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Abstract—This paper addresses the influence of concrete on
the overvoltages developed in a 138-kV transmission line (TL)
subjected to lightning strikes with variable amplitude. This
study considers a tower-footing grounding system consisting
of four counterpoise conductors, utilizing both bare and
concrete-encased electrodes. The harmonic grounding impedance
is initially calculated over a frequency range from 100 Hz
to 10 MHz. Subsequently, the ground potential rise (GPR)
developed by the tower-footing grounding system under lightning
currents with adjustable peak values is analyzed. Furthermore,
the impulse impedance is computed to model the tower-footing
grounding system within the simulated power network. The
TL is modeled using the Universal Line Model (ULM), which
incorporates frequency-dependent (FD) soil parameters and
ground-return parameters calculated via Nakagawa’s equations.
Simulations are performed in ATP-EMTP, where the ULM is
implemented in MATLAB and incorporated into the model via
a PCH file. Finally, the overvoltage waveforms generated for the
138-kV power system subjected to a lightning strike are analyzed
for three different values of low-frequency soil resistivity modeled
using Alipio-Visacro’s approach: 700, 1,500, and 4,000 Q2.m. The
simulation results reveal a substantial reduction in harmonic
impedance for the concrete-encased grounding system compared
to the bare-electrode configuration. This reduction leads to
lower impulse impedance and results in GPR waveforms with
significantly reduced peak values when concrete is incorporated
into the grounding system. However, in high-resistivity soils, the
reduction achieved by the concrete-encased system is limited
to approximately 33%. In addition, the overvoltages generated
by lightning strikes are lower when the concrete-encased
grounding system is used. In contrast, the bare grounding system
leads to backflashover events, which do not occur when the
concrete-encased grounding system is used.

Keywords—Concrete, electromagnetic transients, grounding
system, lightning, transmission lines.

I. INTRODUCTION

One of the measures to mitigate the probability of
backflashover occurrence in high-voltage transmission lines
is to reduce the tower-footing grounding impedance. Various
techniques have been used in the literature, such as additional
electrodes, longer conductors, soil treatment, or the addition
of low resistivity materials around the grounding system [1],
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[2]. Concerning the last alternative, the use of bentonite
and concrete has recently received significant attention from
researchers. In [2], the authors conducted an experimental
investigation using vertical electrodes buried in untreated soil
and backfilled with a low-resistivity material, assuming the
conductors were fully and partially embedded in a commercial
aggregate compound. The results demonstrated a significant
reduction (more than 20%) in the harmonic impedance of
the electrodes, making this an interesting material to replace
the grounding system of the transmission towers. Other
researchers have conducted computer simulation studies using
the finite element method (FEM) to calculate the harmonic
(and also impulse) impedances of grounding systems (vertical
rods and horizontal electrodes) embedded in concrete, such as
in [1], [3]. Regarding the grounding impedance computation,
many approaches have been proposed in the literature to model
electrodes, based on: (i) lumped and distributed parameters
using the transmission line theory [4]; (ii) electromagnetic
approach to solve Maxwell’s equations solved by numerical
methods using full-wave electromagnetic software, such as
Method of Moments (MoM) [5], [6], [7], Finite Element
Method (FEM) [1], [3], Hybrid Electromagnetic Model (HEM)
[8], [9]; (iii) hybrid approaches, such as the Partial Equivalent
Element Circuit (PEEC) [10], [11]. To the best of the author’s
understanding, the existing literature has not examined an
analysis of backflashover occurrence in a high-voltage TL with
a concrete-encased tower-footing grounding system.

This paper investigates overvoltages generated by lightning
strikes, assuming a tower-footing grounding system composed
of bare and concrete-encased counterpoise electrodes. First,
the harmonic impedance of the tower-footing grounding
system is calculated for both bare and concrete-encased
electrodes buried in low-frequency soils of 700, 1,500, and
4,000 Q.m using the full-wave electromagnetic FEKO/Altair
Engineering software, employing the Method of Moments
(MoM) over a frequency range of 100 Hz to 10 MHz
[7]. Next, the Ground Potential Rise (GPR) and impulse
impedance are computed for the lightning current of the first
return stroke with a peak value of 45 kA, multiplied by
factors of 0.5, 1.0, 1.5, and 2.0. Finally, a power system
consisting of five transmission towers is simulated using
ATP-EMTP software, where TLs are modeled considering
the ground-return parameters calculated with the Nakagawa’s
approach, incorporating frequency-dependent soil parameters
in its formulation. The simulation results demonstrate that
incorporating concrete into the grounding system significantly
reduces its harmonic impedance compared to the traditional
bare-electrode configuration. Consequently, the resulting GPR



waveforms and impulse impedance are considerably lower
than those associated with systems utilizing bare electrodes.
Moreover, the overvoltages induced in the power system
during lightning strikes are remarkably reduced, with lower
peak values observed when a concrete-encased grounding
system is employed. Results show that a concrete-encased
grounding system effectively mitigates the probability of
backflashover events, offering enhanced protection for the
power system against lightning strikes. As contribution,
this paper demonstrates that concrete can be an excellent
alternative as a grounding-enhancing compound, effectively
reducing the harmonic impedance of the grounding system
and mitigating transient overvoltages generated by lightning
strikes in power systems.

II. POWER SYSTEM MODELING
A. Transmission line

The longitudinal impedance Zjong(w) and transversal
admittance Y,ns(w) of n-phase transmission line (TL), are
given by
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where w [rad/s] is the angular frequency, f is the frequency
[Hz], Zin(w) [€/m] is the internal impedance related to the
Skin Effect being modeled by the Bessel’s functions [12].
The Dj; [m] is the distance between the conductor i and the
image of adjacent conductor j, dj; [m] is the distance between
conductors i and j. The p, is the soil resistivity (o, = 1/07),
being o, is its conductivity. The uo [H/m] is the vacuum
magnetic permeability (ug = 47 x 1077 H/m), &, is the relative
permittivity and g9 [F/m] is the vacuum permittivity (g9 =
8.85x107'? F/m).

The terms S; and S, are the correction matrices related
to the ground-return parameters. This paper calculates the
ground-return parameters using Nakagawa’s approach because
it includes the frequency-dependent soil parameters and the
displacement currents [13]. The variables h; and h; are the
heights of the conductors i and j measured from the ground
level [m], rj; is the horizontal distance between the conductors
i and j [m], 4 is an integration variable. Finally, the soil
is characterized by its conductivity o, [S/m] and relative
permittivity &;.

B. Soil modeling

The soil can be represented by its frequency-dependent
conductivity o, and relative permittivity &, assuming
its magnetic permeability equal to the vacuum [14].
Alipio and Visacro in [15] proposed a model to obtain
frequency-dependent o, and &, given by [15]
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where, o0y is the soil conductivity [mS/m] at low frequencies
(measured at 100 Hz), and the variables h(0y), &, and &/,/&g
are detailed in [15].
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C. Tower-footing grounding system

Figure 1 shows the tower footing grounding system. Based
on this topology, the harmonic grounding impedance (HGI)
behavior of the concrete-encased counterpoise is calculated
for a large frequency range, varying from 100 Hz to 10 MHz.
For this purpose, the grounding system is built in the full-wave
electromagnetic software FEKO/Altair Engineering, where its
grounding impedance is calculated employing the numerical
method of Moments (MoM) [7]. In this software, the HGI can
be calculated by:

V(w)
Z(w) = ,

Iind(w)
where frequency domain variables V(w) and Ijhq(w) are the
voltage applied in the grounding system and the current
induced in the conductor, respectively. It is applied a voltage
of Vs(w) = 1/0° V at the indicated point in Figure 1-(b) and
(c), denoted as port (marked as a red/blue sphere this figure.
Figure 1-(d) details the mesh discretization used during the
simulation. The harmonic impedance Z(w) is approximated
by a rational function, using the Vector Fitting method, being
generically written as [16]

Z(s)~ Zu(s) = ), (S =
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where s = jw [rad/s] is the complex angular frequency, cx is
the residue, and ay is the pole. The d” and b’ are real constant
numbers, and n is the number of poles [16]. The developed
potential due to an injected impulse current is denoted as
Ground Potential Rise (GPR), being defined as [17]

v(t) = F ' {Za(s) X 1(5)} = zu(1) (1)

where %! is the inverse Fourier transform and (*) is
the convolution between the two functions. The right side
of (10) can be solved by using the numerical recursive
convolution method as detailed in [18]. Finally, the tower
footing impedance is represented by a pure resistance denoted
as the impulse impedance (Z,), calculated by [19]
7z, =0

I
where V,, and I, are the peak values of the transient GPR
and injected current i(¢), respectively. The advantage of Z,

(10)
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Fig. 1: Counterpoise in the full-wave software FEKO: (a) Tower-footing grounding system; (b) 3-D view; (c) Side view; (d) detail of the
earthing electrode encased with concrete and mesh discretization. (Not to scale)

is its concise representation as a lumped resistance for the
tower-footing grounding system, which yields similar results
to those obtained using the harmonic grounding impedance
calculated over a wide frequency range. Furthermore, Z,,
as a lumped parameter, allows for much easier incorporation
into EMTP-type platforms compared to the complex circuits
derived from the Vector Fitting technique. [20], [21].

D. Lightning current

The lightning current is representative of the first return
stroke (FRS) which is a more realistic lightning behavior based
on several measurements. The FRS is modeled by a summation
of m Heidler’s functions and characterized by a double-peak
waveform, given by [22]

m
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where Io is the peak current amplitude of the k** component,
T1k and Ty are the time constants that controls the rise time
and decay time of the waveform, respectively. The ny is a
normalization factor for the current peak value, and ny is a
shape factor determining the waveform slope. The parameters
for the lightning current of FRS with its seven terms (m = 7)
and its adjustable factors are given by [23]

Ik=al6 5 5 8 165 17 12][KA], (14a)
e=[3 35 48 6 7 70 12][us], (14b)
=[76 10 30 26 232 200 26][us], (l4c)

m=[2 3 5 9 30 2 14] (14d)

where « is an adjustable parameter that modifies the values
of I, Iy of the FRS [23]. The lightning current waveforms
in time domain, and its derivatives, adopted in this paper

are shown in Fig. 2. According to this figure, the current
amplitude increases with increasing adjustable @, along with
its maximum value of the derivatives. These characteristics are
crucial for overvoltage analysis, as discussed further in detail.

E. Universal Line Model

The Universal Line Model (ULM) is a widely used model
to accurately simulate the behavior of TLs and cables in power
systems, particularly under transient disturbances, such as
lightning surge studies, switching transients, electromagnetic
interference (EMI) analysis, directly in the phase domain. This
ULM is based on the solution of the Telegrapher’s equations,
which the rational approximations of the characteristic
admittance Y.(s) and propagation function H(s) are obtained
using the Vector Fitting technique which consist of an
approximation of these frequency-dependent admittances by
rational functions based on residues, poles and real constants
developed by [16]. This model may also incorporate the
frequency-dependent soil parameters into the functions Y.(s)
and H(s), thereby enabling the coherent representation of
high-frequency propagation phenomena and transient analysis
[24]. In this study, the authors implemented the procedure
outlined in [25] with certain modifications. Initially, the TL
parameters, time delays, and Vector Fitting for the Y.(s)
and H(s) functions were developed as a programming script
in MATLAB. Subsequently, a data file was generated to
ensure full compatibility with the latest ATP-EMTP (ATPDraw
7.5) [26]. The PCH component was utilized to construct an
equivalent circuit, enabling the calculation of transient voltages
directly in the time domain in the ATP-EMTP.

ITI. NUMERICAL RESULTS
A. Grounding system analysis

Numerical simulations were carried out considering the
FD soil electrical parameters (p, and &) for bare and
concrete-encased electrodes buried in homogeneous grounds
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Fig. 2: Lightning current waveforms of the FRS for « varying from 0.5 to 2: (a) 3-D surface and (b) 2-D lightning waveforms and their

derivatives.

for three low-frequency resistivities pg of 700, 1,500 and 4,000
Q.m using the model proposed in (6) and (7). The length of
the counterpoise electrode (£) is 20 m, a rod radius » of 12.5
mm, the distance between the tower feet (b) of 6.50 m and
a depth & of 0.50 m. The concrete-encased electrodes have a
radius r. of 10 cm, and concrete resistivity p. of 30 Q.m was
assumed, based on [1]. The harmonic grounding impedance
(HGI) is assessed in the frequency range of 100 Hz to 10 MHz
(100 points logarithmically spaced). The HGI computed for the
considered grounding system with bare and concrete-encased
counterpoise is plotted in Fig. 3.

According to this figure, the low-frequency soil resistivity
remarkably affects the HGI across the frequency range.
Overall, at the lower frequencies (below 1 kHz), the HGI
behaves primarily as a pure resistance, being directly
proportional to the low-frequency soil resistivity pg.
Furthermore, electrodes with concrete exhibit lower
low-frequency resistance than those obtained with bare
electrodes. As the frequency increases, the reactive behavior
becomes prominent, exhibiting either inductive or capacitive
behavior. The HGI decreases with increasing frequency,
reflecting a predominance of capacitive behavior, typical of
high-resistive soils [1], between 10 kHz to around 1 MHz.
This reduction occurs due to the resulting lower equivalent
resistivity when added concrete is much lower than the natural
medium. Above 5 MHz, the inductive behavior becomes
more prominent, increasing as the frequency becomes higher.

B. Ground Potential Rise and Impulse Impedance

The GPR developed for the lighting current of FRS
assuming a of 0.5, 1.0, 1.50 and 2.0 are plotted in Fig.
4. According to this figure, the GPR peak increases with
increasing soil resistivity. However, those GPR waveforms
related to the concrete-encased counterpoise electrodes have
presented lower peak values due to the lower harmonic
impedance obtained for the concrete-encased grounding
system compared to the bare grounding system.

The calculated impulse impedance employing (11)
for the tower-footing grounding system with bare and
concrete-encased electrodes are shown in Table I. This
table shows that the impulse impedance obtained for the
bare ground system is higher than those assessed with

the concrete-encased electrodes. The impulse impedance
rises with the increasing soil resistivity where the percentage
difference tends to be around 33%, as a result of the reduction
of the harmonic impedance shown in Fig. 3-(a) at the higher
frequencies (above 1 MHz), which converges to the close
values at this range. It is worth noting that the GPR peak
values increase proportionally with increasing «, since the
current peaks are also directly proportional and the ratio
between V, /1, is kept practically constant for all investigated
values explored in this paper.

C. Overvoltage analysis

The FRS is modeled as a current source with variable
amplitude associated with a channel resistance of 400
injected at the tip of the tower structure. The tower presents
its phase conductors located in the positions denoted as A*,
B*, and C*, and ground wire S, as depicted in Fig. 5-(a). The
tower is represented by the multi-conductor model where each
section is modeled by a lossless single line with an equivalent
surge impedance of Zeq; associated with a propagation velocity
(v = 0.85¢, ¢ = 300 m/us), as depicted in Fig. 5-(b). The
values of Z., are shown in the figure and adopted from
[27]. The per-unit-length resistance of phase conductors is
0.21 Q/km, and for the ground wire is 2.175 Q/km [28].
The outer radius of the phase conductors is 1.829 cm. The
radius of the shield wire is 0.476 cm and the sag in the phase
conductors was not considered in the developed MATLAB
code. The tower-footing grounding impedance for bare and
concrete-encased counterpoise is represented by the impulse
impedance Z, whose values are organized in Table 1. The
power system is modeled in ATP-EMTP, as illustrated in Fig.
5-(c). The case study comprises five transmission towers with
four spans of 400 m. In order to avoid the impact of the
reflected waves, two 20-km lines are connected beyond the

TABLE I: Impulse impedance Zp (£2) for bare and
concrete-encased GS and percentage difference

pPg [Q.m]  Bare Rod  Concrete-Encased Difference (%)
700 11.31 7.60 32.87
1,500 22.40 14.90 33.47
4,000 50.24 33.35 33.60




80

—700 Om - Bare

—1500 2m - Bare
4000 Om - Bare

40

[~700 0m -Bare |

—1500 Qm - Bare
4000 Om - Bare

60 -=-700 &m - Encased 20(--700 Om - Encased
---1500 m - Encased ~--1500 2m - Encased
4000 Om - Encased 4000 Om - Encased

12()] (€2)
S
< Z(f)(deg)

=20 n

0 I 8 T O I WA Lo | | 40 I S Y L Ll |
102 10° 10* 10° 108 107 102 10° 104 10° 108 107
Frequency (Hz) Frequency (Hz)

(a) (b)

Fig. 3: Harmonic grounding impedance of the bare and concrete-encased GS: (a) Magnitude; (b) Phase.

1.2 —700 Om - Bare —--700 2m - Encased 25 —700 Qm - Bare ---700 Qm - Encased
—1500 Om - Bare —--1500 &m - Encased —1500 ('m - Bare ---1500 m - Encased|
1- 4000 2m - Bare —--4000 2m - Encased 2 4000 Qm - Bare ~ 4000 Om - Encased
S
s 1.5
&
) 1
0.5
0 | | , | \
0 5 10 15 20 25 30 35 40 45 50
Time (us) Time (ps)
(a) (b)
4 5 T
—700 &m - Bare ---700 m - Encased —700 Qm - Bare ---700 Om - Encased
~——1500 (m - Bare —--1500 2m - Encased ~—1500 £2m - Bare —--1500 {)m - Encased
4000 2m - Bare 4000 2m - 4l 4000 m - Bare —~-4000 m - Encased)||
3
=~ Sal .
=) g’
o 2] . =
o o2- =
(O] (O]
1t
0 Z
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Time (us) Time (us)
(c) (d)
Fig. 4: Transient GPR for several values of @ in the FPI: (a) @ = 0.50; (b) @ = 1.0;(c) @ = 1.50; (d) a = 2.0.
s A
A ie
w1l
£ =6.75m L] A% :
£y = 8.86m B c i
3 =9.0m - :
L= 9.0m S (0;32.0) (% 5
Zogn = 289.750 :* "22::;::) . gt
* (2.90;26. A P e e
Zegp = 235.240 . ' : | tower |
€*(-2.90;24.0) : _model |
Zegs = 182.200 :
Zeqa = 130.64Q 3
Ry !
v = 255m/ps :
M
"""" . GS
. () b
soil O (O]

Fig. 5: (a) Transmission tower configuration-Adapted from [27]; (b) Multi-conductor tower model; (¢) Circuit model in ATP-EMTP.



spams and resistive loads of 300 Q are inserted at the end
points of each conductor. The simulations were performed
assuming a time step of 10 ns. The insulator string is modeled
using the disruption method denoted as the volt-time curve
(V xt), expressed by [29]

ko
Vi(r) = (kl + m)fs

15)
where k; and k, are coefficients, {; [m] is the length of the
insulator, and ¢ [us] is the time after the lightning strikes at the
tower. The following parameters are adopted: {5 = 1.56m, k| =
400, and kp = 710 [29]. If the overvoltage across the insulator
string (between A-A*, B-B*, C-C*) is equal to or surpasses
the VXt curve at any given instant, a backflashover (BF) takes
place [30]. It is worth mentioning that the volt-characteristic
curve is a simplified flashover model, that considers if the
flashover occurs at any instant for the overvoltage waveform
generated for a certain lightning current. Other insulator
flashover models, such as the integration method (disruptive
effect method) or Leader progression (LP) model can be
investigated in future works[31]. The pch file represents the
Transmission Line Model for each line’s span, which takes
into account a more realistic soil modeling, assuming its FD
electrical parameters proposed by (6) and (7). Furthermore, the
ULM incorporates the ground-return parameters (impedance
and admittance) using Nakagawa’s approach, which considers
displacement currents in the soil. The overvoltages generated
at the cross-arms, related to the points A, B, C, and GPR at the
tower base (point D) assuming the two types of tower-footing
grounding systems and FRS with several adjustable factors
a are depicted in Fig. 6 where the numbering I, II and
IIT represents the columns associated to the soils of 700,
1,500 and 4,000 Q.m, respectively. According to this figure,
the overvoltage waveforms’ behavior significantly depends
on the soil resistivity (impulse impedance) and lightning
current waveforms. It is noted that there are significant
differences between the overvoltages when concrete-encased
grounding systems (lower impulse impedance) are considered
(dashed lines) compared with those computed for the bare
grounding system (higher impulse impedance) shown in the
solid lines. Furthermore, the voltage curve Vj(¢) (dashed
blue light line) intersects with the overvoltages developed in
the cross-arms depending on the adjustable factor, presence
of concrete-encased electrodes, and soil resistivity. The
occurrence of backflashover, denoted as BFs and red dots,
are shown in Fig. 6 [see sub-figures (III-b), (IILIII)-(c) and
(LILI)-(d)].

The peak values of each overvoltage waveform and the
occurrence of the BF are organized in Table II. According
to this table, the peak values of the overvoltages and the GPR
increase with increasing @ and soil resistivity, however, they
decrease considerably when the concrete-encased grounding
system is employed. For adjustable @ of 0.5, there is
no BF for both types of grounding systems for all soil
resistivities considered. However, as the adjustable « increases,
the probability of BF also increases, especially associated
with the soil of 4,000 Q.m. For @ = 2.0, all simulations
resulted in BF, since the highest injected current of I, =

2 x 45 kA = 90 kA is considered. It is interesting to
observe that assuming concrete-encased tower footing yields
no backflashover occurrence, which considering the bare
conductors for tower footing results in backflashover, as seen
in Fig. 6 [see I-(c), II-(d), II-(c)]. The values of the percentage
difference €(%) are calculated by

bare _ y/concrete
%) = P p
E( 0) - VbaIe
p

x 100%, (16)

where Vl'fare and Vgoncre“" represent the peak values of the
overvoltages for bare and concrete-encase grounding system,
respectively, along the tower point P = {A, B, C, D}. The
calculated percentage difference is organized in Table III.
As seen in this table, point A has the lower percentage
difference for every soil resistivity, since this point is the
closest to the lightning injection point (point S in Fig. 5).
However, the percentage difference at points D and C is
slightly smaller for soil with a resistivity of 4,000 Q-m than
1,500 ©-m. This occurs because the impulse impedance Z,
is not proportional to the increase in soil resistivity for both
bare and concrete-encased rods, as shown in Table 1. This is
due to the harmonic grounding impedance [see Fig.3], where
the capacitive effect is much more pronounced in soil with a
resistivity of 4,000 Q- m at higher frequencies. In contrast,
for soil with a resistivity of 700 Q-m, the inductive behavior
predominates across the entire frequency range. Additionally,
the propagation effect becomes more significant at the lower
points of the tower (points C and D) due to the greater distance
traveled by the wave current from the injection point S. Point D
has shown the highest peak percentage difference for each soil
resistivity and adjustable factor @, up to 29.8%. This variation
is caused by higher propagation time combined with the higher
attenuation of the traveling wave to reach the tower base.

The overvoltage percentage differences do not depend on
a because Z,, represented as a constant resistance at the
tower footing, generates overvoltages tend to be approximately
proportional to the adjustable factor a for the injected
lightning current and its respective GPR. This significant
difference in lightning overvoltages impacts the probability
of backflashover, which can result in outages in power
systems. The simulation results further suggest that concrete
is an advantageous low-resistivity material for mitigating
backflashover occurrences in transmission lines exposed to
lightning strikes.

IV. CONCLUSIONS

This paper examines the influence of concrete on
the tower-footing grounding systems and on grounding
performance and overvoltage waveforms in a power network
generated by lightning strikes with increasing current peak.
Simulation investigations were conducted assuming adjustable
factors of 0.5, 1.0, 1.50 and 2.0 times the lightning
current peak and three different soils, modeled using
Alipio-Visacro’s approach, with three different low-frequency
resistivities. The harmonic grounding impedance (HGI)
was found to be primarily resistive at low frequencies.
However, as the frequency increases, the reactive component



TABLE II: Peak values (MV) of the overvoltages at points A, B and C with occurrence of backflashover for each phase (Y-yes
or N-no) and GPR in point D

Bare tower-footing grounding system

a =05 a =10 a=15 a =20

Pg(Qm) A B C D A B C D A B C D A B C D
700 0.324(N)  0.256(N)  0.208(N)  0.201 0.47(N)  0.511(N) 0416(N) 0402 | 0.971(Y) 0.767(N) 0.625(N) 0.603 | 1.295(Y) 1.023(Y) 0.833(N) 0.804
1,500 0.449(N)  0.393(N)  0.367(N)  0.364 | 0.898(N) 0.785(N) 0.733(N)  0.729 | 1.346(Y) 1.178(Y) 1.100(Y) 1.093 | 1.795(Y) 1.571(Y) 1.466(Y) 1.457
4,000 0.719(N)  0.696(N)  0.691(N)  0.690 | 1.438(Y) 1.392(Y) 1.382(Y) 0.380 | 2.157(Y) 2.088(Y) 2.072(Y) 2.070 | 2.875(Y) 2.783(Y) 2.763(Y) 2.760

Concrete encased tower-footing grounding system

a =05 a =10 a=15 a =20

Ppg(Q.m) A B C D A B C D A B C D A B C D
700 0.279(N)  0.208(N)  0.154(N) _ 0.143 | 0.558(N) 0.415(N) 0.308(N) 0.287 | 0.837(N) 0.623(N) 0.462(N) 0430 | I.116(Y) 0.831(N) 0.616(N) 0574
1,500 0366(N)  0.301(N) 0261(N) 0256 | 0.732(N)  0.603(N) 0.522(N) 0511 | 1.098(Y) 0.904(N) 0.782(N) 0.767 | 1.464(Y) 1.205(Y) 1.043(Y) 1.023
4,000 0.562(N)  0.520(N)  0.507(N)  0.506 | 1.124(Y) 1.040(Y) 1.014(Y) 1012 | 1.687(Y) 1.560(Y) 1.522(Y) 1.518 | 2.249(Y) 2.080(Y) 2.029(Y) 2.024

TABLE III: Percentage difference €(%) for the overvoltages in the power system

Bare tower-footing grounding system
a = 0.5 a =10 a =15 a =20
Pg(Q.m) A B C D A B C D A B C D A B C D
700 138 18.8 260 286 | 138 188 260 286 | 13.8 188 260 28.6 | 13.8 188 260 28.6
1,500 185 232 288 298 | 185 232 288 298 | 185 232 288 29.8 | 185 232 288 29.8
4,000 21.8 253 266 267 | 21.8 253 266 267 | 21.8 253 266 267 | 21.8 253 266 26.7
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Fig. 6: Comparison of the lightning overvoltages generated at phases A, B and C for soil with pg : = 700 Qm, = 1,500 Qm,
=4,000Qm; and distinct values of a: (a) @ = 0.5; (b) @ = 1.0; (¢) @ = 1.50; (d) @ = 2.0



becomes dominant, alternating between inductive and
capacitive behavior. The use of concrete significantly
reduces the HGI compared to the bare grounding system.
Furthermore, Ground Potential Rise (GPR) waveforms exhibit
reduced peak values peak values when a concrete-encased
grounding system is employed. Additionally, the lightning
overvoltages generated in the power system are lower using
a concrete-encased grounding system. Consequently, the
occurrence of backflashover is diminished compared with that
observed with tower-footing grounding system using bare
electrodes. These results highlight the potential of concrete as
a low-resistivity material to improve the protection of power
systems and to mitigate backflashover during transient events
in transmission lines.
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