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This study performs a numerical analysis of an electrical grounding system comprising Counterpoise Grounding Wires buried in
homogeneous soil and subjected to surge currents under low-frequency conditions. Since traditional mesh-based methods encounter
significant computational challenges when modeling 3D systems, the adoption of the Interpolant Element-Free Galerkin Method
(IEFGM), a meshless approach is proposed. The proposed solution incorporates innovative strategies, including domain size reduction
and optimized node distribution, to enhance computational efficiency. Furthermore, a novel mathematical formulation for direct surge
current injection improves both the accuracy and the realism of the analysis. Numerical results obtained validate the proposed
approach, demonstrating its potential for the analysis of large-scale three-dimensional problems.

Index Terms—Counterpoise wire, grounding systems, interpolant element-free Galerkin method, meshless methods, surge current.

I. INTRODUCTION

THE NUMERICAL analysis of electrical grounding systems
under low-frequency conditions is fundamental to
ensuring the operational safety and reliability of electrical
infrastructures. Accurate prediction of the electric potential
distribution and leakage current behavior in the soil is
essential for designing efficient grounding networks. At low
frequencies, electric currents penetrate deeply into the soil,
resulting in a broader charge distribution that can influence
large areas around the grounding point. Therefore, detailed
three-dimensional (3D) modeling is required to accurately
represent current dispersion and the resulting electric field in
the vicinity of the grounding system.

Traditional mesh-based methods face significant challenges
in complex 3D grounding problems, as generating a
sufficiently precise mesh can be computationally expensive
and time-consuming, especially when high mesh density is
required. Additionally, constructing a mesh that adapts to
diverse soil layers or irregular geometries can be both
challenging and computationally restrictive. In this context,
meshless methods offer a robust alternative by eliminating the
need for a structured mesh and operating directly on a set of
distributed points within the domain. This approach enhances
flexibility for complex geometry and large soil volumes,
significantly reducing computational demands in scenarios
requiring high resolution to capture detailed electric field
behavior near the grounding structure.

In this work, the Interpolant Element-Free Galerkin Method
(IEFGM) [1]-[2], a meshless approach, is employed to analyze
a low-frequency grounding problem involving a Counterpoise
Grounding Wire (CGW), a widely used configuration for
grounding transmission lines. The horizontal orientation of the
CGW and the injection of surge current, Is, at only one end of
the CGW prevent the use of symmetry conditions, demanding
a full three-dimensional (3D) analysis. Additionally, the
CGW's length, significantly greater than its radius, requires a
large computational domain and refined discretization to
ensure accuracy. To address these computational challenges,

this work proposes two cost-reduction strategies: (1) limiting
the domain size by imposing a specific electric potential, Vp,
at the soil boundary [3], and (2) optimizing the distribution of
nodes and Gauss integration points within the domain.
Moreover, we introduce a novel mathematical formulation that
enables the direct injection of Is into the numerical model,
providing a more precise and realistic analysis of the problem.

1. MATHEMATICAL MODELING

The problem under analysis is a CGW, with length Lc,
radius Rc and electrical conductivity oc, buried at a depth Pc
in a homogeneous soil with electrical conductivity os,
subjected to a surge current, ls, as illustrated in Fig. 1. The 3D
domaim of de problem, Q3, is bounded by soil surface SS
(dimensions d1, d2 and d3) and air surface SA (dimensions d1
and d2). The cartesian 3D Laplace equation is used to solve
the problem, with the weak form derived using the Method of
Weighted Residuals (MWR) and the test function T(x,y,z):
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where dv=dxdydz, o=cs or o=ac and V(x,y,z) is the electric
potential. Since dV/on=0 on SA, and V=Vp=Ils/(2nosDc) [3]
on SS (where the the shape functions are zero), representing
the Neumann and Dirichlet boundary conditions, respectively,
as result, the surface integral arising the MWR is zero. Given
that the CGW is a good conductor, the electric field on the
surface where current is injected (Sc =2nR¢) is normal to the
surface, E=E, X. Therefore, (1) can be rewritten as:
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Using (2) the injection of Is into the mathematical model is:
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Fig. 1. Grounding system: a) Side view and b) Top view.

I1l. 1EFGM FORMULATION

A set of N nodes is placed in Q3. Each node, I, is a point
X,(x,y,z) e Q3 for which a shape function, @ =(x) is

associated, x(x,y,z) . ®, =0 over the whole domain, except

near the corresponding node. Therefore, the unknown function
can be approximated by the following trial function [4]:
N
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where v, is the unknown coefficient of node I. Using de Ga-
lerkin Method the linear system [K][ L ]=[F] is obtained, with:
K; =ajm_sc(vcpi VO, )dv and F, =—Lc Vo, (Is/27R; )dv-

In the proposed MLS approximation, U are determined by
minimizing a weighted discrete L? norm. The weight function
used is singular, defined as W (r,)=1/(r + 8"), where f is a

small constant to avoid division by zero, and n is an adjustable
parameter used to enhance result accuracy. Additionally,
r=|x-x|/d,, d, =ad,, ais ascaling factor for the influence

domain, and d. corresponds to the nodal distance [4].

The proposed Gauss point distribution grid was designed to
include a point at the center of the Sc, where the current Is is
injected. To achieve this, the integration cells are arranged so
that the cross-section of the CGW is centered within a
integration cell. An odd number of Gauss Integration Points
(GIP) is used within each integration cell to ensure precise
alignment. For the node distribution, a rectangular uniform
grid is used, with nodes spaced at a distance equal to nc in the
soil region. For the CGW, nodes are placed exclusively on its
lateral surface. Along the CGW's length, the nodes are also
spaced nc apart, while its perimeter is represented by four
nodes. In this work, nc is adjusted independent of CGW
radius, enabling the use of significantly fewer nodes. The
distinction between the soil and CGW regions was made by
employing the visibility criterion.

IV. NUMERICAL RESULTS

The system investigated in this work consists of a CGW
with Lc=50m, Rc=0.01m, and o©c=5.7x107 S/m (copper),
buried at a depth of Pc=5m in homogeneous soil with a
resistivity of 1 Q-m, and subjected to a current 1s=1000 A. The
computational domain dimensions are d1=290 m, d2=250m,

and d3=150m, with nc=10m, resulting in 24 nodes on the
CGW surface. Each integration cell consists of 3%3x3 GIP.
This odd number ensures that there is a line of GIP at the
center of the CGW. ¢ =6 for the nodes on the CGW and « =3
for the nodes in the soil, ensuring proper connectivity between
the CGW nodes. For the calculation of Vp, the average
distance Dc=120 m was considered. The results obtained are
presented in Table I, where Vy is the constant electrical
potential obtained on the CGW nodes, the grounding

resistance R, =(V, -V,)/I, » and Er(%):100X|R§_RfFGM|/R: is

the error calculated considering the analytical approximation
presented in (5). NN represents the total number of nodes, and
NP1 is the total number of GIP. The obtained distribution of
electric potential at the ground level is shown in Fig. 2. As can
be observed, the incorporation of the proposed innovative
strategies led to accurate and computationally efficient results.
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Fig. 2. Electric potential at the ground level.
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