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Abstract: In this paper the authors attempt to study the behaviour 
of grounding grids under impulse lightning current. For the 
simulation of their transient behaviour, the program 
PSCAD/EMTDC (Power Systems Computer Aided Design / 
ElectroMagnetic Transients for DC) has been used. The 
mathematical model elaborated for the PSCAD/EMTDC is 
characterised by a circuital approach, which is based on the π  
nominal circuit. The inductance and the capacity of the equivalent 
circuit have been programmed in Pascal code. The resistance and 
the conductance have been estimated using formulas given in the 
relevant literature. Different simulations have been carried out 
altering the shape of the impulse current. Numerical results are 
presented for two extreme cases: in the first case the current is 
injected in the centre of the grid and in the second one it is 
injected in one corner of the grid. The aim of this work is to 
verify the applicability of this approach in the behaviour analysis 
of grounding systems injected by high impulse currents and 
compare to each other the numerical results obtained using 
different simulations.  
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I. INTRODUCTION 
 
Grounding systems constitute one of the most important 
parts of building constructions. The grounding systems 
resistance has an essential influence on the protection of the 
grounded system. As it is stated in the ANSI/IEEE [1] a 
safe grounding design has two objectives: 
1. To provide means to carry electric currents into the 

earth under normal and fault conditions without 
exceeding any operating and equipment limits or 
adversely affecting continuity of service. 

2. To assure that a person in the vicinity of grounded 
facilities is not exposed to the danger of critical electric 
shock.  

Grounding systems can consist of a) one or more verticals 
[2, 3] or horizontal ground rods [4, 5], b) three or more 
vertical ground rods connected to each other [2, 3] and to 

all equipment frames, neutrals and structures that are to be 
grounded. Such a system that combines a horizontal grid 
and a number of vertical ground rods penetrating lower soil 
layers has several advantages in comparison to a grid alone. 
Sufficiently long ground rods stabilize the performance of 
such a combined system making it less dependent on 
seasonal and weather variations of soil resistivity. Rods are 
more efficient in dissipating fault currents because the 
upper soil layer usually has a higher resistivity than the 
lower layers. The current in the ground rods is flown 
mainly in the lower portion of the rods. Therefore, the 
touch and step voltages are reduced significantly compared 
to that of the grid alone [1]. 
The grounding resistance and other characteristics of the 
grounding system steady state response can be computed 
directly in the time domain. The analysis of the transient 
behavior of a grounding system is simulated usually by a 
circuital approach [4-12]. Some circuital simulation models 
are presented below: 
1. Using π  nominal circuits. In this case, the electrode is 

divided in parts, each of which is replaced by a π  
nominal circuit with concentrated parameters [4, 6]. 

2. Using a transmission line model with distributed 
parameters. In this case, the parts in which the electrode 
is divided are replaced by distributed elements 
dependent on frequency [7-10]. 

3. Using altered π  nominal circuits. The altered π  
nominal circuits consist of concentrated elements 
(ohmic resistance and transverse conductance) placed at 
the ends, while the middle part is replaced by a 
transmission line part without losses [11, 12]. 

 
II. FUNDAMENTALS 

 
The work reported in this paper refers to the problem of 
transient analysis of a grounding grid buried in depth h 
under injection of a lightning impulse current. In order to 
validate the behaviour of grounding systems the knowledge 
of their performance over a wide range of frequencies is 
required. The basic model is developed through the 
circuital approach, which models an earth conductor as 
equivalent π -circuits involving R-L-C-G elements. The 
coupling of earth conductors can be taken into account by 
mutually coupled inductances. 
The grid consists of horizontal and vertical elementary 
conductors, each of which can be represented by one or 
more π  nominal circuits. These circuits are made up of 
elements connected in series or parallel, as shown in Fig. 1. 
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Fig. 1: The π  - nominal circuit. 

 
The resistance R and the self inductance L, connected in 
series, determine the current, while the transverse 
conductance G and the capacity C, connected in parallel, 
represent the losses to earth. The most meaningful of the 
series elements is the inductance, while the resistance, 
representing the losses in the conductor, is usually 
negligible. The conductance is the most meaningful of the 
elements in shunt position, while the capacitance is usually 
neglected, as it is small in comparison to the conductance. 
The current distribution in a cylindrical conductor, through 
which direct current flows, is uniform, and the conductor 
resistance R is given by [13] 
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where ρ the resistivity of the conductor 
 l  the length of the conductor 
 r  the radius of the conductor 
The transverse conductance of the conductor is given by 
the following equation [5]: 
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where  sρ  the soil resistivity 
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Fig. 2: The arrangement of two parallel conductors. 

 
When current flows through a conductor, a magnetic field, 
surrounding the conductor, is induced. Variation of the 
current value causes variation of the magnetic flow and 
generation of voltage. This phenomenon is represented by 
the self-inductance. The self-inductance L of a straight 
cylindrical conductor of length l is given by [14] 
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The magnetic coupling between two conductors of length l1 
and l2 is represented by the mutual inductance, which is 
computed using equation (4). In the case of vertical and 
horizontal conductors, equation (4) can be solved in an 

analytical way to give numerical results [10]. 
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where dij the distance between the conductors i and j  
 µ  the magnetic permittivity of the medium 
Approximate solving of equation (4) in general case of two 
parallel conductors, with dimensions as shown in Fig. 2, 
results in equation (5) [14], which is presented below. 
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In a system of two or more interconnected conductors, in 
which current flows, the existence of capacity is 
indispensable. The inverted capacity of conductor k 
depends on the conductor dimensions and is given by [15]  

k
k rl

P 1ln
2
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⋅

⋅⋅⋅
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επ
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where rk the radius of the conductor 
 l  the length of the conductor  
 ε  the permittivity of the material 
The inverted capacity between to the conductors k and p 
interacting depends on the conductors distance and is given 
by [15] 
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where Dkp the distance between the conductors 
Using equations (6) and (7) the inverted capacities array P 
is defined. The diagonal elements Pii of P represent the 
inverted capacity due to the conductor itself, while the non-
diagonal elements Pij represent the inverted capacity due to 
the interacting between the conductors i and j. The capacity 
of conductors is computed by inverting array P. The 
derived array C has the following form: 
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The capacitance to earth of each one grid conductor is 
obtained by adding the capacity of the particular conductor 
and the capacities due to its interacting with the rest of the 
conductors. Hence, a vector C΄ is created, including the 
capacities ∑

=

n

k
ikC

1

 of the n horizontal and m vertical grid 

conductors. 
The π  nominal circuit parameters are computed by 
especially developed Pascal programs giving sufficiently 
precise results. The programs results form the input of the 



 
 

circuit simulation program PSCAD/ EMTDC.  
 

III. RESULTS 
 
The investigated grids are shown in Fig. 3. The conductor 
is made of copper and its radius is 7mm. An equivalent 
circuit, as that shown in Fig. 1, replaces each branch of the 
square formed by the horizontal and vertical conductors. 
For conducting the simulations the grids were supposed to 
be buried in depth of 0.5m, in soil with resistivity of 100 
Ωm or 1000 Ωm. 
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Fig. 3: Investigated grids. 

 
The waveforms of the injected impulse current is given by 
the following equation: 
( ) ( )tbta

o eeIti ⋅−⋅− −⋅=   (9) 
The values of the parameters a and b of the equation (9) are 
presented in Table 1. These values have been selected for 
the simulation of usual lightning currents, which were 
measured at the NASA Kennedy Space Center, Florida and 
at Fort McClellan, Alabama by Thottappillil et all [16]. The 
value of the coefficient Io is selected as the peak current is 
equal with 1.0A. Altering the grid dimensions, the soil 
conductivity and the current injection point, the change of 
voltage and grounding impedance in the time domain is 
examined. 
 

Case 
a  

[s-1] 
b  

[s-1] 
Tcrest 
[µs] 

Thalf 
[µs] 

1 16667 100000000 0.1 43 
2 16667 25000000 0.3 43 
3 16667 10000000 0.6 43 
4 16667 2857143 1.8 43 
5 16667 2127660 2.4 43 
6 16667 1538462 3.0 43 

Table 1: Parameters of injected currents 
 

Fig. 4:Transient voltage versus time for injection point the 
corner A of grid GS30 for soil resistivity 1000 Ωm,  

The injected current is the case 1 of table 1. 

 
Fig. 5: Transient voltage versus time for injection at the 

corner A of grid GS30 for soil resistivity 1000 Ωm.  
The injected current is the case 2 of table 1. 

 
Fig. 6: Transient voltage versus time for injection at the 

corner A of grid GS30 for soil resistivity 1000 Ωm.  
The injected current is the case 3 of table 1. 

 
Fig. 7: Transient voltage versus time for injection at the 

corner A of grid GS30 for soil resistivity 1000 Ωm.  
The injected current is the case 4 of table 1. 

  
Fig. 8: Transient voltage versus time for injection at the 

corner A of grid GS30 for soil resistivity 1000 Ωm.  
The injected current is the case 5 of table 1. 

  
Fig. 9: Transient voltage versus time for injection at the 

corner A of grid GS30 for soil resistivity 1000 Ωm.  
The injected current is the case 6 of table 1. 



 
  

The waveform of transient voltage of the grid GS30 of Fig. 
3 when it is buried in soil with resistivity is 1000 Ωm is 
shown in Figs 4…9 under injection of the impulse current 
at the corner A. Furthermore, the voltage variation of the 
grid GS30 not only for the injected point A but also for the 
other points of the grid (C, G and O) is shown in Figs 4…9. 
It is obvious that as faster the injected current reaches its 
peak value (for given time to half value), the higher is the 
voltage value deployed at all grid points. It is also obvious 
that as higher the distance between the point considered 
and the impulse current injection point, the lower the 
deployed voltage at the considered point. After a 3µs time 
period the voltage tends to obtain the same value at all grid 
points. The time, in which that happens, is highly 
dependent on the time, in which the injected current 
reaches its peak value. As less the time needed for the 
current to obtain its peak value, as faster the voltage obtains 
the same value at all grid points and the transient 
impedance reaches its steady state value. 
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Fig. 10: Variation of the peak of transient voltage versus 
the time to crest of the injected current of grid GS30 for 

soil resistivity 100 Ωm 
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Fig. 11: Variation of the peak of transient voltage versus 
the time to crest of the injected current of grid GS30 for 

soil resistivity 1000 Ωm 
 
The variation of the peak value of the transient voltage 
versus the time to crest of the injection current for soil 
resistivity equal with 100 Ωm and 1000 Ωm are shown in 
Figs 10 and 11 respectively. The continues line in the 
above figures means that the injection is in the corner of the 
grid and the dot lines means that the injection is in the 
centre of the grid. The increase of time to crest of the 
injected current decreases the peak value of the transient 
voltage. 
In Fig. 10 the soil resistivity is ten times less than the one 
of Fig. 11, so the peak of transient voltage of Fig. 10 is less 

than the ones of Fig. 11. The influence of the dimensions of 
the grid and the soil resistivity on the peak value of the 
transient voltage is also shown in the same figures.  
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Fig. 12: Transient voltage versus time for injection at the 

corner of the grids for soil resistivity 100 Ωm. 
The injected current is the case 2 of table 1. 

 
Fig. 13: Transient voltage versus time for injection at the 

corner of the grids for soil resistivity 100 Ωm,  
The injected current is the case 2 of table 1. [8] 

 
Fig. 14: Transient voltage versus time for injection at the 

corner of the grids for soil resistivity 100 Ωm,  
The injected current is the case 2 of table 1. [9] 

  
For the grids, which are presented in Fig. 3, the simulation 
results (Fig. 12) are compared with those obtained in the 
paper of Grcev and Heimbach [8] (Fig. 13) and in the paper 



 
 

of Liu, Zitnik and Thottappillil [9] (Fig.14). It is obvious 
that the results of the simulations are in a very good 
agreement, while, moreover, the methodology used for the 
PSCAD/EMTDC simulation is clearly simpler than that 
suggested in the other papers [8, 9]. 
 

IV. CONCLUSIONS 
 
The contribution of this paper is the suggestion of a new 
methodology for calculation of the parameters of the π  
nominal circuit using circuital approach with concentrated 
parameters. A very good agreement ascertained comparing 
the results of the suggested method with corresponding 
results of other researchers. Through the results obtained 
from the simulations, the influence of the grid dimensions, 
the kind of the ground and the current injection point on the 
grid voltage and impedance are presented. The value of the 
grid voltage and impedance is much higher during the 
transient response compared to that of the steady state. The 
waveforms derived for current injection both in the center 
and at the corner have the same form. During the transient 
response, the voltage and impedance values are higher for 
current injection at the corner compared to those obtained 
for current injection in the center of the grid. On the 
contrary, during the steady state the corresponding 
waveforms tend to obtain the same value. Soil with low 
resistivity, gives rise to transient response of high duration 
and low maximal value.  
 

V. REFERENCES 
 
[1] ANSI/IEEE Standard 80-1986 “IEEE Guide for Safety in AC 

Substation Grounding”, IEEE Publ., New York, 1986. 
[2] Gonos, I.F., Topalis, F.V. and Stathopulos I.A.: “ Transient 

Impedance of Grounding Rods”, 11th International Symposium on 
High Voltage Engineering, August 1999, London, UK, Vol. 2, 
pp.272-275. 

[3] Gonos, I.F., Antoniou, M.K., Topalis, F.V. and Stathopulos I. A.: 
“Behaviour of a grounding system under impulse lightning current”, 
6th  International Conference and Exhibition on Optimisation of 
Electrical and Electronic Equipment (OPTIM ’98), May 1998, 
Brasov, Romania, pp. 171-174. 

[4] Suflis, S.A., Gonos, I.F., Topalis, F.V. and Stathopulos I.A.: 
“Transient behaviour of a horizontal grounding rod under impulse 
current”, Recent Advances in Circuits and Systems, Word Scientific 
Publishing Company, Singapore, 1998, pp. 61-64,  

[5] Verma, R. and Mukhedkar D.: “Impulse impedance of buried ground 
wire”, IEEE Trans. on Power Apparatus and Systems, 1980, PAS-99 
(5) pp. 2003-2007. 

[6] Thapar B., Gerez V., Balakrishnan A., Blank D.A., “Substation 
grounding grids intertied with buried conductors”, IEEE Transactions 
on Power Delivery, 7, 3, July 1992, pp. 1207-1212. 

[7] Menter F.E., Grcev L., “EMTP-based model for grounding system 
analysis”, IEEE Transactions on Power Delivery, 9, 4, October 1994, 
pp. 1838-1849. 

[8] Grcev L., Heimbach M., “Frequency dependent and transient 
characteristics of substation grounding systems”, IEEE Transactions 
on Power Delivery, 12, 1, January 1997, pp. 172-178. 

[9] Liu Y., Zitnik M., Thottappillil R., “A time domain transmission line 
model of grounding system”, Proceedings of the 12th International 
Symposium on High-Voltage Engineering (ISH 2001), Bangalore, 
India, 19-24 August 2001. vol 1, 2.18 

[10] Otero A.F., Cidras J., del Alamo J.L., “Frequency dependent 
grounding system calculation by means of a conventional nodal 
analysis technique”, IEEE Transactions on Power Delivery, 14, 3, 
July 1999, pp. 873-878. 

[11] Meliopoulos A.P., Moharam M.G., “Transient analysis of grounding 
systems”, IEEE Transaction on Apparatus and System, PAS 102, 2, 
February 1983, pp. 389-397. 

[12] Lorentzou M., Boulaxis N., Gavogiannis S., Papadias B.C., 
Hatziargyriou N.D., “A travelling wave technique for assessing the 
transient response of grounding electrodes”, PowerTech Budapest 99, 
1999. 

[13] Tagg G.F., “Earth Resistances”, George Newnes Limited, London, 
1964. 

[14] Gupta B.R., Singh V.K., “Inductance of rectangular grids”, IEEE 
Transactions on Power Delivery, 7, 3, July 1992, pp. 1218-1222. 

[15] Stevenson W., “Elements of power systems analysis”, McGraw-Hill, 
1975. 

[16] Thottappillil R., Rakov V.A., Uman M.A., Goldberg J.D., 
“Parameters of triggered-lightning flashes in Florida and Alabama”, 
Journal of Geophysical research, 98, 12, December 1993, pp. 22887-
22902. 

 
VII. BIOGRAPHIES 

Vassiliki T. Kontargyri was born on July 24, 1978 in Athens, Greece. 
She received her diploma in Electrical Engineering in 2002 from the 
National Technical University of Athens. She is a Ph.D. Student since 
2002, at the same University. Her research interests concern high voltages, 
grounding systems, simulations.  
Ioannis F. Gonos was born on May 8, 1970 in Artemisio, Arcadia, 
Greece. He received his diploma in Electrical Engineering and his Ph.D. 
from the National Technical University of Athens in 1993 and 2002 
respectively. He was a teaching assistant at the Greek Naval Academy and 
the Technological Education Institute of Athens (1996-2001). He is 
working at the High Voltage laboratory of NTUA. His research interests 
concern grounding systems, insulators, high voltages, measurements and 
harmonics. 
Ioannis A. Stathopulos was born in Volos, Greece in 1951. He studied in 
the Faculty of Electrical and Mechanical Engineering of the National 
Technical University of Athens (1969-1974). He carried out his doctor 
thesis at the Technical University of Munich (1974-1978). He become 
teaching assistant at the Technical University of Munich (1974-1978), 
production engineer in the company “Vianox–Franke” (1979-1980), 
teaching assistant at the National Technical University of Athens (1979-
1983) and thereafter Lecturer (1983-1987), Assistant Professor (1987-
1991), Associate Professor (1991-1995) and Professor (since 1995). He is 
the head of the High Voltage Laboratory of the NTUA and author of 8 
books and more than 90 papers in scientific journals and conferences 
proceeding. He is lead assessor of the Hellenic accreditation council. 
Frangiskos V. Topalis was born in Mitilini, Greece, on March 13, 1955. 
He received the diploma in Mechanical and Electrical Engineering and the 
Ph.D. degree from the National Technical University of Athens (NTUA) 
in 1979 and 1990 respectively. He is the head of the Laboratory of 
Photometry of NTUA (School of Electrical & Computer Engineering) 
where he teaches the course of photometry and lighting. His research 
interests concern photometry, lighting, rational use of energy, power 
quality and harmonics. 
 

 


	MAIN MENU
	------------------------
	Search CD-ROM
	Search Results
	Print



