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1. INTRODUCTION 

In the field of electromagnetic compatibility, 

negative impact of a lightning strike can be divided into 

direct effects (like the very high increase of temperature 

onto the hit object, low conductive materials 

deterioration or injected fault currents) and  indirect 

effects, caused by Lightning Electro-Magnetic Pulse, 

LEMP low frequency noise, rise of the ground potential 

or radiated magnetic field that can induce considerable 

over-voltages [1], [2], [3]. This paper approaches the 

problem of indirect effects of lightning, more precisely 

the study of Ground Potential Rise, GPR, and radiated 

magnetic field in the upper soil layer in the area of a 

metallic tower stroked by lightning. 

Thus, we adopted an analysis method using the 

simulation environment provided by a specialized 

software package from SES-tech, Current Distribution, 

Electromagnetic interference, Grounding and Soil 

structure analysis package, CDEGS, by combining two 

engineering modules, HIFREQ, which is specialized on 

high frequency electromagnetic fields computation and 

FFTSES, a module that uses the Fast Fourier Transform 

to obtain the frequency domain of the lightning surge 

and the Inverse Fourier Transform to obtain the time 

domain from the frequency domain of HIFREQ 

calculated electric and magnetic quantities. With the 

help of this program there have been evaluated electric 

potentials, electric and magnetic field intensities, step or 

GPR voltages produced by different types of lightning 

strikes in an environment with specific characteristics 

(soil, atmosphere) [4], [5].  

Regarding the experimental aspects of the present 

study, it is worth mentioning that the tower 

configurations were adopted from real cases of 

telecommunication facilities and mobile phone 

companies. Also, the soil characteristics are provided 

from real in situ measurements. For validation 

purposes, the problem was addressed by an analytical 

procedure too [6], [7], [8].  

2. PROBLEM DESCRIPTION 

Through FFTSES module one can define the 

lightning current in the time domain and calculates its 
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frequency spectrum. The software provides a list of 

lightning return stroke current models (standard type, 

double exponential type, etc.) characterized by specific 

parameters (rise time, fraction time, amplitude), as Fig. 

1 shows:  

 
Fig. 1. Data input interface for FFTSES. 

We have selected a time variation of the lightning 

return stroke current as being described by a standard 

double exponential equation [9], [10]: 

 ( ) ( )
t t

peakI t k I e e
α β− −

= ⋅ −  (1) 

where peakI  is the current amplitude, k  is a correction 

factor and α , β  are parameters associated to a specific 

rise time rt  and a fraction (half peak value in this case) 

time 
1/2
t  (Fig. 2): 

 
Fig. 2. Rise and fraction time description. 

The model - Fast Fourier Transform - that generates 

the frequency domain of the lightning current is given 

by the well known relation [4]: 

 ( ) ( )
i t

I I t e dt
ωω

+∞
−

−∞

= ∫  (2) 

where ( )I ω is the frequency response of the current, 

where the variable ω  represents a number of computed 

angular frequencies obtained from the time domain 

current ( )I t . 

 Next, with the help of the HIFREQ module there 

were defined the environment characteristics: 

atmosphere, soil type, grounding systems and metallic 

structures; the conductor bars are introduced 

analytically and have certain selected geometry shapes 

with associated physical properties – coatings, material, 

energy sources in the metallic bars. 

Afterwards, the problem is worked out so as to go 

back to the time domain of the electric and magnetic 

quantities, HIFREQ frequency domain computations 

are modulated by the lightning current amplitude in 

FFTSES and the time domain responses are obtained by 

means of the Inverse Fourier Transform [4]: 

 
0

1 1
( ) ( ) ( ) ( )

2 2

i t i t
V t V e d V I e d

ω ωω ω ω ω ω
π π

∞ ∞

−∞ −∞
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ω ωω ω ω ω ω
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∞ ∞

−∞ −∞
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0

1 1
( ) ( ) ( ) ( )

2 2

i t i t
H t H e d H I e d

ω ωω ω ω ω ω
π π

∞ ∞

−∞ −∞

= =∫ ∫  (5) 

where ( )V t , ( )E t , ( )H t are the time domain responses of 

the electric potential, electric and magnetic field 

respectively, ( )V ω , ( )E ω and ( )H ω are the corresponding 

frequency responses of these quantities, whereas 
0
( )V ω , 

0
( )E ω and

0
( )H ω reflect the single harmonic unit 

energization frequency responses of electric potential, 

electric and magnetic field calculated by HIFREQ. 

 Based on this computational approach, the 

presented assumptions allow us to explore several 

scenarios defined by different types of lightning 

currents, different heights of the tower and soil types, in 

order to reflect the influence of these factors over 

electric and magnetic quantities that appear. It is also 

taken into account the influence of the grounding 

system, by comparison between the situations on which 

it exists with the ones on which it is absent [12], [13]. 

The problem can be studied on several types of 

towers, like oil extraction industry, wind or 

telecommunication ones. It was selected a tele-

communication tower, due to multiple reports and 

observations of lightning strokes and also considering 

to be a more common structure that can be subjected to 

these atmospheric incidents. 

The tower is connected to a simple grounding 

system, which is located at the bottom part of the tower: 

four buried vertical steel bar conductors having 1 m 

length, connected to the tower legs and a 30 m long 

horizontal copper conductor, buried at a depth of 1 m 

and connected to three 1 m long vertical grounding 

copper rods (fig. 3) [14]. 

 
Fig. 3. Tower and grounding system dimensions. 

The analyzed scenarios are defined as follows: as a 

starting point, the tower height, H, is considered at a 

constant value of 50 m, the soil is homogeneous, semi-
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infinite conductive medium with a specific resistivity of 

ρsoil = 100 mΩ ⋅  and vacuum permittivity, characteristic 

to breeding grounds; the lightning current amplitude is 

established at Ipeak =10 kA, the rise time at rt = 5 sµ  

and a fraction time of t1/2 = 20 sµ . The time domain of 

the analysis is considered to be 100 sµ and initially the 

tower has no grounding system. 

Then these parameters are to be varied, to show their 

influence over the electromagnetic fields of the 

lightning current (Table I) [15], [16]. 

Table 1 

Description of the simulated scenarios 

3. ALTERNATE ANALYTICAL EVALUATION 

According to [6] the step voltages can be calculated 

using the near zone horizontal electric field method. 

Therefore, applying the method on our study, the 

following model of the electric field near the tower was 

considered: 

0

1 1

( , ) ( , ) ( , )

/

H

r rp p
H

E r dE r dH r
j

ϕ

µ
ω ω ω

ε σ ω−

 
= − ∫  + 

(6) 

where: 
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 (8) 

The parameters that appear in equations (6), (7) and 

(8) are described as follows:  

− H, height of the lightning channel (7500 m in this 

case); 

− Er, is the radial electric field near the lightning 

channel, given by the electric component Erp and 

magnetic component Hφp; 

− ω , lightning current angular frequency; 

− r , is the distance between the lightning channel and 

the observation point (a value of 8 m was considered); 

− 
1

ε , 
1

1/ soilσ ρ=  represent electric soil permittivity 

and conductivity already described above;  

− 2 2

0
/k cω= , ( )1 0 1 1

k j jωµ σ ωε= − + , where c = 

3·10
8
 m/s is the speed of light; 

− ( )
22

0
R r h z= + +  and ( )

22

1
R r h z= + − , where z 

is the axial coordinate of the observation point; 

The frequency lightning current I(ω) was 

analytically obtained by applying the Fourier Transform 

to time domain current described by equation (1), 

resulting: 

  
2 2 2 2

2 2
( )

2

peakk I
I

α β
ω

π α ω β ω

⋅  
= +  + + 

 (9) 

The frequency domain step voltage results from [6]: 

 ( ) ( , )

r s

s r
r

U E r drω ω
+

= ∫  (10) 

where s  is the selected step as being 1 m in this case. In 

order to obtain the time domain variation of sU , the 

numerical version of Inverse Fourier Transform was 

used. 

4. EXPERIMENTAL RESULTS 

The following results attend a detailed description 

on the effects of lightning current parameters variation, 

over the generated and induced electric potential and 

magnetic fields, according to the first scenario.  

Fig. 4 and 5 illustrate how the step voltages values 

change as the amplitude of the lightning current 

increases. Thus, the step voltage increases from 125 V 

(taking one meter between the measuring points) for an 

amplitude of 10 kA, at the distance of 8 meters far from 

the tower, up to 900 V for an amplitude of 30 kA and 

rises exponentially by decreasing the distance. 

 
Fig. 4. Step voltages for amplitudes of 10 kA (SC I). 

Scenarios 

Parameters SC I SC II SC III SC IV SC V 

peakI (kA)

 

10 30 60 10 10 10 10 

rt ( s)µ  5 5 5 5 5 

1/2t ( s)µ  20 
2

0 

5

0 
20 20 20 

H(m)  50 50 
5

0 

7

5 

1

0

0 

50 50 

soil( m)ρ Ω⋅

 

100 100 100 9 

1

0

0 

2

5

0 

100 

Grounding 

system 
No No No No 

Yes/ 

No 
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 Fig. 5. Step voltages for amplitudes of 30 kA (SC I). 

Fig. 6 and 7 show how the electric potential values 

decrease in time, measured in observation points placed 

at the tower base and at a distance of 20 m from it, 

respectively for different amplitudes of the lightning 

current. 

 
Fig. 6. Electric potential variation, at the tower base (SC I) 

 
Fig. 7. Electric potential variation, at a distance of 20 m  

from the tower base  (SC I). 

As indicated in these captures, electric potential 

values do not rise linearly by increasing the amplitude, 

but more like by a parabolic curve, reaching 35 kV for 

an amplitude of 60 kA, compared to 9 kV for an 

amplitude of 30 kA, both observation points placed at 

20 m far from the tower.  

Next it is illustrated how the variation of the fraction 

time affects the calculated electric potentials and step 

voltages, keeping the other parameters constant (SC II). 

Two fraction time samples of 20 and 50 microseconds 

were considered. 

 
Fig. 8. Step voltages for different values of the fraction time(SC II). 

As it can be seen, step voltage values tend to rise 

faster, as the fraction time is increased. Step voltages 

(fig. 8) go from 125 V for t1/2 = 20 µs and reach values 

of 450 V for t1/2 = 50 µs. As expected, by increasing the 

fraction time, the lightning current remains at high 

values for longer time, therefore forcing the variation 

rate of induced electric potential to rise.  

An increase of the tower height has been determined 

to considerably influence the effect over the evaluated 

electric potentials and step voltages.  

Capture 4 already showed, together with 9 and 10, 

presented below, indicate how the electric potential 

varies when the height of the tower increases from 50 to 

100 m; the parameters are described in the third 

scenario, SC III: 

 
Fig. 9. Step voltages for 75 m tall towers (SC III). 

 
Fig. 10. Step voltages for 100 m tall towers (SC III). 

As it can be noticed, step voltages reach 

considerably high values, as the height of the tower 

increases (3500 V for 100 m tall towers – 1 m between  

measuring  points).  

Pursuing the experimental simulations, we deduct 

that the type of the soil on which the tower is built has 

also a significant influence on the electric potential 

values that appear onto the ground level. The following 

captures 11 and 12 illustrate how soil resistivity 

influences the step voltages near the tower. Soil 

resistivity values of 9, 100 and 250 were considered, 

correspondent to soils with low drainage (salty water), 

arable lands, respectively mountain and rocky arid 

areas, as described by the fourth scenario.  

Telecommunication towers can be found on all of 

these soil terrains, near power stations, or far away from 

any kind of infrastructure. 

 
Fig. 11. Step voltages for low drainage areas (SC IV). 
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Fig. 12. Step voltages for mountain areas (SC IV). 

It should be emphasized that step voltage values get 

higher as the soil resistivity increases.  

For a better perspective over the differences between 

electric potentials in different soils, figure 13 was 

introduced: 

 
Fig. 13. Electric potential for different soil resistivities, 20 m  

far from the tower (SC IV). 

Given that, magnetic fields depends only on the 

ground characteristics through its magnetic 

permeability and assuming that relative magnetic 

permeability of soil is generally equal with the unit, 

which is mostly true, changing the soil type will have 

no effect over the evaluated magnetic quantities. 

By using a grounding system the leakage currents 

are directly led into the ground, avoiding most negative 

effects. Next figs. 14 and 15 make evidence of how the 

grounding system affects step voltages created by 

lightning currents, to much smaller values (SC V). 

 
Fig. 14. Step voltages 8 m far from the tower, when there  

is no grounding system (SC V). 

 
Fig. 15. Step voltages 8 m far from the tower, when the grounding 

system is present (SC V). 

Comparing the two captures, we observe that the 

step voltages fall drastically when a grounding system 

is connected – from 125 V to 4,5 V; for a distance of 1 

m between the measuring points.  

As compared to the electric potential, the magnetic 

field strenght varies exactly the opposite direction, by 

recording higher values when the grounding system is 

present, as it is shown in capture 16 from below: 

 
Fig. 16. Magnetic field intensity 20 m far from the tower, with  

or without grounding system (SC V). 

The difference is due to the fact that the lightning 

current finds a dedicated path to flow and thus generate 

concentric magnetic fields, i.e. the appearance of a new 

conductor, which means a new route for the lightning 

current - the grounding system itself. 

5. SUMMARY AND CONCLUSIONS 

Figure 17 presents a comparison between the step 

voltages evaluated analytically and simulated 

numerically by the software package, in the conditions 

described by Scenario I. 

 
Fig. 17. Analytical and numerical step voltage evaluation. 

 It is to be noticed a major difference at the 

triggering moment of the transient regime and also at 

the end of the lightning discharge, between the two 

alternative step voltage computation. In our 

investigations we have found one reference in the 

literature that appears consistent with the exposed 

inference and comparison [5]. 

We suggest that more data needs to be accumulated 

in order to adequately validate the models and to 

improve them in order to reproduce as closely as 

possible any experimental measurements. 

This paper presented an analysis of the electric and 

magnetic fields produced in the upper soil layer, nearby 
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a lightning stroked metallic tower, in different 

scenarios, described by parameters like tower geometry 

and grounding system, soil resistivity, lightning current 

characteristics. One important task and contribution was 

to determine the induced step voltages nearby the 

stroked tower area and to show how do the above 

parameters affect their values.  

The results indicate that step voltages rise 

considerably with the amplitude of the lightning 

current, with the height of the tower. The impact of the 

soil type or tower geometry are considerable (step 

voltages vary from 0.25 to 7 kV); it is also important to 

know that the grounding system neutralizes high step 

voltages, but leads to an increase of the magnetic field 

intensity values. It should be emphasized that in the 

behavior study of the grounding systems one must 

account both the frequency dependence and the 

nonlinearity due to the soil ionization [1]. 

Improvements can be brought to the selected 

grounding system. The one we selected constitutes a 

basic system, knowing that the lightning protection for 

such towers may be constructed using a concentric 

system (circles of connected conductors) that surrounds 

the tower, minimizing considerably the step voltages. 
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