric distribution of Ex 
in Figure 17 for the vertical system and maximum value 
at the point of current injection. For the horizontal system, 
the distribution of Ex is nonsymmetrical due to the 
geometry and position of the injected current. For this 
case, we observe maximum values of Ex near the 
extremity of the injected current. 
 

 
 

Figure 11 – Injected current in both systems of demos 

 
 

Figure 12 – Potential at the point of current injection of the 
horizontal system 

 
 

Figure 13 – Potential at the point of current injection of the 
vertical system 

 
Figure 14 – Distribution of the normal electric field along the 

horizontal rod at t=0.4µs 



 

 

4 - CONCLUSIONS 
 
This paper presents a software based on MoM to analyze 
grounding systems composed of horizontal and vertical 
rods. In our model, we used sinusoidal basis and test 
functions, and the modified image theory to consider the 
interface air-earth. The results presented in this work 
show a good agreement with theoretical and experimental 
data obtained by others authors. Thus, our MoM software 
can be used efficiently to analyze and synthesize 
conventional grounding systems constituted by vertical 
and horizontal rods. The software can be modified easily 
to investigate more complex grounding systems, for 
example grids.  
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Figure 15 – Distribution of the normal electric field along the 
vertical rod at t=0.4µs 

 
 

Figure 16 – Distribution of the electric field tangential to the 
ground surface for the horizontal rod at t=0.4µs 

 
 

Figure 17 – Distribution of the electric field tangential to the 
ground surface for the vertical rod at t=0.4µs 


