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SIMULATION AND ANALYSIS OF GROUNDING SYSTEMS
USING THE FINITE ELEMENT METHOD

Abstract — The main function of grounding is to enable
discharging of fault currents into the soil around a grounding
system. The most common approach for dimensioning of the
grounding systems is the use of the Finite Element Method
(FEM). This paper shows the use of FEM for a static/stationary
and first/second order time dependent electromagnetic field
problem around grounding systems. lonization in the soil should
also be considered in the numerical model. The parameters of the
soil can be obtained using soil models and stochastic methods for
the soil models parameters” determination. The applied
programme solution is suitable for any grounding system and soil
properties, as well as time-varying fault current.

|. PROBLEM DESCRIPTION

The main function of grounding is to enable discharging of
fault currents into the soil around a grounding system (GS)
and efficient distribution of potential on the earth surface with
purposes of:

» Protection of buildings and installations against lightning,

» Safety of human and animal life by limiting touch and
step voltages to safe values,

> Electromagnetic compatibility (EMC).

An analysis of the conditions in the vicinity of a grounding
system, when the fault current flows through a conductor
which connects the above-ground and underground parts of
the GS, requires the calculation of the electromagnetic field.
The problem seems simple at first view. The computation
space consists of a low-conductive part, soil in which the
grounding is buried made of high conductive material, and of
the air above the surface of the soil. The geometries of
individual domain are usually simple, the electric and
magnetic properties of the domain are linear, except in the
case of the ionization of the soil.

Thus, the electric conductivity ocs of the GS is constant, in the
range of 10° S/m to 107 S/m, and the soil conductivity o is
approximately in the range of 0.1 S/m to 0.0005 S/m [1, 2].
The structure of the soil can be very different, so the
calculation must be done for the cases in which the soil is:

» Homogeneous,
> Layered and homogeneous in layers,
> Partly locally inhomogeneous:

e Due to the protected objects, or objects in the vicinity
of the GS, whose parts (reinforced concrete) are located
in the ground,

e Due to the need to improve the conductivity of the soil
in the immediate proximity of the GS (gels, layers of
good conducting soil, ...),

e Due to the configuration of the terrain (stone parts in
the surroundings, water resources, ...),

e Due to the soil ionization at higher J, when
conductivity becomes a nonlinear function of E or J. A
more precise model (i.e. dynamic model of ionization)
contains a hysteresis dependence o(J).

The presented general problem of the GS is described by the
full system of Maxwell’s equations (1).
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In practice, we distinguish two separate examples:

I. Consideration of the conditions in the vicinity of the GS,
when a fault current occurs during the operation of the
power system of the frequency 50 Hz or 60 Hz, or when a
failure occurs in a DC circuit. The current field in the soil,
which is a consequence of such a failure, is written
completely by (2), and can be considered as a stationary
(or static) current field. Using the electric potential ¢, a
problem can be written by 2" order PDE (Laplace’s
equation) [6-13]. The main parameters of the calculation
are the distribution of the electric potential, step voltage Us
and touch voltage U; at the surface of the soil, and
grounding resistance R.
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Il. Consideration of the conditions in the vicinity of the GS
when the pulse current flows into the soil (for example in
the case of lightning strike in the over ground part of the
GS). The electromagnetic field in the soil and in the air
above the ground is described with the complete system of
(1). Using magnetic vector potential A and electric scalar
potential ¢, the problem is described by a system of two
wave or diffusion equations. The main parameters of the
calculation are the grounding (pulse) impedance, the
distribution of the electric potential, Us and U; at the
surface of the soil, all as a function of time, as well as the
electromagnetic field (EMF) in the air and in the vicinity
of the GS.

TABLE I. INPUT DATA FOR THE STATIONARY (STATIC) AND TRANSIENT FIELD
CALCULATION OF GS USING FEM.

Static calculation lonization

Soil 0=0s / / Gion=CONSt. / /
GS 0—=0GS / / / /
Transient calculation lonization

Soil  o=0s =m0 e=(1-80) e o0=0(J) T Tq
Air 0=0 U=Ho €= / / /
GS 0=0Gs U=l / / / /

Although different approaches [25-36] have been developed
through the development of the GS solving, for example:

» Circuit approach,

» Transmission line approach,

» Hybrid approach,

» Electromagnetic field approach:



e Method of Moment (MoM),

o Partial Element Equivalent Circuit (PEEC) method,
o Finite Difference Time Domain method (FDTD),

o Finite Element Method (FEM).

From the description of the general problem, it follows that
FEM is the most appropriate method for the EMF calculation
in the vicinity of the GS. If we are more precise, it should be
mentioned that, even when using FEM, we meet restrictions at
solving these problems. We must be aware of these restrictions
and, using an appropriate approach, their influence on the
calculation’s accuracy should be minimised. The first
restriction is that the problem is half-infinite (for static
calculation or at low frequencies), or infinite at transient
calculation. There are different approaches from the finite
boundary to the appropriate mapping, Absorbing Boundary
Conditions (ABC), perfect matched layer (PEC/PLM) or
combination FEM and Boundary Element Method (BEM),
which is treated extensively in the relevant literature [6-11,
35]. Other limitations are the large relationship between the
conductivity of the GS and the conductivity of the soil (in the
range of 107 to 10%), which, in combination with very small
cross-sections of the conductors and GS rods, present a
problem at discretization of the space. In particular, this is
important in the case of transient calculation, due to the skin
effect and stability of the calculation procedure. Because of
the time integration (13) or (15) which is used for the whole
injected current wave, the calculation procedure is a time-
consuming process.

For this reason, it is important to make time optimization of
the calculation algorithm. Inclusion of parallel processing
and/or use of a graphical processing unit are two approaches
which enable much shorter calculation time.

The precise calculation of the GS is also conditioned by good
knowledge of the input data. The geometry and electrical
properties of the GS are well known, the greater problem is the
knowledge of the physical properties of the soil (especially o
and &, and, in the case of soil ionization, also knowledge of the
ionization model parameters Ec, Ti and Tg). The basic step in
determining the properties of the soil in the vicinity of the
particular GS is, however, the determination of its
conductivity, which is reduced to the determination of the N
layered equivalent soil model. The equivalent model is
determined with the help of the appropriate measurement,
usually Wenner’s method [2, 14] in combination with the
numerical or graphical process. In fact, this is an inverse
approach for the determination of the conductivity and layer
thicknesses of the soil presented in the equivalent soil model
used for the calculation. Due to the mentioned approach of
obtaining input data for the calculation, it is necessary to be
aware of the effect of the equivalent soil model on the final
calculation accuracy considering the concrete case.
Additionally, inhomogeneities in the soil structure influence
the calculation accuracy if they are not taken into account. As
mentioned, the equivalent soil model is obtained from
measurements using an inverse approach. Different procedures
were used in this process, from graphic, analytical, to various
optimization algorithms; either deterministic, or stochastic.

I1. SOIL PARAMETERS DETERMINATION USING THE
STOCHASTIC APPROACH

As described, we are dealing with an inverse problem. Two
and multi-layered horizontal analytical models were developed
in the past [3]. Mainly, two and three-layered soil models are
in use. We tested the two-layered (12), the simplified two-

layered and the three-layered models (I13). We tried to find
which of the tested models is the most appropriate, and to
determine the best metaheuristics [15] among the tested
models for the determination of the soil parameters.

The search for the soil parameters that best fit the
measurement data is an optimization problem. In the literature
different approaches can be found, which present soil
parameters’  determination  using  different  standard
optimization methods [20], and, in the present period, soil
parameters’ determination works using modern metaheuristics
[21]. We used different metaheuristics. For all of them, it is
common that they are robust and that they can avoid local
minima.

We compared different metaheuristics using three different
soil models. Our choice was the oldest Genetic Algorithm
(GA) [18] and four state-of-the-art methods, which are
Differential Evolution (DE) [21, 22], Teaching-Learning
Based Optimization (TLBO) [19], Artificial Bee Colony
(ABC) [16] and self-adaptive Differential Evolution
Algorithm (jDE) [17]. During the tests, we found that the two-
layered model was not appropriate for all test data and,
consequently, the three-layered model is more appropriate to
be used as a general soil model [23].

Concerning solving methods, we also found out that TLBO
was very stable, and almost the same quality result was
obtained after each run. On the other hand, for some test
examples, all tested methods except ABC are stuck in a local
minimum, and they were able to avoid the local minimum
only in some runs. With the aim to overcome local minima
and to obtain stability of TLBO, we combined ABC and
TLBO, and obtained a method marked as ABCandTLBO [23].
The calculation is started using ABC and, after that, the best
solution from ABC is used as one of the initial values in
TLBO. The presented solution, the selected three-layered
model, together with the soil parameters’ determination
method ABCandTLBO, is appropriate to be used together
with, or as a part of the FEM software, which is suitable for
the design of the grounding systems.

One of the typical calculated soil parameters (using
ABCandTLBO) of the two and three-layered models, together
with calculated specific resistivity based on the presented
models, compared with measurements which are the basis for
the calculation, is presented in Fig. 1 [23].
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Fig. 1. Soil parameters of two and three layered model
together with calculated and measured specific resistivity.

Due to the approach of these algorithms, where the population
of the solution within each iteration needs to be evaluated, the
time spent for the calculation is long. Therefore, an
approximate analytical formula for the calculation of the
resistance between the two electrodes used in the
measurements is used to evaluate the target (fitness) function.
This, additionally, affects the accuracy of the obtained



equivalent soil model. A more precise approach will certainly
be obtained with use of the numerical methods, for example,
FEM to evaluate fitness function, but this would increase the
calculation time for the determination of the equivalent soil
model drastically.

I1l. NUMERICAL MODELS

A. FEM Model of Static (Stationary) Field

For the analysis of the grounding system at industrial
frequency or at DC conditions we use (2). With help of these
equations, the electric scalar potential ¢, presented in (3), can
be introduced.

E=-Vo 3)

When (3) is inserted into (2) we obtain the mathematical
model of the problem described by the Laplace’s equation:

V([e]Ve)=0, @)

where [o] is the tensor of soil conductivity. The current field in
the soil Q is described entirely by (4), when the boundary
conditions (5) on boundary " are known.

=0 (r > x), % =0 (on the earth surface) (5)
n

By applying the Galerkin’s formulation of FEM [3, 4], the
additional transformation of the "semi-infinite space" [6-8],
the 3D finite element for soil discretization, and the 1D finite
element for the grounding system [9, 10], the final form of the
FEM equation of the grounding system represents the system
of equations (6), whose solutions are the values of ¢ in all
nodes of finite element mesh.

[Alle}={B} (6)

The above approach is useful for most cases involving any GS
geometry and a multi-layer soil model with additional local
inhomogeneity in the soil. The influence of different layers of
the soil and of the local inhomogeneity is illustrated at
example 2. Figure 2 shows the grounding grid, which is buried
in two-layer soil, at a depth of 0.8 m.
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Fig. 2. Grounding grid and additional substance in soil.

Due to the need to reduce operational ground resistance, the
soil in the immediate vicinity of the GS is replaced by an
additional substance with better resistivity (50 Qm) than the
soil resistivity (200/800 Qm).

To evaluate the influence of an additional substance on the
grounding grid parameters, we have studied three different
kinds of soil structure models [13]. Model A corresponds to a
single-layer (or uniform) soil model with resistivity of
200 Qm, model B corresponds to a uniform soil model with
resistivity of 1000 Qm, and model C corresponds to a
horizontal two-layer soil model with first-layer resistivity
(from the earth’s surface to a depth of 4 m) of 200 Qm and
second-layer resistivity of 800 Qm.

In each case, the calculations for various thicknesses of soil
layers impregnated with an additional substance embedding
the grounding grid were carried out. All cases without the
presence of additional substance are numerated with index 1.
All cases with the presence of additional substance of 0.2 m
above and 0.05 m below the grounding grid are numerated
with index 2. Finally, all cases with the presence of additional
substance of 0.4 m above and 0.15 m below the grounding
grid are numerated with index 3.

In the following pictures, the calculated results of the earth’s
surface potential, variations along the diagonal of the grid are
shown respectively. The results of grounding grid potential
and ground resistance obtained for different thicknesses of
additional substance are presented in Fig. 3 — Fig. 6.
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Fig. 3. Distribution of earth surface potentials due to various
thicknesses of additional substance in a uniform soil model A.
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Fig. 4. Distribution of earth surface potentials due to various
thicknesses of additional substance in a uniform soil model B.
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Fig. 5. Distribution of earth surface potentials due to various
thicknesses of additional substance in a two-layer soil
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Fig. 6. The influence of soil resistivity and thickness of
additional substance on grounding resistance.

In cases, where we also want to include the ionization effect
into the numerical model, the problem becomes nonlinear,
because it is now o(E) or o(J), and it is necessary to solve (6)
iteratively. For that, it is necessary to consider that the
influence of the soil ionization is taken into account only by
the step change of the soil conductivity in the part of the soil
where the condition E>E:. (or J>J;) is fulfilled. The
conductivity of the ionized soil in this part is usually set to a
value equal to the conductivity of the grounding [42-45],
which is, of course, overestimated. The more realistic
assumption is that, in the ionized soil, the conductivity value is
a certain percentage of the initial soil conductivity. A precise
determination of this value is highly questionable, since
various experimental results are also very varied [47].

The effect of soil ionization on the characteristic of the GS is
presented for the example of a single steel rod with length of
1 m and radius of 25 mm, shown in [44]. The grounding rod
was placed vertically from the earth surface into uniform soil
with the resistivity of 43.5 Qm. The measured value of
grounding resistance was 23.2 Q, which differs slightly from
the computed value in [42], which was 25.4 Q, and a bit more
from our computed value, obtained by FEM, which was 28 Q.
Table 1l summarises the computed values obtained from the
mathematical model based on circuit theory and from our
suggested model based on FEM (COMP FEM), as well as the
results of measurements (MEA) performed on the vertically
buried steel rod.

TABLE Il. MEASURED AND COMPUTED RESULTS FOR THE VERTICAL ROD.

| GPR (kV) R(Q)

(kA) MEA COMP COMP MEA COMP COMP
[42] FEM [42] FEM

5.2 92 95.1 86.9 17.692 18.28 16.71
105 137 147.3 134  13.048 14.08 12.76
214 200 2127 2113 9.346 9.94 9.872
27.2 230 236 2414  8.456 8.68 8.873
30.8 248 248.3 261 8.052 8.06 8.475

In Fig. 7, for the grounding rod under test, the distribution of
the grounding resistance is shown as a function of maximum
values of injected current with reference to the measurements
and computations executed in [42], as well as to the
computations performed by FEM.

30
‘
25 1\ Ry comp_rem
& ‘ = Ryiea
o [( ™ J )
§ 55 0_COMP_[42] Reomp (42
2 15 S = Reomp e
@ Ro mea N
Z10
e
© 4
0
0 5 10 15 2 25 30 35

Current (kA)

Fig. 7. Measured and calculated grounding resistance as a
function of the maximum value of the current injected into the
vertical rod.

As was to be expected, the grounding resistance decreases if
soil ionization around the grounding rod occurs. The good
agreement between the measurements and the numerical
results shows the validity of our proposed method and permits
us to confirm that our model simulates the soil ionization
phenomenon in a quite accurate way. Fig. 8, Fig. 9 and Fig. 10
present the earth surface potential response of the grounding
rod, subjected to various values of injected current.
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Fig. 8. Earth surface potential variations along the line above
the vertical rod excited by high magnitude currents
considering the soil ionization effect.
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Fig. 9. Comparison between earth surface potential
distributions above a vertical rod, excited by 5.2 kA and 30.8
kA current magnitudes, in the case of considering and not
considering the soil ionization effect.
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Fig. 10. 3D earth surface potential distributions above a
vertical rod, excited by 30.8 kA current magnitudes, in the
case of not considering (a) and considering (b) the soil
ionization effect.

B. FEM Model of Transient Electromagnetic Field

The governing partial differential equations for transient
problems of GS can be derived from Maxwell’s equations (1).
When magnetic vector potential A, electric scalar potential ¢,

conduction and displacement current are introduced to the
calculated domain, the following equations are obtained:
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Equation (8) defines a divergence of the total current density
(Jwot), Which consists of two components: Conduction current
density Jeond (92) and displacement current density Jaisp (90).

0A
Jecond :O-[_E_v¢] (9a)
PN _op
Jaisp = g(_at_z_ E} (9b)

Where u is the permeability, o the electrical conductivity and ¢
is the permittivity. Equations (7) and (8) already contain the
Coulumb's gauge to ensure the unique solution to the magnetic
vector potential A, which is given in greater detail in [24]. By
applying the finite elements procedure and weighted residual
method [3, 4], the following equation is obtained (10).
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The described problem is an open boundary problem. Various
techniques can be used to include the infinite region in the
calculation, as shown in [6-11, 35].

The final FEM equation is represented by a system of second
order ordinary differential equations (11), where V (12)
represents the modified electric scalar potential [24], in order
to ensure that matrices K, C and M are symmetrical.

e e 0 A

p="=V (12)

The column vector of unknown nodal potentials in (11) is {A,
V}. The next column vectors are the first and second
derivative of nodal potentials and K, C, M are corresponding
matrices, which are linked with the potentials A and V and the
Laplacian operator (K), with the conduction current (C) and
with the displacement current (M).

Time integration (13) can be conducted with different time-
step algorithms, such as Newmark’s, Crank-Nicolson’s,
Wilson’s and others [3, 4]. With an assumption of linear
interpolation throughout time, the following recursive
equation (13) is obtained from (11):
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where parameters fy and 6 are given by the following
expressions: fu = w/e and 0.5 <6 <1. The recursive equation
(13) enables the calculation of the potentials, in the new time
step (n+1), depending on the preceding time step (n). When
displacement current is not considered in the calculation, (11)
is written in the simpler form (14) as a system of first order
ordinary differential equations.

e
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The time step algorithm (13) is also simplified, which is now
written in the form (15).
A(“)
15
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In the case of the transient calculation (11) or (14) with
consideration of the ionization, the dynamic model of the
ionization must also be considered [46-64]. It covers both
ionization and deionization processes in the soil, which are
initiated at a sufficiently large injected current flow into the
soil. The authors of the standard model (Fig. 11) are Liew and
Darweniza [46].
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Darweniza’s model of soil ionization/deionization divides the
entire area of the soil into two regions. The first, non-
ionization region, represents the neighbourhood of the GS,
where the current density J at any point in this region doesn’t
exceed the value of Jc over the entire duration of the impulse
wave (Fig. 11, 0—1).
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Fig. 11. Standard and improved ionization/deionization model.

The soil resistance does not change during the current pulse,
and it is equal to the initial value
p(t.I<Jc)=p (16)
The second ionization region represents the neighbourhood of
the GS, where, in a given time interval within the current wave
(Fig. 11, 1—52—3), the current density J becomes greater than
Jc at all points of the region, and the ionization process is
initiated. This affects the change in the soil resistance
p(t,po,J>Jc). The resistance starts to decrease (17) and falls to
the minimum value p; through the ionization process (Fig. 11,
point 3). Since the time value of the current after reaching the

maximum value begins to decrease, also J starts to decrease in
all points of this region.

J

o>

t

p(tpod <e)=ppe )
When J again decreases below the value of Jc in this region
(now it is a deionization region) a reversible deionization
process starts, which affects the soil resistivity p(t,p0,0i,J<Jc).
It begins to rise again to the initial value in the rest of the
impact wave (Fig. 11, 3—0).
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This ionization model was improved and extended with the
work of J. Wang et al. [48]. The essential difference due to the



basic model is that the additional region (the so-called
sparking region) is introduced, in which discrete breakdown
paths occur on the surface and inside the soil. This
phenomenon (Fig. 11, 2s—2g—2s) is initiated when J
becomes larger than Js. The value of p of this region is
reduced to zero (19).

p(t,3>3,)=0 (19)

The ionization region in the improved model is now defined
with the condition J.<J<Js (Fig. 11, 1—2¢%—3), and
previously it was J > J. (Fig. 11, 1»2—3).

In this case, Jc is the value of J when the ionization process in
the soil is initiated, and Js is the value of J when discrete
breakdowns and filamentary arc paths occur in the soil. Both
values can only be determined experimentally, where different
authors specify (quite) different values [46, 48, 65-68].

IV. CASE ANALYSIS

The use of the described numerical model for the transient
calculation of the GS is presented in the continuation. Analysis
is made for the experimental setup (Fig. 12), which assembles
the grounding mesh under test with dimensions 6 m x 6 m at a
depth of 0.5 m, connected with four vertical rods of 2 m length
and auxiliary mesh.

The auxiliary mesh consists of two horizontal conductors of
4 m length at a depth of 0.3 m and four vertical rods of 1.4 m
length. The soil is two-layered, with the 1% layer’s resistivity
of 140 Qm and depth of 1.9 m, and the 2" layer’s resistivity of
90 Qm. The current wave is the same in all cases, and it is
represented by the double exponential current waveform as
I(t) = 1000 (g 0015t —¢~1:81),

Fig. 12. Experimental setup consisting of impulse generator,
mesh under test and auxiliary mesh.

A. Calculation with Consideration of the Soil’s Permittivity

The graphs shown in Fig. 13 present the grounding impedance
Z(t) without (1% order problem) and with consideration of
displacement current (2" order problem), for two different
values of the soil’s relative permittivity 15 (Zp15) and 30
(Zp30), without ionization consideration. It can be seen that
the inductive and capacitive effect is most pronounced in the
initial part of the current pulse, and later the conduction effect
is predominant. For this reason, graph Z(t) is shown only for
the initial part of the pulse. The inductive effect is reflected in
the increase, while the capacitive in the reduction of the

impedance at the beginning. Of course, the value of the
individual impact depends on the geometry of the GS, material
properties, and structure of the soil and inclination of the
current wave.
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Fig. 13. Comparison between Z(t) without and with
considering the soil’s permittivity.

B. Calculation with Consideration of the Soil lonization

In Fig. 14 graphs Z(t) are shown without and with
consideration of the soil ionization, for three values of E,
which are 150 kV/m (Zi150), 450 kV/m (Zi450) and 750 kV/m
(Zi750). It is clear from the graphs that the change in Z(t)
occurs only after a certain time, when the value of the initiated
current increases to a value which, in the soil in the vicinity of
the grounding electrodes causes increase of E over E; or J
over Jc and, thereby, initiates the ionization process. This is
reflected in the decrease of the soil resistance in the
continuation of the current pulse, which results in a decrease
of Z(t) until the ionization process is completed. Then Z(t)
begins (deionization process) to increase again. This section is
not completely presented in the graphs. Additional
consideration of the displacement current in the analysis of the
soil ionization brings a change in value of Z(t) only in the
initial part of the graph. Since this is the same as on the graphs
presented in Fig. 13, graphs for different permittivity are not
added specifically. Figure 15 shows voltage U between mesh
under test and auxiliary electrode for the mentioned
conditions.
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Fig. 14. Comparison between Z(t) without and with
considering the soil ionization effect
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Fig. 15. Comparison between U(t) without and with
considering the soil ionization effect

Figure 16 shows the ionization/deionization region in the
vicinity of the grounding mesh for a single time moment in
combination with the electric potential distribution.

Fig. 16. lonization/deionization region in the vicinity of the
grounding mesh for Ec=150kV/m.

Of course, the distribution of the EMF is important in the
analysis of the GS. Figure 17 shows the distribution of the
electric potential on the surface and inside the soil. All graphs
are made at the moment when the current reaches a peak
value.

b)

c)
Fig. 17. Visualization of the electric potential; (a) 2D graph
and equipotential lines on the surface, (b) 3D graph and

equipotential lines on the surface, (c) color image of the
potential distribution.

V. CONCLUSIONS

The article presents the use of the FEM for the calculation of
the electromagnetic field in the vicinity of a GS in the case of
a low frequency fault current, and in the case of a pulse shape
current, as in the case of lightning discharge in the GS.
Because soil is a really conductive material, for accurate
calculation we also need accurate input data. These are
conductivity, permittivity and permeability. Since the
conductivity is not known for the entire discussed region, the
soil in the calculation is replaced by an equivalent multilayer
soil model, to which the conductivity and thickness of the
layer are determined approximately by an
experimental/numerical approach.

The permittivity of the soil is also approximate. The most
accurate is the data for the permeability of the soil, for which
we can take that u=uo. This is important for the calculation
results” implementation and for the selection of the method for
GS analysis, especially when the ionization/deionization
processes in the soil must be considered. Comparison of the
graphs confirmed the effect of the soil, due to its conductivity,
permittivity and dependence on E. on the calculation results. It
is important to note, that partial impact (conductive, inductive,
capacitive and ionization effects) may be larger, smaller or
negligible in certain cases. Of course, this is determined by the
relations between conductivity, permittivity, Jc, Js and also the
slope and the peak value of the current wave.

This means that, for a quality and credible analysis of the GS,
a good knowledge of the GS problem is needed, and only “ad
hoc” use of different software tools for the 3D calculation of
EMF is not enough.
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