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Chapter

Modeling Grounding Systems
for Electromagnetic
Compatibility Analysis
Antonio Carlos S. Lima, Pedro H.N. Vieira,

Marco Aurélio O. Schroeder and Rodolfo Antônio R. Moura

Abstract

In recent years, the development of smart grids for power distribution and the
increasing usage of 5G communication networks have played a large impact on the
resilience and reliability of grounding systems. Unexpected electromagnetic cou-
pling between a communication tower and the one used for the electric power
networks may pose a threat to the suitable performance of either system as one
must assure that electromagnetic compatibility together with unexpected transient
issues is within reasonable parameters. This requires wideband modeling of a
grounding system, typically carried out using numerical approaches based on the
Method of Moments. This modeling is implied in numerous segments to represent
the conductors involved and the numerical solution of a double integral for each one
of these segments. The modified nodal formulation used to obtain system voltages
and branch currents is first solved in the frequency domain, leading to a heavy
computational burden and a time-consuming simulation. This chapter briefly
reviews the procedure used to model grounding grids and presents some results to
illustrate the typical behavior. Afterward, a more complex system comprising a case
of electromagnetic coupling is then analyzed to illustrate the impact of nearby
grounding grids.

Keywords: grounding systems, method of moments, frequency domain analysis,
transient response, computational methods for electromagnetism

1. Introduction

This chapter focuses on the transient analysis of grounding systems and the
impact that the associated responses might have with respect to the electromagnetic
compatibility in nearby power apparatuses, installations, and people. It is assumed
that the reader is familiar with the electromagnetic field theory in both frequency
and time domains and some mathematical tools such as Method of Moments [1] and
Numerical Laplace Transform [2–6].

The development of smart grids for electric power distribution and the wide-
spread use of 5G communication networks will demand an accurate, efficient, and
resilient grounding system to avoid electromagnetic compatibility issues such as
interference or noise in apparatuses due to poor power quality, that is, harmonic
distortion in voltages and currents. Furthermore, an injected current due to
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lightning-related phenomena may lead to a ground potential rise (GPR) that could
damage several devices and play an important aspect in the reduction of personal
safety in the area surrounding the apparatuses. The most common approach to
overcome these possible challenges is to design a feasible, reliable, and efficient
grounding system. Therefore, it is of utmost importance to properly understand the
transient behavior of a given grounding system in an electrical power or communi-
cation installation and its interaction with its surroundings, be it a sensitive elec-
tronic device, another grounding system, people, or even the induced voltage at
ground level. In general terms, the main function of a grounding system is to
provide a pathway with the lowest possible impedance for faulty currents, leading
to the least possible voltage increase at the injection point and in its surrounding
area. By faulty current, one may consider the one associated with phenomena such
as lightning, switching, misoperation, and more recently, the combined harmonic
currents related to the presence of power electronic converters in the electric
power network.

To illustrate the general idea, consider the schematic presented in Figure 1,
where a small facility has a rather simple grounding system. It consists of a bare
horizontal conductor buried near the ground surface, for example, 0.5 m. The
conductor should be long enough that its longitudinal current IL decays as smoothly
as possible, preferably monotonically decreasing, and reaches to zero before
reaching the end of the conductor. The bare conductor is open-ended at the far end.
The shunt current IT represents the injected current in the soil, and it is the main
contributor to the voltage increase in the surrounding area. Both currents are
distributed in nature, and to account for their behavior, one must consider the
frequency dependency of conductor and ground. Even in this simple scenario, one
needs to divide the conductor into small segments so the Method of Moments can
be applied, thus leading to a large order for all the matrices involved. The segmen-
tation of any given conductor to very small segments is also needed for representing
the electromagnetic propagation throughout the conductor and surrounding media.

In actual installations, the scenario is even direr as more complex configurations
need to be considered. Transmission towers will demand a counterpoise configura-
tion involving an arrangement of conductors that are not parallel for some exten-
sion of their lengths. In some scenarios, there are horizontal and vertical conductors
to be considered. Figure 2(a) depicts the basic structure of a counterpoise for
grounding a power transmission tower. Electric power substations demand a
grounding grid, which is complex and large in dimensions, representing a challenge
for an accurate simulation of transient behavior. Figure 2(b) shows a nonuniform
grounding grid typically found in electric power substations.

Figure 1.
Schematic of an industrial facility with a simple bare conductor acting as the grounding system.
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Although the grounding grid is an element to ensure equipment and people
safety, it may have some drawbacks. For instance, an unexpected electromagnetic
coupling between a communication tower and the one used for the power network
may pose a threat for the suitable performance of electronic equipment as one must
assure that electromagnetic compatibility, together with unexpected transient
issues, is within reasonable parameters.

In the following sections, we present a mathematical approach based on the
Method of Moments to accurately represent a given grounding system. It is a
formulation suitable for the analysis related to electromagnetic compatibility issues,
as well as the associated current and voltage transient analysis. It is based on the
frequency domain formulation of a modified nodal admittance matrix with time
responses being obtained using the Numerical Laplace Transform.

2. Mathematical modeling of the equivalent circuit

As commented before, for an accurate assessment of the transient response of
the grounding system, a wideband representation is commonly required. The fre-
quency range of lightning-related phenomena goes from a few hertz up to tenths of
MHz. Thereby, in the frequency domain, a detailed representation is warranted by
using approaches such as the Finite Element Method (FEM) [7] or the Method of
Moments (MoM) [8–10]. It is also worth noticing that there are methods that
properly solve this numerical issue by solving Maxwell equations directly in the
time domain, such as the so-called Finite Differences Time Domain (FDTD)
[11, 12]. However, these approaches usually take even more computational time and
do not consider the frequency dependence of the soil. In this scenario, considering
full-wave frequency domain techniques, there are essentially two approaches to do
so. The first one relies on solving Maxwell equations (or the associated vector and
scalar potentials) numerically, while the second one applies circuit theory approxi-
mation whenever possible. For the latter, there are two approaches in the literature
that, although developed independently, share a “common kernel.” The first one is
called partial element equivalent circuit (PEEC) [13, 14] and has focused mainly on
electromagnetic compatibility issues. The second one is the so-called hybrid elec-
tromagnetic model (HEM) [10] and was initially developed to analyze underground
bare conductors such as the ones found in electrical grounding. It is important to
highlight that the so-called HEM is a particular case of the PEEC in the frequency
domain, considering only cylindrical conductors.

Given that both approaches lead to an equivalent circuit derived from the
behavior of the electromagnetic fields, these methods can be understood as hybrid
models. Regardless of the adopted approach, one needs to divide the conductors

Figure 2.
Two grounding grids configuration. (a) Counterpoise configuration for overhead line transmission towers and
(b) nonuniform grounding grid.
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involved in several shorter segments to assume a uniform electric current through it
and another uniform current, leaving the segment into the surrounding media.
Thus, all methods present a heavy computational burden, demanding an improve-
ment of their numerical performance.

In general, hybrid models consist of segmenting the grounding systems into
small segments and estimating the electric current that circulates along each seg-
ment (here called longitudinal current or IL) and the current that flows from the
electrode to the soil (here called transversal current or IT). Since these currents are
not known previously, it is necessary to apply the MoM to estimate these parame-
ters. To clarify this procedure, consider, as an example, the horizontal grounding
electrode shown in Figure 3. In this simple case, there are only two semi-infinite
media: air and soil. The electrode, with length L, radius a is buried at depth d in a
linear, isotropic, and homogeneous soil, with electrical resistivity ρ (electrical con-
ductivity σ ¼ 1=ρ), electrical permittivity ε, and magnetic permeability μ. In gen-
eral, according to data [15], the magnetic permeability of the soil is close to that of
the vacuum (μ≈ μ0). The air has ρair ! ∞ (σair ! 0), εair ≈ ε0, and μair ≈ μ0.

The first step is to divide the electrode into N segments with length ℓ ¼ L=N to
solve the problem. Then, the electromagnetic coupling is calculated for each pair of
elements considering the contribution of both IT (1) and IL (2). The numerical
values are obtained considering a simplification of the traditional MoM, that is,
considering a piecewise pulse base function (more details about this basis function
can be found in [16]). At this point, there are two approaches:

• consider the equivalent circuit obtained and solving it either in time or
frequency domain

• obtaining a modified nodal analysis (MNA) [17, 18] and solve the system.

umn ¼
ITn

4π σ þ jωε½ �LnLm

ð

Lm

ð

Ln

e�γr

r
dℓndℓm (1)

ΔUmn ¼ �jωμ
ILn
4π

ð

Lm

ð

Ln

e�γr

r
dℓ
!

n � dℓ
!

m (2)

As in PEEC, HEM considers that both IT and IL do not vary along the electrode, i.
e., it is uniform for each segment. Since the currents do not vary along the electrode,
it is possible to represent a linear system concentrating half of each ITn in each node
that composes a particular segment and considering Kirchhoff Current Law (KCL)
in each of these nodes, i.e., considering a pi-equivalent system, similar to the one
illustrated in Figure 4(a). Another possibility is to consider a T-equivalent circuit
(similar to the one illustrated in Figure 4b) and apply the KCL.

Figure 3.
Horizontal grounding electrode: Real physical system.
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Furthermore, the interface must be considered. Hence, a classical solution in
hybrid models is using the so-called “Image Methods” (IM) [19–21]. Figure 5 illus-
trates the equivalent physical system obtained by applying the IM already consid-
ering the electrode subdivided intoN segments and considering uniform currents in
each element.

Additionally, it is important to comment that two main bottlenecks guarantee
computational inefficiency:

1.one is related to segmenting the electrode, leading to large and dense matrices;

2.other is associated with a large number of numerical integration of terms in the
form of e�γr=rð Þ, leading to a high time-consuming process.

Moreover, these two computationally intense tasks are to be performed at every
frequency sample. To overcome such problems, there are some technical proposi-
tions in the literature. In [22], the possibility of increasing each segment length is
discussed to reduce the matrices’ size, leading to a reduction in the computational
burden. In [23], it is presented an alternative to the problem by presenting an
average exponential term, that is, approximating the e�γr=rð Þ as an average value
along the electrode, this leads to the necessity of solving the numerical integral only
once for each segment. In [24, 25], it is proposed to use the first term in the
MacLaurin series expansion of the integrand to obtain a closed form approximation.
Since it is necessary to solve the system just once in both cases, it reduces the
computational time. Note that these approximations have presented a feasible
alternative in most cases (considering that the inject current has a limit frequency
band below the 10 MHz). If the frequency spectrum is superior to 10 MHz, these
approximations should be avoided. The Appendix presents a relationship between
electromagnetic fields and more practical parameters (potential difference, voltage

Figure 4.
Equivalent circuits obtained to apply the circuit theory in PEEC-type simulation. (a) PEEC pi-equivalent
circuit and (b) PEEC T-equivalent circuit.

Figure 5.
Horizontal grounding electrode: corresponding model.
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drop, and step voltage). If the reader is not familiar with the potential/voltage
concepts, the authors recommend that the reader goes to the Appendix.

3. Case studies and results

Some case studies were selected to show the response in both frequency and
time domains. For the frequency domain analysis, harmonic analysis is performed
by injecting a 1A current in every frequency. In the time domain, a double expo-
nential function with unit amplitude was injected to simulate a 0:1=50 μs wave,
illustrated in Figure 6 and given by (3), in A. The investigated quantities are the
harmonic impedance, GPR, and step voltage along a 1�m straight line in the þx-
direction, calculated both by the potential difference Δu and by the voltage drop
Up1�p2, as defined in the Appendix. Note: the �z-direction is the one considered
downward, that is, deeper in the soil.

i tð Þ ¼ e�2�104 t � e�107 t (3)

3.1 Horizontal electrode

The first investigation is of a horizontal electrode, 15 m long with a 7 mm radius.
The conductor starts at x ¼ 2:5 m and ends at x ¼ 17:5 m. A current of 1A is injected
in the x ¼ 2:5 m point of the conductor. Two cases are considered: a soil which low-
frequency conductivity σ0 is 1 mS and other which it is 10 mS. In both cases, the
Alipio-Visacro soil model is used with mean values [26].

This case is very similar to the one presented by Alipio et al. [27] but has an
important difference: The soil models used therein were both with constant
parameters and one presented by Portela et al. [28]. Therefore, a difference in
their results is expected because the Portela soil model overestimates the soil
conductivity in higher frequencies compared to the Alipio-Visacro soil model
used here.

The harmonic impedance is shown in Figure 7. According to these results, in the
low-frequency spectrum, it is mainly resistive, thus being approximately modeled
by a resistor. However, up to a few megahertz, its capacitive and inductive

Figure 6.
Injected current for time-domain analysis.
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natures start to play an important role. These pieces of information can be seen in
both module and phase values. This impact is even more pronounced in low
conductivity soil.

The harmonic step voltage absolute value is shown in Figure 8. In low frequen-
cies, the potential difference ∆u coincides with the voltage drop Up1�p2. Then, after
a few kHz, they begin to differ significantly. This difference is accentuated in higher
frequencies. Hence, it is important to consider the nonconservative component of
the electric field for high-frequency phenomena.

The GPR is greater for low conductivity soils for the time-domain simulation, as
shown in Figure 9.

The transient step voltage, illustrated in Figure 10, shows a difference between
the potential difference ∆u and the voltage drop Up1�p2, which is greater in the first

Figure 7.
Harmonic impedance of a horizontal electrode. (a) Absolute value and (b) phase.

Figure 8.
Harmonic step voltage above a horizontal electrode comparing the potential difference Δu and voltage drop
Up1�p2. (a) f = 100 Hz, (b) f = 305:39 kHz, (c) f = 0:98 MHz, and (d) f = 3:13 MHz.
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time steps. This difference diminishes when the high-frequency components of the
injected current go to zero in later time steps.

3.2 Vertical rod

Another simple case that was investigated is of a vertical rod, but its harmonic
impedance and GPR are very similar to that of a horizontal electrode. Moreover,
because the longitudinal current is downward in the �z-direction, the

Figure 9.
GPR of a horizontal electrode.

Figure 10.
Transient step voltage above a horizontal electrode comparing the potential difference Δu and voltage drop
Up1�p2. (a) t = 0.1 us, (b) t = 0.2 us, (c) t = 0.4 us and (d) t = 1.2 us.

8

Recent Topics in Electromagnetic Compatibility



nonconservative electric field only has a component in the z-direction. Therefore,
the potential difference ∆u is equal to the voltage drop Up1�p2, independently of the
frequency. Hence, this case is omitted.

3.3 Rectangular grid

A rectangular grounding grid was investigated, illustrated in Figure 11. It is a
20� 16 m2 grid divided into 4� 4 m2 squares buried 0:5 m deep in the soil. It is the
same geometric configuration as the one presented in [29], but the soil parameters
used here are different. Similarly, to the previous section, the Alipio-Visacro soil
model is used with mean values [26] considering, in one case, a low-frequency
conductivity σ0 of 1 mS and 10 mS for the other one.

For this case, the step voltage was calculated in the þx-direction along the line
y ¼ 8, that is, along the middle of the grid. The current was injected in the grid’s
corner at x ¼ y ¼ 0.

The harmonic impedance of that grid is shown in Figure 12. Because the total
conductor area is bigger and goes further from the injection point, the harmonic
impedance of the grid is smaller than the horizontal electrode. This effect is stronger

Figure 11.
Simulated grounding grid.

Figure 12.
Harmonic impedance of a grounding grid. (a) Absolute value and (b) phase.
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for less conductive soil. The phase behavior of the impedance, however, is very
similar.

The harmonic step voltage is shown in Figure 13. For low frequencies, the
maxima are near the grid edges and peaks when crossing conductors (namely at
x ¼ 0, 4, 8, 12, 16, 20). Nearer the injection point, the voltage drop Up1�p2 is greater
than the potential difference ∆u. The voltage drop quickly becomes smaller than the
potential difference further away from the injection point. The step voltage in a
higher conductivity soil is much smaller than that for a low conductivity soil.

The GPR, illustrated in Figure 14, is smaller than the one observed for the
horizontal conductor due to the smaller harmonic impedance.

The transient step voltage is illustrated in Figure 15. There is little coincidence
between the potential difference ∆u and voltage drop Up1�p2. However, the differ-
ence between these quantities takes longer to fade for the grid. The voltage drop has

Figure 13.
Harmonic step voltage above a grounding grid comparing the potential difference Δu and voltage drop Up1�p2.
(a) f ¼ 100 Hz, (b) f ¼ 305:39 kHz, (c) f ¼ 0:98 MHz, and (d) f ¼ 3:13 MHz.

Figure 14.
Ground potential rise (GPR) of a grounding grid.
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a negative offset due to the nonconservative electric field’s direction associated with
the conductors’ longitudinal currents.

3.4 Three communication towers

This case is about three communication towers in close proximity to each other.
All of them are grounded by 12� 12 m2 square grids buried 0:5 m deep. Each
grounding grid is 6 m apart from the next one, as illustrated in Figure 16. Four cases
are considered: having all the grids connected or isolated from each other while the
soil is represented by the Alipio-Visacro model [29] with mean values and low-
frequency conductivity σ0 of 1 mS and 10 mS. The current is always injected at the
first grid’s lower-left corner (the grids are enumerated 1 to 3, from left to right).
These connections are a common practice since it reduces the global grounding
impedance for low-frequency phenomena.

Figure 15.
Transient step voltage above a grounding grid comparing the potential difference ∆u and voltage drop Up1�p2.
(a) t ¼ 0:1 μs, (b) t ¼ 0:2 μs, (c) t ¼ 0:4 μs, and (d) t ¼ 1:2 μs.

Figure 16.
Grounding grids from the communication towers.
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The absolute values of the harmonic potentials that appear at the corner of
each grid are shown in Figure 17. Connecting the grounding grids of the towers has
the effect of equalizing their potentials in low frequencies, reducing the potential
that arises in the tower that injects the current in the ground, but raising the
potential in the other ones. However, after a few MHz, connecting has practically
no effect in reducing harmonic potential. This can be explained based on electro-
magnetic wave theory. With the increase in both frequency and conductivity, the
propagation constant has a greater attenuation constant (real part of the propaga-
tion constant). Hence, the nearby grounding grids do not guarantee an actual
impact on the potential.

These results show that there is an effective length1 of the conductors, indicating
that for some current excitation, the interconnection between grids does not reduce
GPR. Thus, adding more or longer conductors to reduce potential has no practical
impact in high frequencies and high conductivity soils, although it is very beneficial

Figure 18.
GPR at the lower-left corner of each tower’s grounding grids. (a) σ0 ¼ 1 mS and (b) σ0 ¼ 10 mS.

Figure 17.
Harmonic potential at the lower-left corner of each tower’s grounding grid. (a) σ0 ¼ 1 mS and (b) σ0 ¼ 10 mS.

1 The current dispersed to the soil along the grounding electrode shows nonuniform distribution.

This nonuniformity is more pronounced at high frequencies. In this case, the attenuation effects are

intense. Associated with this attenuation there is a critical electrode length, such that if a longer

electrode is considered there will be no additional current dispersion. At this critical length is given the

name of effective length, which depends on the soil conductivity and the frequency spectrum of the

injected current.
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(and extensively used in grounding design) in steady-state operations. In time-
domain analysis, it is possible to notice this phenomenon in the first-time steps.
Take Figure 18(a), for instance. Considering Grid 1, until around 0:5 μs, the curves
associated with the connected system and the isolated one are overlapped. How-
ever, after that point, the values start to drift away from each other. This is less
pronounced in higher conductivity media; see Figure 18(b), for instance.

As mentioned before, connecting the grids has the downside of raising the GPR
in the other grids as all of them become equipotential. Thus, it is of utmost impor-
tance to properly design the grounding grid, taking into account the equipment that
will be connected in these grids as well as the possibility of protecting such elements
from unexpected transferred potential. For example, consider Figure 18(a). If a fast
current strikes Grid 1 and Grid 2 has sensible electronics equipment connected to it,
the potential rise on this equipment will be around three times higher if the grids are
connected, leading to a faulted equipment.

As expected from the analysis of previous cases, the harmonic step voltage in the
þx-direction calculated by scalar potential difference ∆u and calculated by voltage
drop Up1�p2 has the same numerical values for low frequencies but differ in higher
frequencies, as illustrated in Figures 19 and 20. That difference is greater when the
grids are connected because the current can then travel farther from its injection
point and, therefore, cause a stronger electric field above the other grids.

The transient step voltage in the þx-direction is shown in Figures 21 and 22. In
the first moments, while the injection current is rising, the step voltage has high-
frequency components, and the step voltage is zero, far from the first grid.

The step voltage calculated by the voltage drop Up1�p2 has a negative offset
compared to the potential difference ∆u because of the current direction in the

Figure 19.
Harmonic step voltage on the ground surface along the line y ¼ 6 m comparing the potential difference ∆u
and voltage drop Up1�p2 above the tower’s grounding grids for soil with σ0 ¼ 1 mS. (a) f ¼ 100 Hz,
(b) f ¼ 305:39 kHz, (c) f ¼ 0:98 MHz, and (d) f ¼ 3:13 MHz.
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Figure 21.
Transient step voltage on the ground surface along the line y ¼ 6 m comparing the potential difference ∆u and
voltage drop Up1�p2 above the tower’s grounding grids for soil with σ0 ¼ 1 mS. (a) t ¼ 0:1 μs, (b) t ¼ 0:2 μs,
(c) t ¼ 0:4 μs, and (d) t ¼ 1:2 μs.

Figure 20.
Harmonic step voltage on the ground surface along the line y ¼ 6 m comparing the potential difference ∆u
and voltage drop Up1�p2 above the tower’s grounding grids for soil with σ0 ¼ 10 mS. (a) f ¼ 100 Hz,
(b) f ¼ 305:39 kHz, (c) f ¼ 0:98 MHz, and (d) f ¼ 3:13 MHz.
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conductors, particularly in the conductors that connect the grids. The
nonconservative component of the electric field from the currents in the conductors
that connect the grids has a �x-direction.

4. Discussions and conclusions

When making an analysis or project, it is essential to be aware of the used
mathematical model’s simplifications (and limitations thereof). It is often desirable
to reduce computational times, usually through mathematical approximations,
which restrains the model’s applicability. For instance, the results and modeling are
presented here to consider all conductors as thin wires.

One approximation that is often made in electromagnetic compatibility and
grounding projects is to consider voltage drop (integral effect of the electric field
along a given path) as equal to the scalar electric potential difference. However, this
will only be true for low-frequency phenomena. As it was shown as an example in
the previous sections, the step voltage calculated by integrating the total electric
field is different from the scalar potential difference (i.e., considering only the
conservative component of the field).

Simplifying the voltage calculation along a path by computing only the scalar
potential difference is desirable because that significantly reduces computational
time. Unfortunately, that simplification cannot be made except for some low-
frequency phenomena. The simulations presented here demonstrate that the
voltage drop can be higher or lower than the electric potential difference,
depending on the studied case. Hence, more careful approach should be made
when calculating the voltage due to lightning, and the total electric field should
be integrated.

Figure 22.
Transient step voltage on the ground surface along the line y ¼ 6 m comparing the potential difference ∆u and
voltage drop Up1�p2 above the tower’s grounding grids for soil with σ0 ¼ 10mS. (a) t ¼ 0:1 μs, (b) t ¼ 0:2 μs,
(c) t ¼ 0:4 μs, and (d) t ¼ 1:2 μs.
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A common practice is to connect multiple grounding structures that are close to
each other. However, the results have shown that connecting multiple grounding
structures may not always be beneficial, depending on the intention. In low con-
ductivity soils, that connection has the advantage of reducing the ground potential
rise (GPR) of a structure when it is subject to current discharges, but it inadver-
tently raises the GPR in the other structures. It also has the consequence of raising
the step voltage near those other grounding structures. Therefore, the common
practices and standard recommendations should be inquired if they are the best for
a given project and intention.

A. Appendix: Electromagnetic modeling for determining potential
difference, voltage drop, and step voltage

After determining the current distributions in the grounding electrodes, as
presented in Section 2, it is possible to calculate the total electric field, the potential
difference, and voltage drop. This Appendix presents a brief quantification of these
quantities.

A.1 Total electric field E
!

Total and its components

Knowing IT and IL, it is possible to calculate the total electric field (E
!

Total) at a

generic point in soil, as well as its conservative (E
!

C) and nonconservative (E
!

NC)
components. Here, it is called conservative electric field component, the part asso-
ciated with the transversal current, that is, the one that contemplates the electro-
magnetic field’s divergence nature. On the other hand, here it is called nonconservative
electric field component, the part associated with the longitudinal current, that is,
the one that contemplates the curling nature of the electromagnetic field.

A.1.1 Conservative electric field component (E
!

C)

To illustrate, consider a point current source IT�p, located in the soil.
This current generates an electric scalar potential VP given by:

VP ¼
IT�p

4π σ þ jωε½ �

e�γr

r
(4)

where r is the distance between the source point and the observation point P.

The electric field associated with this current source (E
!

C) is straightforwardly
obtained (at any generic point P, into the ground) by the gradient of VP [27]:

E
!

C ¼ �∇
!
VP ¼

IT�p

4π σ þ jωε½ �

1þ γrð Þ e�γr

r2
a
!
e (5)

where a
!
e is the unit vector that defines the direction of E

!

C.
The electric field generated by the total transverse current IT from a given

segment of length ℓ ¼ L=N (see Figure 5) can be determined by the cumulative
effect of point current sources along the segment, considering a continuous and
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uniform current distribution with linear density ITi=Li. Then, the electric field E
!

Ci

due to these currents is given by [27]:

E
!

Ci ¼
1

4π σ þ jωε½ �

ð

ℓi

ITi 1þ γrið Þ e�γri

Lir2i
dℓi a

!
e (6)

where ri is the distance between the infinitesimal element dℓi and point P; a
!
ei is

the unit vector that defines the direction of E
!

Ci.
With similar reasoning, it is possible to determine the conservative electric field

component associated with the transverse current of the image segment E
!

Ci�image.

E
!

Ci�image ¼
1

4π σ þ jωε½ �

ð

ℓi

ΓrITi 1þ γ ri�image

� �

e�γri�image

Lir2i�image

dℓi�image a
!
e�image (7)

where ri�image is the distance between the in the infinitesimal element dℓi�image

and point P; a
!
e�image is the unit vector that defines the direction of E

!

Ci�image and Γr

is the reflection coefficient given by [19, 20] (see Figure 5):

Γr ¼
σ þ jω ε� ε0ð Þ

σ þ jω εþ ε0ð Þ
(8)

By considering the system linear and applying the superposition theorem, one

can determine the total conservative component E
!

Ci�Total associated with the
segment i (see Figure 5):

E
!

Ci�Total ¼ E
!

Ci þ E
!

Ci�image (9)

Finally, the total conservative component E
!

C�Total is obtained via the sum of
all the conservative field components associated with the transverse currents in the
N segments:

E
!

C�Total ¼
X

N

i¼1

E
!

Ci þ E
!

Ci�image

� �

(10)

A.1.2 Nonconservative electric field component (E
!

NC)

Consider the longitudinal current ILi flowing along segment i (see Figure 5).

This current source generates a magnetic vector potential A
!

Pi at a generic point P of
the medium given by:

A
!

Pi ¼
μ0

4π

ð

ℓi

ILi
e�γri

ri
dℓ
!

i (11)

where: dℓ
!

i is the length vector element of segment i, which defines the direction

of A
!

Pi.

In the frequency domain, the associated nonconservative electric field E
!

NCi is
given by [27]:
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E
!

NCi ¼ �jωA
!

Pi ¼ �jω
μ0

4π

ð

ℓi

ILi
e�γri

ri
dℓ
!

i (12)

Similarly, the component corresponding to the image segments E
!

NCi�image is
given by [27]:

E
!

NCi�image ¼ �jωA
!

Pi�image ¼ �jω
μ0

4π

ð

ℓi

ILi
e�γri�image

ri�image
dℓ
!

i�image (13)

In this case, the image method is applied as shown in [21], where the reflection
coefficient is equal to the unit, that is, Γr ¼ 1.

Finally, for the total nonconservative component of the electric field E
!

NC�Total,
Eq. (14) is obtained.

E
!

NC�Total ¼
X

N

i¼1

E
!

NCi þ E
!

NCi�image

� �

(14)

A.1.3 Total electric field (E
!

Total)

The total electric field E
!

Total is determined by the vector sum of Eqs. (10) and (14):

E
!

Total ¼
X

N

i¼1

E
!

C�Total þ E
!

NC�Total

� �

(15)

A.2 Potential difference, voltage drop, and step voltage

In several cases, potential difference, voltage drop, and step voltage are more
practical parameters. However, these definitions depend on the electric field’s
nature. For instance, in studying personal protection or electromagnetic compati-
bility, these parameters may be more interesting and applicable. Here follows a
brief definition of each one of them.

A.2.1 Potential difference (∆u) – path independent

The potential difference corresponds to the line integral of E
!

C�Total, which
depends only on the start (p1) and end (p2) points, not depending on the integra-
tion path. Thus, it is defined according to Eq. (16).

Δu ¼ �

ð p2

p1

E
!

C�Total � dℓ
!
¼ u2 � u1 (16)

A.2.2 Voltage drop (Up1�p2) – path dependent

The voltage drop corresponds to the line integral of E
!

Total, which depends on
the start and endpoints and the integration path. Thus, it is defined according to
Eq. (17).

Up1�p2
¼

ð p2

p1

E
!

Total � dℓ
!

(17)
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