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Abstract— Soil ionization can have a significant impact on the
surge characteristics of grounding electrodes and should be
considered when assessing the lightning performance of
concentrate arrangements of grounding electrodes in power
systems. The dynamics of this phenomenon can be properly
represented by the variation in soil resistivity, an approach
successfully applied in finite-difference time-domain (FDTD)
simulations. The FDTD method, however, has a high
computational cost, making it unsuitable for large scale cases. This
article presents the integration of existing soil ionization models,
based on the variable resistivity approach, into the
Electromagnetic Transients Program (EMTP®) via a dynamic link
library (DLL), for calculating grounding resistance. Three
application examples are presented, and the results are compared
with measurements and values calculated in the literature using
FDTD. Single vertical rods and four parallel rods with bipolar or
unipolar injected currents are covered. The results show good
accuracy and remarkable agreement with FDTD results,
demonstrating their equivalence and great potential in
representing the phenomenon accurately in high-performance
electromagnetic transients software.
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I. INTRODUCTION

IGHTNING performance of power systems depends
greatly on the surge characteristics of the grounding
electrodes, whose representation can become particularly
complex when the effects of soil ionization are considered. This
phenomenon occurs when large current densities flow from the
grounding electrode into the soil, leading to exceeding the
disruptive electric field of the soil. Corona-type discharges
occur around the electrode and the conductivity of the ionized
region increases, reducing the electrode grounding resistance.
Different approaches for representing the impact of soil
ionization on grounding resistance can be found in literature.
Some authors represent it by increasing the electrode
transversal dimensions [1], [2], [3], [4]; others by varying the
soil resistivity [5], [6]; or by empirical expressions [7], [8], [9].
Empirical models represent a conservative simplification of
the phenomenon [8] but are widely used (see [10]-[13]) due to
their simplicity and easy implementation in electromagnetic
transient (EMT) simulation programs. The variable soil
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resistivity approach has been employed in finite-difference
time-domain (FDTD) [14] simulations, and shows good
accuracy for various electrode configurations and surges,
see [15]-[17]. In this approach, proposed in [15], the electric
field strength and the resulting resistivity variation are
calculated in each FDTD cell depicting the soil, and the
electrode resistance is modified due to the local soil resistivity
variations. This FDTD method, however, has a high
computational burden, as it requires the use of a refined mesh
close to the electrode, and a small simulation time-step, which
is related to the smallest cell size used. Therefore, despite its
accuracy and the importance of representing the phenomenon,
the method has not been used in larger-scale FDTD simulations,
such as those involving lightning strikes on transmission
towers, see [18]-[21]. In [22], a new method is proposed for
representing the effect of soil ionization on grounding
resistance in FDTD simulations. The method is also based on
the variable soil resistivity approach, but avoids mesh
refinement by using a dynamic soil ionization model ([5] or
[6]), which assumes equipotential surfaces around the electrode
to calculate the electrode resistance and whose variation is
represented in FDTD using an equivalent radius. The
method [22] allows for simulations hundreds of times faster
than those of [15] while still accounting for soil ionization
dynamics. However, the application of FDTD to large-scale
networks remains unsuitable due to its computational cost.

The calculations of electrode resistance following the same
dynamic soil ionization models [5][6] can be integrated into the
Electromagnetic Transients Program (EMTP®) via the dynamic
link library (DLL) [23], thus taking advantage of both the
program's high performance and accuracy of the variable soil
resistivity approach. In this article, two existing dynamic soil
ionization models based on the variation of soil
resistivity [5][6] are integrated into the EMTP® using a DLL.
Three experimental cases from the literature are used as
application examples. The results obtained using the developed
DLL are compared with the values measured and calculated in
the literature using FDTD. The proposed approach could be
realized in other EMT-type software. Note that the
representation of the soil ionization effect by a wvariable
resistance is widely used in electromagnetic simulation tools
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(see [10]-[13]). However, the novelty of this work lies in
applying variable soil resistivity-based models, rather than
empirical ones, to represent the grounding resistance variation
- and in comparing results with those obtained in the literature
using the same approach implemented in FDTD simulations.
This article is organized as follows. A background on soil
ionization models is presented in SectionII. The
implementation of two soil ionization models is described in
Section III. Three application examples are presented in
Section IV and then conclusions are drawn in Section V.

II. BACKGROUND ON SOIL IONIZATION MODELING

A. The variable resistivity approach [5], [6]

In this approach, the region around the electrode is
considered to be composed of elementary shells of uniform
thickness dr, defined by equipotential surfaces. For instance,
Fig. 1 illustrates the cylindrical-hemispherical equipotential
surfaces considered for the case of a single vertical rod.
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Fig. 1 Scheme of cylindrical-hemisphere equipotential surface for a single
vertical rod.

Each elemental shell j has a resistance dR; given by

Pj
dR; = —
J Aj

dr (D)

where p; and A; are the resistivity and surface area of the
shell j, respectively. The formulations of the area of
equipotential surfaces for different configurations of vertical
rods can be found in [5].

The resistivity in each shell is initially equal to its nominal
value p,. At each time instant, the value of the electric field in
the shell j is evaluated as follows

i(t)

Ei(t) = Pi g 2
j

where i(t) is the current injected into the electrode.

From the moment the electric field strength reaches the
critical value E, the process of soil ionization begins and the
value of the resistivity in the shell varies. In the widely used
model [5], the variation in resistivity during soil ionization is
represented by

p(t) = po exp(—t/t;) 3)
where 7; is the ionization time constant. As can be seen,
resistivity in (3) only varies as a function of time. In [6] it is

proposed that resistivity also varies with the strength of the local
electric field, assuming a critical value Pc; given by

E.
Pc]-—i(t)Aj @)
Equation (4) represents the restoration of the critical field
value E. by the charges resulting from the soil ionization,
which in turn has its own dynamics, that is represented by
attributing an exponential variation to Pc; as follows

p(®) = po + (pe; = po) [1 — exp(—t/7)] ®)

Once the electric field in the ionized region becomes lower
than E., the deionization process begins, and the resistivity
tends to return to its nominal value. Both [5] and [6] describe
the variation in resistivity during deionization by the following
expression

p(®) = pi; + (po—pi;) 1 ©)
—exp(—t/ty)](1 —E/E.)?

where t; is the deionization constant and Pc; is the lowest

resistivity value reached in the shell j during the ionization
process.

The electrode resistance is calculated by integrating dR
from its surface to infinity.

Note that both models ([5] and [6]) rely on the value of E_,
which depends on the dielectric properties and electrical
conductivity of the soil, influenced by factors such as moisture,
electrical resistivity, and composition. Since these properties
vary with actual soil conditions, E. is typically adjusted
through experimental measurements to ensure the accuracy of
the model. Furthermore, the values of 7; and t; to be used
depend on the soil ionization model, as they are based on
different assumptions and describe the ionization process
differently. Model [6] considers t; and 7; to always be
0.5 pus, on the basis that the magnitude of the simulation
parameters related to the basic physical phenomena should not
vary drastically from one application to another. Model [5], on
the other hand, assumes that these parameters can vary and are
adjusted according to experimental results.

B. Representation of soil ionization in FDTD
simulations [15], [22].

The concept of the FDTD method can be briefly described
as the division of the space of interest into small cubic or
rectangular cells, with electric field components tangential to
their edges and magnetic field components perpendicular to
their surfaces. Each field component is assigned the electrical
parameters (conductivity, permeability, and permittivity) of the
medium the cell represents. At each time step, the electric and
then magnetic field components are calculated using Maxwell's
equations approximated by finite difference.

The method for representing soil ionization in FDTD



simulations proposed in [15] is based on the variable resistivity
approach, using the expressions proposed by [5]. At each
simulation time instant, the electric field is evaluated in each
cell representing the soil. If the electric field component is
higher than the critical value E., the resistivity associated with
this component varies according to (3), and if the electric field
component reduces to a value lower than E, the variation in
resistivity follows (6).

The method proposed in[22] calculates the electrode
resistance at each time instant using a dynamic soil ionization
model ([5] or [6]) described in Section II.A and represents this
new resistance value by varying the electrode radius in FDTD
using a thin wire formulation. Method [22] therefore evaluates
the electric field and the corresponding variation in soil
resistivity on each equipotential surface around the electrode,
rather than on each cell in the soil, as in[15]. This
approximation makes it possible to avoid the cell refinement
required in [15] and thus to carry out much faster simulations.
Simulation speed gains of up to 539 times are obtained in [22].
The good agreement of the results in [22] with those obtained
using method [15] demonstrate the validity of the assumption
of equipotential surfaces and the equivalence of the methods.

III. INTEGRATION OF DYNAMIC SOIL IONIZATION MODELS IN
EMTP

An object-oriented DLL written in Fortran was developed to
calculate electrode resistance following the variable resistivity
approach presented in section II.A. This approach allows the
creation of an EMTP® device that performs a desired function,
which in this case consists of calculating the electrode
resistance from the value of injected current and the
characteristics of the electrode and soil using the dynamic soil
ionization model of [5] or [6] described in section II.A. Note
that the difference between the two models is the expression
used for the resistivity variation during ionization. The model
in [5] uses (3) and in [6] uses (5).

Fig. 2 shows the EMTP® device created using the DLL. Its
input (i1) is the current value flowing through the R nonlinear
controlled device, which is fed by the resistance calculated by
the DLL device (o1), inverted by a control device. Note that the
resistance calculation by integrating dR is done internally in
the DLL.
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Fig. 2. Circuit assembled in EMTP® with the developed DLL to represent the
grounding electrode under the effect of soil ionization.

The circuit shown in Fig. 2 is embedded in a block whose

mask allows the user to determine the soil ionization model to
be used ([5] or [6]) and enter the characteristics of the soil and
the electrode, see Fig. 3.
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Fig. 3. Mask of the block containing the circuit with the dll, shown in Fig. 2.

IV. APPLICATION EXAMPLES

Three cases from the literature, for which the effect of soil
ionization on grounding resistance has been observed
experimentally and calculated using FDTD, are used as
application examples. The results measured and calculated
using FDTD are compared with those using the developed DLL
in EMTP® simulations. Note that since method [22] also uses
the simplifying assumptions of equipotential surfaces, only
cases in the literature in which method [15] is used, which
refines the FDTD cells and calculates the electric field and the
variation in soil resistivity in small space steps, will be
considered.

Case I represents the experiment presented in[24] and
calculated using FDTD in [16][25]. The case consists of a
vertical rod of 25 mm radius, buried 1 meter deep in a 43 Qm
homogeneous soil. The current injected into the electrode is
bipolar with two peaks as shown in Fig. 4(a).

Case II corresponds to the measurements presented in [5]
and calculated using FDTD in [17]. The vertical rod in this case
has a radius of 6.35 mm and is buried at a depth of 0.61 min a
homogeneous soil of 50 Qm. The injected current is single-peak
unipolar as depicted in Fig. 4(b).

Case III depicts the measurement presented in[26] and
calculated using FDTD in [16][25]. In this case there are four
parallel vertical rods of 12.7 mm radius, separated at a distance
of 3.09 m, and buried 3 m deep in homogeneous soil with a
resistivity of 93 Qm. The rods have their upper end on the
surface of the ground and are connected by bare conductors.
The injected current is shown in Fig. 4(c).

The electrode and soil configurations are summarized in



Table I.

The injected currents have a rise time of 2.4, 5.5 and 19.3 us
in cases I, II and III, respectively. The current in case I was
represented by piecewise linear approximation and
implemented in EMTP® using the Table Function Current
Source device. The currents in cases II and III were represented
using a polynomial function and implemented in EMTP® using
a Controlled Current Source device. For the proper
representation of the injected currents, a simulation time-step
corresponding to 1/50 times the rise time of each current was
used.
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Fig. 4. Injected current in considered experiments: (a) case I [24], (b) case
11 [5], and (c) case 111 [26].

In each case, the EMTP® simulation was carried out using
Model 2 (from [5]) implemented in the DLL and the parameters
shown in Table II. Model 2 was used for comparison purposes
with literature results using FDTD, as both are based on the

same expressions for the variation in soil resistivity ((3) and
(6)). Note that the parameters in Table II are the same as those
used in literature with FDTD.

TABLE
SOIL AND ELECTRODE CONFIGURATIONS IN EACH APPLICATION EXAMPLE
Case Parameters
po (Qm) Rods 1, (mm) £ (m)
I 43.5 1 25.0 1.0
11 50.0 1 6.35 0.61
111 93.0 4 12.7 3.0

The results of the simulations are shown in Fig. 5(a), (b), and
(c), for cases I, II and III, respectively. Results without
considering ionization, measured values, and calculated in the
literature using FDTD are included in the figures.
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Fig. 5. Waveform of the voltage at the top of the vertical rod, calculated

with the developed DLL using model 2. (a) case 1[24], (b) case 11 [5], and (c)
case 111 [26].



TABLE I1
SOIL PARAMETERS CONSIDERED IN EACH APPLICATION EXAMPLE

Case Model 2
Ec (kV/m) 7; (ps) Tq (ps)
1 120 0.5 4.5
I 100 2.0 4.5
111 50 2.0 1.0

Results show the reduction in voltage at the top of the rod
due to soil ionization, as expected. There is a remarkable
agreement between the results obtained using Model 2 and
those in the literature using FDTD, demonstrating their
equivalence. It is worth noting that the FDTD method has a
much higher computational cost. Simulations using FDTD
using a refined mesh, as required to represent soil ionization,
can take hours of simulation with standard computing
resources [22], while simulations of these cases using EMTP®
take less than 0.3 s with a 2.4 GHz, Core 17-1200H computer
with 16 GB of RAM.

V. CONCLUSIONS

This article presents the integration of existing dynamic soil
ionization models in EMTP® using DLLs for calculating
grounding resistance. The models are based on the variable soil
resistivity approach, by which it is possible to represent the
dynamics of soil ionization and deionization. This approach has
been used with the FDTD method and has provided consistent
results; however, the high computational cost of FDTD makes
it unsuitable for simulating lightning-related events in large-
scale networks. This is overcome by the DLL implemented in
EMTP®, which combines the good accuracy of the variable
resistivity approach with the high performance of the
electromagnetic transients program.

Three application examples are presented, where single
vertical rods and four parallel rods are subjected to currents of
different waveforms (two-peak bipolar and single-peak
unipolar). The results obtained with the developed DLL are
compared with literature values calculated using FDTD and
measured, and show good accuracy. Results using the widely
used soil ionization model [5], on which the FDTD method is
based, show excellent agreement with the FDTD results,
demonstrating their equivalence, even though the FDTD
method has a high computational cost, with simulations taking
hours, while the same simulation in EMTP® takes fractions of
a second. The implemented DLL is, therefore, a powerful tool
for using accurate soil ionization models in EMT-type software.
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