
IEEE TRANSACTIONS ON MAGNETICS, VOL. 35, NO. 3, MAY 1999 

Finite Element Modelling of grounding Systems considering 
Electrode Geometry Effects. 

M. I. Lorentzou, A G. IUadas and N. D. Hatziargyriou 
Electric Power Diwsion, Department of Electrical & Cornparter Engineering, National Technical University of Athens 

42,28" October Street, IO682 Athens, Greece 

A s paper investigates the performance of 
grounding electrodes buried in the close vieihty of smal l  soil 
heterogeneity, by using 2D and 3D finite element modelling. 
The proposed methodology enables consideration of electrode 
geometry effects which are not taken intp account in standard 
analytical grounding system representation, The results are 
compared to those found in the literature or obtained by 
standard programs. 
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L~NTRODUCTION 

The performance of grounding electrodes buried in the 
close vicinity of small  soil heterogeneity has a considerable 
practical importance. As the behavior of small or 
concentrated grounding systems is not very different in high 
fiequencies compared to low frequencies, it is usually 
suilicient to evaluate potentials produced by a DC current. 

In many practical cases, analytical modeling of grounding 
systems is used based on thin wire approximation theory 
[1],[2]. Such a methodology uses closed form solutions and 
enables fast computation of grounding system performance 
in cases involving complex electrode structures [31,[41. 
Although all typical electrodes practically satisfy the 
assumptions of thin wire approximation, such techniques 
may provide imperfect representation of certain aspects of 
the grounding system. 

Specifically the grounding resistance is well approximated 
but the calculation of the surface potential of earth near the 
electrode may be inaccurate. In low frequency applications 
electrode external surface can be considered equipotential 
and thin wire theory introduces constant current density 
distribution. On the contrary, Consideration of electrode 
geometry implies greater current density flow at the ends of 
the conductor. 

This phenomenon has negligible effect on the global 
parameters as the grounding resistance but can influence 
considerably the local potential distribution. The 
discrepancy can be even more important in high frequency 
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cases as the current distribution along the conductor is even 
more non-uniform. 

The finite element method enables efficient modelling of 
both the electrode geometry and the surrounding soil 
heterogeneity, that is why it has been adopted for the 
grounding system representation. 

This method has been applied to model a two dimensional 
grounding system geometq at low fiequencies consisted of a 
vertical rod buried in a layered soil. The results obtained 
have been compared to those of a standard code based on 
thin wire approximation theory [71. 

The case of a 3D grounding system geometry adopted 
usually when foundation grounding systems are used has 
been considered. The employed 3D finite element model 
results have been compared to those obtained by a 
commercial software [A. 

II.MODELLING TECHNIQUES 

Two Werent modeling procedures have been examined, 
and their results compared and discussed 

A, Thin Wire Approximation Method 

When the shape of the grounding electrodes used is 
cylindrical while the length of the cylinder is much larger 
than its radius (1>7a) and its radius is much smaller than the 
wavelength (a<<n) the effects of the cylinder dimensions can 
be neglected. Therefore the boundary conditions for a wire 
with infinite conductivity can be adopted involving zero total 
tangential field strength E on the surface of the cylinder as 
well as vanishing current at the ends of the cylinder. In 
practice a ratio of the length of the conductor segment to its 
radius of about 10 is satisfactory. 

Moreover in the case examined uniform current 
distribution has been assumed. The solution giving potential 
values at any point in the surrounding soil can be given by 
integrating the contributions of each point current source that 
is placed along the length of the electrode. 

In the case examined the potential, it is in the three 
hemispherical layers 1,II and I11 can be easily expressed as 
follows: 

(1) 
m m  

5 = C C A , / ~ ' P , . I ( C ~ ~ ~ ) C ~ S ~ ( ~ - ~ ~ )  
n=O nr=o 
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(thin wire approximation) and real electrode geometry 
consideration and the corresponding potential distributions 
are shown in Figs 4. and 5., respectively. Figs 3a and 3b give 
the emplqed mesh while the calculated surface potentials in 
the above mentioned cases are compared in Fig. 2. This 
figure illustrates that an important Memm exists between 

n=Om=O ' 
where P"', is Legendre function, and & ,L ,C& D,, 

coefficients that can be determined from boundary 
conditions. 

Extensive application of these formulae and discussion of 
the obtained results are given in [ 11. 

B. Finite Element Method 

Finite element modelling allows the calculation of 
complex grounding system geometries, and exact 
consideration of materials characteristics. 

The soil constitution can be described in detail in every 
point in the region around the grounding system and non- 
linearities can also be considered 

In the case of foundation grounding system arrangement 
considered hereafter the three dimensional configuration 
must be taken into account 

In the present paper both 2dimensional axisymmetric and 
3dimensional configurations have been considered In both 
cases the problem involves solution of the following Laplace 
equation : 

the two methods of electrode representation as far as the 
earth surface potential near the electrode is concerned. 

I 
I 

4 Z=14 

Fig 1. Geomdry dthe punding system amsidered 

- v. (oV@)=O (4) 

where o is the electric conductivity and CD the corresponding 
scalar potential. 
By using standard weighting residual techniques the 

discrete problem can take the following form for the i* 
node: 

where @, a, are shape functions used for the discretisation, 
jtot is the number of nodes of the n* element, ntot is the 
number of the elements sharing the node i, r is the boundary 
of the solution domain SZ, n is the outside normal on r. 

The bounda~~  conditions used are natural Dirichlet 
conditions in the external boundaries of the solution domain, 
natural Neumann conditions in the soil-air interface and 
Dirichlet conditions on the electrode surface. 

III.APPLICATION AND DISCUSSION 

The method of 2D finite element analysis has been 
applied to model a grounding system at low fresuencies 
consisted of a vertical rod buried in a layered soil as shown 
in Fig. 1. The soil model considered consists of three regions 
with resistivities pl=50 SZ m, p2=400 SZ m and p3=1000 Cl m 
respectively, separated by two concentric hemispheres. The 
vertical rod is 10m long its diameter is 5cm and is placed at 
a depth starting from Z=4m to z=14m as shown in Fig. 1. 

Fig 2. Canparison of the surface potentials obtained by - _ _ _  : 'Ihin wire approximath ofthe electrode 
-.-.-.I : Preciserepremm 'on ofthe eledrode geometry 

I 

Fig. 3a. M i l  ofthe employed mesh 
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Fig. 6. 

* 
ofthe cansidaed system of the two grids 

Fig. 3b. Mesh used forthe 2D problem analysis 
(1 700 nodes, 2600 first orda triangular elanart) 

Fig. 7. Detail ofthe 3D mesh used 

Fig. 4. JZquip-al lines distribution -thin wire approxiamation case 
(OWOm) 

P 

Fig. 8. Mesh used for the problem analysis 

Fig. 5. Equipdartial lmes distifbuticn -precise electrode geometry 
r e p d o n  case (O<xGOm) 

The obtained results have shown that the exact electrode 
dimension consideration involves voltage values at the 
&ace of the earth considerably higher than those obtained 
when the thin wire approximation is adopted. This can be 
observed in Fig. 5. indicating that the equipotential lines in 
the soil area surrounding the electrode present higher 
density than those in Fig. 4. Fig. 9. Surface pdential obtained a)by the proposed 3D FEM model and b) by 

the method presented m [7] 
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Fig. 10. Surface Pdtntials vs. distance from (O,O), when soil resistivity is 
a)100 Shn, b) 200 ZZm, c) 1000 Chn, d) 2000 Szm 

A second example related to foundation grounding system 
structures has been considered. It is consisted of two 
concentric square electrode configurations of side lengths of 
5m and 10m respectively as in Fig. 6., placed in soil with 
low resistivity at a depth of lm. The configuration of such a 
problem is three dimensional while, by considering its 
symmetries, the solution domain can be reduced to a 
triangular prism involving one octant of the whole 
geometry. The mesh used is extended at a distance of 300m 
from the electrodes and comprises 2500 nodes and 9240 first 
order tetrahedral elements (Figs 7 and 8). The calculated 
surface potential distribution by the 3D finite element model 
is compared to the one determined by a method involving 
almost closed form solutions [7] in Fig. 9. This figure 
illustrates the proposed model suitability for foundation 
grounding system analysis involving complex electrode 
configurations. 

Moreover, the surrounding soil heterogeneity introduced 
in such cases by the concrete resistivity, consisting an 
important limitation of the analytical method [7], can be 
conveniently represented by the proposed technique. The 
effects of the soil resistivity in the case of a rectangular cross 
section concrete block embedding the grounding structure 
have been studied. The calculated results by the 3D FEM 
method of the surface potential variations along two 
Merent directions (x=O and x=y) are shown in Figs 10 and 
11 respectively. The cases of soil resistivity of 100 Qm, 200 
Qm, 1000 Qm and 2000 Qm have been considered. These 
figures show the important impact of the surrounding soil 
resistivity on the distribution of the surface potential in the 
concrete near the electrodes. 

IV. CONCLUSIONS 

In this paper models based on two dimensional axisymetric 
and three dimensional finite elements have been compared 
to standard methods used for the analysis of grounding 
systems including soil heterogeneities and complex electrode 
structures. 

The proposed techniques enable both arbitrary soil 
heterogeneity consideration and exact electrode geometry 
representation, avoiding local surface potential discrepancies 
obtained by thin wire approximation theory. 

V. REFERENCES 

[l] J. Ma, F. Dawalibi, W. Daily :“Analysis of Grounding 
Systems in soils with Hemispherical Layering” IEEE 
Trans. PWRD, Vol. 8, pp. 1773-1780, 1993 

[2] C. Balanis Antenna Theory, His Publisher, 1989 
[3] L. Grcev, F. Dawalibi : “An Electromagnetic Model for 

Grounding System Transients” IEEE Trans on PWRD, 

[4] L. D. Grcev, “Computer analysis of Transient Voltages 
in Large Grounding Systems’’ IEEE Trans on PWRD, 

[5] A. G. Kladas, J. A. Tegopoulos, “A new scalar potential 
formulation for 3D Magnetostatics necessitating no 
source field calculation”, IEEE Trans. on Magn., Vol. 
2812, pp. 1103-1 106, March 1992. 

[6] A. G. Kladas, M. P. Papadopoulos, J. A. Tegopoulos: 
“Leakage flux and force Calculation on Power 
Transformer windings under Short-circuit: 2D and 3D 
Models based on the theory of Images and the finite 
element Method Compared to Measurements.” IEEE 
Trans. on Magn., Vol. 3012 pp.3487-3490, September 
1994. 

[7] CYMGRD User’s guide and Reference Manual, March 
I995 

VO1.5, pp. 1773-1790,1990. 

V01.11, pp.815-823. 

Authorized licensed use limited to: Maria Lorentzou. Downloaded on January 14, 2010 at 06:12 from IEEE Xplore.  Restrictions apply. 


