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Abstract. This paper presents electromagnetic modeling of multiple driven grounding
rods in homogeneous/two-layer soil. The mathematical model is formulated by mixed
potential integral equation (MPIE) on the basis of Sommerfield integrals. Several
configurations of multiple driven rods located in homogeneous or two-layer soil are
analyzed. The authors are focused on the calculation of the current density along the
rods in wide frequency range from 100Hz to 1MHz.
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1. INTRODUCTION

Ground rods are simplest and the most often used means used for earth termination of
different electrical systems, providing a conducting connection, whether intentional or
accidental between an electrical circuit or equipment and the earth. Their behavior at DC
(50 or 60 Hz) is well understood [3-4], but their high-frequency (HF) and transient
performance is also of interest in different fields, such as, lightning protection, power and
telecommunication systems, power system transients, electromagnetic compatibility, etc.
The safety criteria based on “a minimum rise in the potential” are taken from the power
systems analysis. In such cases the usual DC approximation leads to rather straightforward
computations.

The simulation studies show that grounding systems, even the simplest ones, behave
quite differently at low and high frequencies [5]. The survey of the literature shows that
high frequency analysis of grounding systems is realized by using lumped circuit
equivalents [6-7], quasi-static method of images [8-9], rigorous electromagnetic model
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[10-11], or hybrid approaches [12-13]. However, there is a lack of papers that threat the
problem of multiple driven rods at high frequencies, except at DC [3].

Our objective in this paper is to give sight into the problem of high frequency
performance of multiple driven ground rods in homogeneous or two-layer soil with
respect to the case of a single rod. The main interest is the current density along the rods
of various configurations for which the DC behavior is known [4]. Preliminary results of
authors’ research in this field are presented in [1]. The authors have recently presented
similar analysis of a single rod at high frequencies [2].

2. ELECTROMAGNETIC MODEL

The rigorous treatment of the air/two-layer soil interfaces in electromagnetic models
is based on the exact solution for the field of a Hertz dipole near a conducting half
space/two-layer soil. This approach involves Green’s functions formulated by Sommefeld
integrals that need numerical integration. This model is confirmed as theoretically most
accurate since it is based on minimum approximations. The detailed description of the
mathematical model is given in our previous work [10, 11, 15]. In this analysis the
electromagnetic model is extended to take into account multiple rods geometry and the
corresponding excitations.

2.1. Geometry of the problem

In Fig. 1 we consider grounding system consisting of k identical parallel rods, each of
length L and radius a penetrating homogeneous/two-layer soil. The upper layer (medium
1) is of finite depth d characterized by permittivity ¢;, permeability o and resistivity p;.
When the soil is homogeneous it is assumed that d — . In the case of two-layer soil, the
bottom layer (medium 2) is characterized by permittivity &,, permeability u, and
resistivity p,. The air (medium 0) is characterized by permittivity &, and permeability .
Corresponding rod(s) lengths in the upper/bottom layer are L, and L, respectively. In the
case of homogeneous soil L,=0.

k multiple ground rods
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Fig. 1 Geometry of multiple rods in two-layer soil
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2.2. Mathematical model

Grounding rod may be considered in a circuit with an ideal harmonic current source
of magnitude Is with one terminal connected to the ground electrodes and the other terminal
to the remote earth theoretically at infinite distance. The influence of the connecting leads is
ignored. Multiple rods excitation is assumed by using respectively k harmonic current
sources of equal magnitude Is, leading to total excitation current of kls.

Excitation current /

| Excitation
1 JL monopole
|

Current ' N
density /', 4 L .

Current triangular
dipole

Fig. 2 Approximation of the current with triangle dipoles

Following thin-wire approximation, the physical model of the system of ground rods is
based on fictitious segmentation into n+1 straight tubular segments, Fig. 2. The segmentation
is done in a way so that no segment penetrates through the boundary between the two soil
layers.

To solve current distribution along each rod the method of moments is applied by using
thin wire approximation [10]. Following Galerkin formulation the current distribution in the
system of rods is approximated by n overlapped triangular dipoles, each extended over two
neighboring segments Ai = Iy + I; (i=2, 3, ..., n+1). One of the triangular dipoles passes
through the interface between the two soil layers with its top point located just at the interface
between the two soil layers (z=—d). The total excitation current kls is approximated by k
additional triangular monopoles s, with length Ak = I, each of magnitude Is, that are
positioned at the top of each rod. The weighting functions are also triangular dipoles. The
following matrix equation yields the current distribution along the grounding rods

Z, I, yAR I —Z Is - Zys, lg = Zys, ls
Iy Ly 0 Iy, Iz _ _ZZQIS_ZZSZIS"'_ZZSkIS (1)
Zy I, o I Ll —Zn51|S—ZnSZ|S"'—ZnSk|S

where matrix column [I] contains the coefficients I, of unknown currents; [Z] is
generalized impedance matrix related to self and mutual impedances between all
triangular dipoles that represent all electromagnetic influences between all rods in the
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configuration; [-Zsls] is excitation matrix where the corresponding multiple rods
excitations and their influences are taken into account.

Once the currents in the dipoles are computed, the current density along each rod in
the configuration is easily estimated

|'= i1 P (2)

The elements z; and the elements z,  correspond to mutual impedances between the

source dipole i and observation dipole j (i, j=1, 2, ... , n); and respectively between the
source dipole i (i=1, 2, ..., n) and each of the k excitation monopoles s, as following

U.
z, = I—“ = %Jl E,dz
i i Aj
: 3)

U.
= S = l J‘ EZsk dZ

is I

i i Ak

Here E; is tangential electric field at the surface of the observation dipole j over the
length of a dipole segment Al; due to current I; in the dipole i. In this analysis, MPIE
formulation for the electric field is used

E, =—joA -VV,, (4)

Az :GAZZ IidZ, Vz :G\/Z qidzl qi :__lﬂ (5)
jo dz’

In (5) Ga, is z-component of the dyadic Green's function for the magnetic vector
potential at observation point (x,y,z) due to a Hertzian vertical electric dipole (VED) of
unit strength at source point (x'y',z"). Respectively, Gy, is the corresponding scalar
potential Green's function due to a single point charge associated with VED [14].

The exact formulation of spatial domain Green’s functions are formulated by
Sommerfeld integrals that are solved by direct numerical integration

mn 1 T ~mn 1 S mn
GAzz,Vz = %VO"GAZZ,VZ (kp)JO (kpp)kpdkp = Z SO {GAZZ,VZ } . (6)

where Jo(k,,0) is zero-order Bessel function of the first kind.

The corresponding spectral domain Green’s functions for the magnetic vector
potential are given below [15]
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In above relations, Ry, Ry, To1 and Ty are reflection and transmission coefficients of
a TM wave incident on both interfaces between mediums

R. = §1kz2 _§2k21 _ gOkzl _§1k20
21 -

=-R
10 12 21
gk, +£,K, &K,y + &Ky

Zé‘lkzz
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The corresponding spectral expressions for the scalar potential Green's functions are
derived by using the following relation

<m —10°GD
& CkE ozor

(10)

3. NUMERICAL RESULTS

In this section frequency domain behavior of single/multiple grounding rods located in
homogeneous/two-layer soil is analyzed. Three grounding test configurations are assumed
as shown in Fig. 3; single rod (R1), 5-rods configuration (R5), and 9-rods configuration
(R9). The geometry of each rod is identical, characterized by length 10m (extending from
—0.05m to —10.05m) and radius 0.01m. The outer dimensions of the “mesh” of R5 and R9
configurations are: a) 20m=20m, (R5a and R9a); and b) 10mx10m (R5b and R9b) as given
in [3]. The main objective of this analysis is to compare the behavior of the given grounding
multiple rod structures at high frequencies with respect to the corresponding DC results.
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Fig. 3 Test configurations: Single rod (R1) and multiple rods (R5) and (R9)

In the case of two-layer soil the permittivity of both layers is &= & = 10&. The
resistivity of the upper layer with depth d=5m is fixed at ;=100Qm, while the bottom layer
resistivity is: =33.33Qm (reflection factor K=-0.5), and p,=300Qm (reflection factor
K=+0.5). The homogeneous soil corresponds to reflection factor K=0.

The total excitation current in the corresponding analysis is k-1kA, i.e. the excitation
current applied to each rod is 1kA.

3.1. Homogeneous soil

In this section, all test configurations are analyzed in homogeneous soil. The main
objective is to investigate the influence of the number of multiple rods in R5 and R9
configurations, as well as how their mutual distance affects the current distribution. As a
result, current density along the central rod and outer/corner rods is compared to the
corresponding results obtained for single rod R1. The analysis is preformed in frequency
range from 100Hz to 1IMHz.

In Fig. 4 it may be observed respectively the current density along the central and the
outer/central rods of: a) R5a and R5b configurations, and b) R9a and R9b configurations
at 100Hz with respect to single rod R1 behavior. As it may be observed, the current density
along R1 is generally uniform except at the bottom end of the rod where much higher
current density is observed. The results show that in multiple rods configurations (R5 and
R9) the current density in the central rod is lower in the upper part, and higher in the bottom
part of the rod as compared to the outer/corner rods. This effect is emphasized with smaller
distance between the rods and with larger number of rods in the grounding configuration
(R9b). The results are in good accordance with the reference results obtained at DC [3].

In Fig. 5 a) and b) it may be observed current density in the specific rods of R5 and R9
configurations respectively at 100kHz. Again, the injected current is almost uniformly
discharged along each rod, i.e. the grounding system performance is quasi-static up to
100kHz. The differences in the current density in outer/corner rods are lower as compared to
single rod.

Next, in Fig. 6 it is shown the current density along the central and outer/corner rods
of R5 and R9 configurations obtained at 1MHz with respect to single rod R1. The results
show that each rod of R5 and R9 configurations acts as isolated rod, since the current
density along each rod is identical and equal to the corresponding single rod behavior. As
it may be observed, most of the injected current is discharged from the upper part of the
rod. The results show that the distance between the rods has reduced influence on the
current density at higher frequencies.

Summarizing the results obtained for the analyzed configurations it may be expected that
in the case when the distance between the rods is smaller higher differences in the current
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densities would arise between the central rod and the outer rods. Also it may be assumed that

such differences would decrease at higher frequencies it can be assumed that the differences
will be reduced so that the results will converge with those given in Fig. 6.

a) Current density along R1, R5a and R5b at 100Hz
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Fig. 4 Current densities along R1, R5 and R9 in homogeneous soil at 100Hz
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a) Current density along R1, R5a and R5b at 100kHz
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Fig. 5 Current densities along R1, R5 and R9 in homogeneous soil at 100kHz
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Current density along R1, R5 and R9 at 1MHz for K=0
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Fig. 6 Current densities along R1, R5 and R9 in homogeneous soil at 1MHz

3.2. Two-layer soil

In this section, the analysis is focused on R9 configuration since highest variations in
the current density are observed in the central rod with respect to the outer/corner rods or
single rod case, as observed in previous section.

As may be seen in Fig.7 a) K=+0.5 and b) K=-0.5 respectively, significant differences
in the current density along ground rods are observed at 100Hz. The current density is
much higher in the partition of the rod located in the lower resistivity layer. Also, current
density is practically uniform along the rod partition located in one layer. This result is in
accordance with the rod DC behavior, when the injected current is practically uniformly
discharged in the surrounding soil [3]. However, the differences in current density
between the upper and the bottom partition of the rod lead to large jump that occur at the
interface between both soil layers (at depth d).

When K=+0.5, the current density along the central rod is lower along the upper rod
partition, but much higher at the bottom rod partition as compared to the outer/single rod.
However for K=-0.5, such differences in the current density are much less observed.

In Fig. 8, the corresponding results obtained at 100kHz are shown. The results are
generally similar with those shown in Fig. 7. However, higher deviations, expressed by
small peaks, lead to larger discontinuity in the current density that occurs at the interface
between both soil layers.
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a) Current density along R1, R9a and R9b at 100Hz for K=+0.5
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Fig. 7 Current densities along R1, R9a and R9b in two-layer soil at 100Hz
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a) Current density along R1, R9a and R9b at 100kHz for K=+0.5
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Fig. 8 Current densities along R1, R9a and R9b in two-layer soil at 100kHz



493 V. ARNAUTOVSKI-TOSEVA, L. GRCEV
As may be observed in Fig. 9 and in Fig. 10, the current density obtained at high

frequencies, 1MHz and 10MHz respectively, differs significantly from the corresponding
low frequency, quasi-static, behavior.

a) Current density along R1, R9a and R9b at 1MHz for K=+0.5
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Fig. 9 Current densities along R1, R9a and R9b in two-layer soil at 1MHz
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Current density along R1 and R9 at 10 MHz
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Fig. 10 Current densities along R1, R9a and R9b in two-layer soil at 10MHz

At high frequencies the influence of the number of multiple rods and their mutual
distance is practically negligible. The differences in the current density are mainly due to
the two-layer soil parameters. At 1IMHz, the jump in the current density that occurs between
the upper and the bottom rod partitions is especially high when the bottom layer is less
resistive. In this case, due to high resistivity of the upper layer, most of the injected current
is discharged from the bottom part of the rod surrounded by less resistive bottom layer.
However, as the frequency increases this effect vanishes. As may be seen in Fig. 10, the
results obtained at 10MHz for all rods in R9b configuration converge to the corresponding
behavior of a single rod (R1). At high frequencies above 1MHz, practically, the behavior of
the grounding multiple rods is not affected by the number of rods in the configuration or by
the distance between the rods, since each rod in the configuration acts as isolated rod in
homogeneous soil. Here also, the bottom layer and the corresponding reflection factor has
almost no influence on the current density since all injected current is quickly discharged
from the upper part of each rod into the upper soil layer. It may be expected that when the
distance between the rods is smaller, higher differences in the current densities would arise
at low frequencies together with higher discontinuities at the interface between the two soil
layers. Again, it may be expected that such differences would decrease at higher
frequencies leading to results similar as given in Fig. 10.
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4. CONCLUSION

In this paper, the frequency domain behavior of single/multiple grounding rods in
homogeneous/two-layer soil is analyzed. The results for the current density obtained for
various multiple rods configurations show that grounding rods performance at high
frequencies differs significantly from their low frequency performance. In case of
homogeneous soil, the current in the central rod varies from the corresponding distribution in
the outer/corner rods. At higher frequencies, this effect vanishes, i.e. at 1MHz the current
density for all test cases converge to the distribution obtained for single rod. In case of two-
layer soil, current density along the upper and the bottom rod partitions differs significantly
and lead to large jump in the current distribution that occurs at the interface between the both
soil layers. This effect is noticeable at higher frequencies also, while the influence of other
parameters such as the number of rods and their distances are negligible. At very high
frequencies as 10MHz, the effect of the two distinct soil layers also vanishes. The results
obtained for rods all test configurations show that their performance is identical to the
corresponding case of single rod in homogeneous soil. In the future work the authors will
analyze in more details the influence of the multiple rods geometry on the current density and
will extend their analysis to h grounding impedance.
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