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Abstract: This paper presents an analysis of the dynamic be-
havior of grounding grids applying electromagnetic field 
method. Computer software is used to analyze spatial and 
temporal distributions of voltage to ground of grounding grid 
conductors presented in 3D graphical form as a sequence of 
snapshots of computer animation. The results of computations 
are validated by comparison with experimental works. Behav-
ior in the first µs of the lightning impulse is analyzed, that is, 
when the transient processes are most intense. A number of 
cases are analyzed to illustrate the influence of the different 
parameters. It is demonstrated that circuit based models are 
not capable for such analysis. 

1. Introduction 
Extended meshed networks of buried conductors, the ground-
ing grids, are considered as the most effective solution for 
grounding of large substations and plants. Their primary goal 
during abnormal conditions, such as power system faults and 
lighting strikes, is to ensure safety and also to prevent damage 
of equipment. They also provide common reference voltage to 
all interconnected electrical and electronic systems. While 
these goals are usually ensured at 50/60 Hz, the situation is 
quite different when impulsive currents, such as in case of 
lightning strike, are discharged into the earth. From the mo-
ment when the impulsive currents are injected in the ground-
ing grid, uneven distributions of currents cause disturbances, 
which may provoke malfunction and destruction of compo-
nents in connected electrical and electronic systems. Such 
disturbances during the transient period may be usually attrib-
uted to the local inequalities of the reference voltage and the 
electromagnetic induction. Knowledge of the spatial and tem-
poral distributions of such voltages on the grounding systems 
in case of lightning strikes is of interest in EMC studies.   
The problem of modeling the dynamic behavior of grounding 
grids attracts considerable interest, according to a number of 
recent publications (please see for example [1-12]). The mod-
els may be classified in following broad categories:  
1. Engineering models [1,2,3], 
2. Circuit models (with concentrated and distributed pa-

rameters) [4,6,10,11,12], 
3. Hybrid models [5], and  
4. Electromagnetic field models [7,8,9]. 
However, there is no consensus on the validity of different 
methodologies, on the domains of their applicability and their 
validation. This is especially true for the more simplified 
models (in categories 1 to 3 above), which are often used out 
of their applicability domain. An example of the later is 
pointed out in Section 4 of this paper. 
This paper presents an analysis of the dynamic behavior of 
grounding grids applying electromagnetic field method. Com-

puter software is used to analyze spatial and temporal distribu-
tions of voltage to ground of grounding grid conductors pre-
sented in 3D graphical form as a sequence of snapshots of 
computer animation. The results of the computations are vali-
dated by comparison with reliable and carefully documented 
independent experimental works [13,14]. Finally, results are 
presented to analyze behavior in the first µs of the lightning 
impulse, that is, when the transient processes are usually most 
intense. A number of cases are analyzed to illustrate the influ-
ence of the following parameters: 
1. location of feed point and current impulse front time, 
2. soil conductivity,  
3. grounding grid size, and,  
4. conductor separation. 

2. Electromagnetic field method 
The electromagnetic field approach describes the problem in 
frequency domain rigorously applying the full set of Max-
well’s equations with the minimum possible neglects. An 
estimation of the overvoltages in power systems, however, can 
effectively be performed in time domain. For such purpose the 
electromagnetic field approach is interfaced to EMTP [9]. In a 
stand-alone simulation, such as in this paper, this can be 
achieved by an inverse Fourier-transform [7,8]. In case when 
impulses continue for long times, modified Fourier-transform 
may be used [15]. 

2.1 Basic assumptions 
The model is based on the following assumptions [7]: 
1. The earth and the air are homogeneous and occupy half-

spaces with a common horizontal plane boundary be-
tween them. 

2. The earth and the grounding electrodes exhibit linear and 
isotropic characteristics: conductivity, permittivity and 
permeability. 

3. The grounding systems are modeled as networks of arbi-
trary oriented cylindrical metallic conductors. They are 
assumed to be subject to the thin-wire approximation, 
i.e., the ratio of the length of the conductor segment to its 
radius is 1. 

2.2 The mathematical model 
For simplicity we will restrict our analysis to horizontal 
grounding grids. The total electric field in the ground can 
be considered as the sum of an impressed electric field the 
scattered electric field 

E
iE

sE due to the currents and charges in-
duced in the grounding system electrodes by the impressed 
electric field. (Bold letters denote vectors and ^ unit vectors 
throughout the text.) Stating the boundary condition for the 
tangential component of the electric field derives the expres-
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sion for the induced currents and charges. The equation re-
quires only the axial components because of the thin-wire 
approximation: 
  (1) ( ) 0i s⋅ + =t E E

Let the position of the electric dipole at the conductor 
axis  be denoted by r’, and the position at the conductor 
surface by r, where 

( )I d′r
′

= d′ ′ ′d . The electric field vector Es(r) 
is expressed in terms of magnetic vector potential A(r) and 
electric scalar potential φ(r) 
  (2) ( ) ( ) ( )s jφ ω= −∇ −E r r A r
which could be represented in integral form by 
 ( ) ( ) ( )A ' I ' d ′= ⋅A r r r rG  (3) 

 ( ) ( ) ( )G qφφ d′ ′=r r r r  (4) 

 I
j

q ∇′−
=

ω
1

 (5) 

Here the integration is carried along the axis  of the ground-
ing system electrodes. The time-variation exp(jωt) has been 
suppressed throughout this paper. Also here, Gφ is the scalar 

potential Green's function and AG  is dyadic Green's function 
of the magnetic vector potential: 

 ( ) A A
A xx zx zyG G G= ⋅ + ⋅ + ⋅ + ⋅x x y y z x z yG A  (6) 

When the source and observation points are in the ground 
(medium 1), the spatial domain Green’s functions are: 

 
( )

0 1
0

1 1 04
A
xx dG G Sµ γ γ

π γ γ γ

  −
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0   (7) 

 ( ) ( )
2 2

0 1 0 0 1 1 0
0 22 2 2

1 01 0 0 14
A
zx

k kG S
x k k

µ γ γ γ γ
π λλ γ γ

 − ∂ − − = −
 ∂ ++ γ γ

 (8) 

 ( ) ( )
2 2

0 1 0 0 1 1 0
0 22 2 2

1 01 0 0 14
A
zy

k kG S
y k k

µ γ γ γ γ
π λλ γ γ

 − ∂ − − = −
 ∂ ++ γ γ

 (9) 

 ( )
( )

22 2
1 1 021 0

1 02 2 2 2
1 1 0 1 0 1 1 0

21
4 d i

kk kG G G k S
k k k kφ

γ γ
πε γ γ γ

  −−  = + +
+ +


(10) 

22
ii k−= λγ

2 2

, i = 1 (ground) and i = 0 (air) 

0 0k 0ω µ ε= , 2 2
1 0k 1ω µ ε= , 1 0 1 1 /r jε ε ε σ ω= −  

Here S0 is Sommerfeld-type integral of the form: 

 1
0 0

0

( ) ( ) ( )z zS f f e J dγλ λρ λ λ
∞

′− += ∫  (11) 

where J0  is the Bessel function of order zero, ρ is radial dis-
tance from source to observation point, and 1rε  and 1σ  are 
relative permittivity  and conductivity  of the soil, respec-
tively. Here also:  
  and   (12) 1 1 1exp( ) /dG jk r= − r r1 2 2exp( ) /iG jk r= −
where r1 and r2 are distances from source and its image to the 
observation point. 

2.3 Numerical solution 
Applying the moment method techniques originated by Har-
rington [16], solution of (1) by matrix method leads to current 
distribution. The grounding system is first divided into N 
segments. Then the electric field s

mE  at the central point at the 
surface of the mth conductor segment due to constant current 

 at the axis of the nnI th segment is determined. The general-
ized impedance matrix may be constructed using (4): 
  s

mn m m nZ E I= − ⋅   (13) 

Finally the unknown current distribution [ ]I  may be deter-
mined by solution of the matrix equation: 
  [ ] [ ] [ ]SZ I Z I′⋅ =  (14) 

where [ ]Z  is generalized impedance matrix and  [ ]SZ I′  is 

excitation matrix where  is current injected in the ground-
ing system and 

SI
Z ′  is impedance matrix between the segment 

in which the current  is injected and other segments [8]. SI
When the current distribution is determined, the fields, poten-
tials and voltages may be straightforwardly determined for 
frequencies in a range of interest for transient study [7,8]. 
Lastly, the time domain response may be obtained by Fourier 
or Laplace transform techniques [8] or by application of 
EMTP [9]. 

3. Validation 
Figure 1 shows the oscillograms of the recorded current im-
pulse injected at the end point of 15 meters long horizontal 
ground wire and transient voltage to remote ground at the 
same point. The electrode was constructed of a 116 mm2 cop-
per wire buried at 0.6 m depth in soil with resistivity 70 Ωm 
and relative permittivity 15 [13,17]. The simulation results 
show good consistency with the measurements. 

u

i

 

Fig. 1. Measurement and simulation of transient voltages to 
remote ground at the beginning point of 15 m long horizontal 
wire. 
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Fig. 2. Measurement and simulation of the voltages to remote 
ground at points a and b of 10 × 10 m2 grounding grid. 

Figure 2 shows results of a computer simulation for the 
ground grid measurements in  [14]. The current is a double-
exponential function (with T1 / T2 = 10 µs / 85 µs) matched to 
the measured one and the voltages to remote ground obtained 
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by the simulation are in good agreement with the measured 
ones. 

4. Comparison between electromagnetic field and 
circuit models 

In Fig. 3 circuit model [11] is compared with the electromag-
netic model. The results at 50 Hz are in good agreement; 
while at 100 kHz there is large overestimate of the potentials 
in the circuit model. It could be expected that at 1 MHz this 
discrepancy of the results would be considerable larger. This 
is one example of a general conclusion that circuit models 
should not be applied for computation of field distributions at 
high frequencies. 
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Fig. 3. Comparison of scalar potential along a profile at 
earth’s surface above 80 × 60 m2 grounding grid computed by 
circuit [11] and electromagnetic field models.  

5. Analysis of the dynamic behavior to grounding 
grids 

In this paper we analyze the spatial and temporal distributions 
of the scalar potential at the grounding grid conductors during 
the first part of the transient period when a lightning current 
impulse is injected into the grounding grid. Such distributions 
give an insight into the local inequalities of the reference volt-
ages at different points of the grid. However, it should be 
emphasized that these distributions cannot be used to evaluate 
voltages between two points. The voltages in general are path 
dependent and should be calculated by integrating the electric 
field along a given path [8,20]. The voltages along different 
paths should be different if there is any time varying magnetic 
flux through the area bounded by these paths [19]. 
Computer software used for computations is shortly described 
in the Appendix. 

5.1 Description of the cases adopted for computations 
We consider three grounding grids constructed of copper con-
ductors with diameter 1.4 cm, buried at 0.5 m depth (Fig. 4): 
1. Type A: 60 m × 60 m with 6 by 6 10 m square meshes; 
2. Type B: 60 m × 60 m with 10 by 10 6 m square meshes; 
3. Type C: 120 m × 120 m with 10 by 10 12 m square 

meshes; 
Two types of homogeneous soil are considered: “Resistive 
soil” with resistivity 1000 Ωm and relative permittivity 9 and 
“Conductive soil” with resistivity 100 Ωm and relative permit-
tivity 36 . 
Concerning the location of the feed point, two scenarios are 
considered: injection in the corner point, and, alternatively, in 
the center point of the grid. Also two shapes of the current 

impulse are considered. Both are usual “double-exponential” 
impulses with peak value 1 kA and time-to-half-maximum T2 
= 50 µs and two values of the time-to-maximum, the first one 
T1 = 1 µs and second one T2 = 5 µs: 
 ( )( ) t ti t I e eα β− −= −  (15) 

where the values of constants are: 
1. T1 / T2 = 1 µs / 50 µs: I = 1.016 kA, a = 0.0142 µs–1, b = 

5.073 µs–1, 
2. T1 / T2 = 5 µs / 50 µs: I = 1.043 kA, a = 0.0158 µs–1, b = 

0.800 µs–1. 
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Fig. 4. Grounding Grids Adopted for Computations 

5.2 Basic case for comparisons 
Fig. 5 gives the “basic” case for comparisons. Grid A is buried 
in soil with ρ = 1000 Ωm and εr = 9 (“Resistive soil”) sub-
jected to 1/50 µs 1 kA current impulse injected in the corner. 
Distribution of potentials of grid conductors at three moments 
of time, during the rise of the injected current impulse, that is, 
at t = 0.1 µs, t = 0.5 µs, and t = 1 µs, are presented. 
The maximum values of the potentials (of about 30 kV) are 
developed on conductors near the feed point around 0.2 µs, 
that is, earlier than the maximum of the excitation current 
impulse at 1 µs. From there potentials propagate over the grid 
conductors, until they are developed on the whole surface of 
the grid. The transient period is very short and can be esti-
mated to 1.5 µs. After that time, potentials are equalized over 
the grid, i.e., distribution typical for DC excitation is devel-
oped. 

5.3 Influence of the location of feed point 
The case shown in Fig. 6 is the same as in the previous “basic 
case,” except that the location of the feed point is in the cen-
ter. The results in Fig. 6 show that the location of feed point 
has large influence on the maximum values of the potentials 
and on the duration of the transient period, leading to smaller 
potentials and shorter transient time. Maximum values are 
smaller and are only around 30% of the values in the “basic 
case” (around 10 kV). The maximums are developed at the 
same time as previously, at about 0.2 µs. The transient period 
is about 50% shorter than for injection in corner, that is, about 
0.8 µs. This is related to the half shorter distance between the 
feed point and the edge of the grid and the same velocity of 
propagation of potentials over the grid conductors. 

5.4 Influence of the soil resistivity 
The case shown in Fig. 7 is the same as in the “basic case” 
except that the soil is with ρ = 100 Ωm and εr = 36 (“Conduc-
tive soil”). The results in Fig. 7 show that soil resistivity has 
exceptionally large influence on the transient potentials. In 
this case the maximum values are much smaller (less than 
30% of the values in the “basic case”), but the duration of the 
transient period is much longer (around 10 times longer), 
compared to the “basic case” (Fig. 5). Maximum values are 
around 8 kV, developed at around 0.5 µs, and transient period 
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lasts up to about 15 µs. That means that the velocity by which 
potentials propagate over the grid conductors is approximately 
ten times smaller than in the previous cases. 

5.5 Influence of the conductor separation 
Illustration of the influence of the conductor separation is 
given in Fig. 8, which shows grid type B (Fig. 4) with all 
other parameters same as in the “basic case." The conductors 
in grid B are nearly double closer spaced than in grid A, since 
the meshes are nearly double smaller, 6 m × 6 m in compari-
son to 10 m × 10 m. This results in reduction of the potentials 
for about 15%, in comparison with the “basic case.” Closer 
conductors have not significant influence on the other aspects 
of the transient process. 

5.6 Influence of lightning current impulse front time 
Fig. 9 illustrates the influence of the lightning current impulse 
front time which is five times longer: T2 = 5 µs. The other 
parameters are same as in the “basic case.” Impulse front time 
has large influence on the transient response: the maximum 
values are 50% smaller, they are developed at about 1 µs, and 
transient process lasts up to 5 µs. 

5.7 Influence of the grid size 

Fig. 10 illustrates the transient performance of 120 m × 120 m 
grid with 10 × 10 12 m square meshes: grid type C (Fig. 4). 
Results show that grid size does not influence the maximum 
values of the potentials, but it is the expected influence on the 
duration of the transient processes. Transient period is now 
double longer, because of the double larger dimensions of the 
grid. 

6. Conclusion 
The paper presents application of the electromagnetic field 
model for simulation of transients in spacious grounding grids. 
The model is validated by comparison with carefully docu-
mented independent experimental work. It has been demon-
strated that existing more simplified circuit models could not 
be used for the same task. 
Presented results indicate development of large transient po-
tentials on the grounding grid conductors in the first moments 
after injection of lighting current impulse (results are normal-
ized for 1 kA peak value of the lightning impulse). 
The rise time of the transient potentials is shorter than the rise 
time of the lightning current impulse (for front time of the 
current impulse 1 µs, front time of the potentials is typically 
0.2 µs). That indicate that the frequency content of the tran-
sient potentials is higher that the lightning current impulses. 
The duration of the transient processes is short (from 1 µs to 
few tens µs for analyzed cases) and subsequently distribution 
typical for DC case is developed. 
The parameter that has the greatest influence on the transient 
performance of the grid is: 
- soil conductivity (for variation of the soil conductivity from 
1000 Ωm to 100 Ωm, variation of voltage maximums is as 3:1 
and transient period as 1:10), 
The parameters that largely influence the transient perform-
ance of the grid are: 
- location of feed point (for the variation of location of the 
feed point from center to corner of the grid, maximum values 
of the potentials are larger as 3:1 and the duration of the tran-
sient period is larger as 2:1), and, 
- lightning current impulse front time (for variation of the 
impulse front time from 1 µs to 5 µs maximum values of the 
potentials are smaller as 1:2, but the duration of the transient 
processes is longer as 5:1). 
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Fig. 5. Basic case for comparison: Grid type A; Injection in 
corner; “Resistive soil”; T1 / T2 = 1 µs / 50 µs with 1 kA crest 
current impulse. 
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Fig. 6. Influence of the location of feed point: Injection in 
center. 
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Fig. 9. Influence of the lightning current impulse front time: 
5 µs / 50 µs 1kA Current impulse.  
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Fig. 10. Influence of the grid size: Grid type C. 
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Fig. 7. Influence of the soil resistivity: “Conductive soil”. 
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Fig. 8. Influence of conductor separation: Grid type B. 
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The parameters that influence the transient response of the 
grid in smaller extent are: 
- conductor separation (double closer separation reduce poten-
tials in small extent (15%) and have no influence on the tran-
sient period), 
- size (have no influence on the maximum values of the poten-
tials, but in case of larger dimensions the transient period is 
longer). 

7. Appendix – Short description of the computer 
software used for computations 

Computations in this paper were made by TRAGSYS [18], a 
software package for high frequency and transient analysis of 
grounding systems for Windows. 

7.1 Calculation method 
TRAGSYS is aimed for computing the low and high fre-
quency, and the transient behavior of grounding structures. It 
uses an antenna theory model based on a rigorous integral 
formulation derived from the complete set of Maxwell’s equa-
tions. The solution is obtained in frequency-domain and the 
transient response by inverse Fourier transform techniques. 
Results are validated by comparison with independent field 
measurements and by comparison with other authors’ models 
[8]. 

7.2 Input  
Input data consists of: geometrical data of a network of con-
nected or separated buried conductors with arbitrary orienta-
tion, conductivity of the conductors and characteristics of soil, 
and location and shape of injected current impulses. User-
friendly input of data is enabled in graphical mode, which 
enables easy definition and modification of the geometry after 
viewing the results. 

7.3 Output 
Results of the computations are: impedance to ground, 3D 
perspectives or 2D plots of scalar potentials and/or electro-
magnetic fields, voltages along paths; all in frequency- and/or 
time-domain. 
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