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Abstract: This paper aims to assesses the performance of different models of transmission lines
and grounding systems when using the underbuilt-wire protection technique against lightning
overvoltages. Moreover, the frequency dependence of the soil parameters is also investigated.
A first stroke representative waveform of lightning current is considered and the simulations
took place in the Alternative Transients Program (ATP). It was found that simplified models
of transmission lines and grounding systems that consider constant frequency electrical ground
parameters result in inaccurate responses of overvoltages in the insulator strings. According to
the results, depending on the case, maximum differences of 20.23% can be found.
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1. INTRODUCTION

Lightning is one of the main causes of fault in transmission
lines. The lightning-caused failure of the transmission
line can be, basically, divided into three mechanism!: i)
flashover - due to lightning striking directly the phase
conductors; ii) back-flashover - due to lightning striking
either the top of the tower or the ground-wires; iii) and
mid-span flashover - can occur in particular situations
where the spans are too long, leading to a possible flashover
that may connect the shield wires and phase conductors
through the air (Visacro et al., 2012; Silveira et al.,
2012). Among these mechanism, usually, back-flashover
is the main cause of shutdown. Hence, the transient
analysis of transmission lines, particularly direct lightning
strike, is essential to estimate the back-flashover rates,
therefore, reliability, insulation coordination investigation,
optimization of insulator string length and optimization of
tower structure (Asadpourahmadchali et al., 2020).

The occurrence of back-flashover depends on the physical
characteristics of the insulator that supports the line and
its ability to withstand certain voltage waveforms and
magnitudes (Martinez, 2010). Moreover, the local char-
acteristics have a direct influence on the performance of
the lines, such as the impulse impedance of the grounding
system, the soil resistivity, the density of atmospheric dis-
charges in the region, among others, since this parameters
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1 since this work only consider transmission lines, it is considered
that the electrical field generated in the insulator strings due to
indirect lightning, i.e., lightning that does not strike the system
directly, are not capable of disrupt the insulator strings.
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can influency the overvoltage across insulator strings. In
some specific cases, the lines may be located in regions with
high resistivity soils, which results in inefficient grounding
systems and/or in regions with a high density of lightning,
which increases the susceptibility of the system to the
occurrence of shutdown (Visacro et al., 2012).

To minimize the influence of these conditions and improve
lightning performance, there are protection techniques,
such as line arresters (Visacro et al., 2020), installation
of additional shield wire (Banjanin, 2018), installation of
underbuilt shield wires (Silveira et al., 2012; Banjanin,
2018; Batista et al., 2021) and application of guy wires
on overhead line towers (Banjanin, 2018).

The installation underbuilt wires is an unusual protec-
tion technique and can be used, due to the mentioned
characteristics, to reduce the failure rate. This method
consists of installing one or more shield wire conductors
below the phase conductors, being connected to the tower
and its grounding system. Installation can be done only
in adjacent spans of a tower with critical performance or
in sections of a line with high failure rates (Visacro et al.,
2012).

This technique proves to be a potential alternative for re-
ducing overvoltages originating from lightning (Banjanin,
2018; Visacro et al., 2020; CIGRE Working Group C4.23,
2021), due to advances in modeling of transmission line
components and the use of modern simulation tools, a
study of the performance of the influence of line compo-
nents and the grounding system on lightning overvoltages
is required.
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The rigorous representation of the transmission line and
grounding system for impulsive currents is of utmost
importance to obtain accurate and consistent results of
transmission lines performance. In the last decade, several
studies have shown the importance of considering the
variation of soil resistivity and permittivity with frequency
in the assessment of the impulse behavior of counterpoise
cables (Schroeder et al., 2018) and transmission lines
(Alipio et al., 2019; De Conti and Emidio, 2016; Colqui
et al., 2021).

This work presents a comparison of the overvoltages along
the insulator strings due to the injection of a lightning
current waveform. For this, the use of different models of
transmission lines and grounding systems was considered.
Moreover, it is also verified the impact of assuming the
frequency dependence of soil parameters. Therefore, an
attempt is made in this paper to show possible inaccuracies
associated with the assumption of constant ground param-
eters and simplifications of the models in the simulation of
lightning transients in transmission lines.

The remaining sections of the paper are organized as fol-
lows: Section 2 the modeling details and simulated systems
are presented, in Section 3 the results are presented and
analyzed, and in Section 4 presents the major conclusions
of this paper.

2. SYSTEM DESCRIPTION

In order to assess the impact of transmission line (TL)
and grounding system modeling in the special lightning
protection system, three towers and four spans of a 138-kV
line were considered. The results are obtained considering
the lightning striking the central tower. To avoid unrealis-
tic reflections, aerial conductors were impedance matched
400 m away from the adjacent towers. The silhouette of the
tower and the line cable heights are illustrated in Fig. 1(a),
where the values within parenthesis are midspan heights.
This TL is composed by the phase conductors (A, B and
C), one ground wires (GW) and one underbuilt wire (UW)
shown in Table 1. Fig. 1(b) shows the typical grounding
arrangement of the studied transmission towers. It consists
of 4 counterpoise cables and each one starting from a tower
foot.

The modeling of each component are briefly described
hereafter.

2.1 Frequency Dependence of Soil Parameters

Different models that take into account the frequency
dependence of soil parameters can be found in litera-
ture (Cavka et al., 2014). These models are expressed in
terms of curve-fitting equations for the soil conductivity
and relative permittivity, which are based on laboratorial
or in-situ experimental data. In this paper, the Alipio-
Visacro model (Alipio and Visacro, 2014) is considered.
This model satisfies causality, it was obtained considering
in-situ experiments and was recently recommended by
CIGRE Working Group C4.33 (2019) for lightning-related
studies. In (1) and (2) illustrate the formulation of the
model.

o4(f) =00+ 00 % h(0oo) (11\/{Hz>€ (1)
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where o is the soil conductivity in [mS/m)] (or resistivity
pg =0, "'), 0o is the DC conductivity in [mS/m], e, is the
relative permittivity in [F/m], €, is the relative permit-
tivity at higher frequencies, €( is the vacuum permittivity
in [F/m] and f is the frequency in [Hz|. According to
Alipio and Visacro (2014), the following parameters are
recommended in (1) and (2) to obtain mean results for
the frequency variation of o4 and €,4 : £ = 0.54, €00 = 12

and h(og) = 1.26x a5 O ™.
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Figure 1. (a) Tower silhouette and (b) Arrangement of
tower-footing grounding electrodes.

Table 1. Conductors applied to the 138-kV TL.

Phase cables: ACSR (1 conductor/phase)
Phases rint (cm) rext (cm) — R(€/km)
A - 1.60 0.063
B - 1.60 0.063
C - 1.60 0.063
GW and UW: 3/8” EHS (1 conductor/phase)
GW - 0.79 0.500
Uw - 0.79 0.500

2.2 Transmission Line Model

Two models are adopted in this paper to represent the TL.
The first is the JMarti model (Marti, 1982), which repre-
sents the line with distributed electrical parameters and
emulates the TL parameters frequency dependence over a
pre-defined frequency range (Dommel, 1969). The config-
uration of JMarti model available in the ATP software
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considers Carson’s equations for calculating the ground
return impedance of TLs and a Bode’s method for syn-
thesize the characteristic impedance Z. and propagation
function H matrices (Prikler and Hoidalen, 2009). These
equations disregard the frequency dependence of the soil
electrical parameters and neglect displacement currents in
the ground return impedance calculation.

In order to evaluate the effect of frequency dependent soil
parameters in the simulation of lightning overvoltages on
overhead transmission lines, a second model, here called
modified Marti’s model (De Conti and Emidio, 2016), is
used. The implementation of modified Marti’s model em-
ploy the Vector Fitting method (Gustavsen and Semlyen,
1999) to fit the matrices Z. and H, the line parameters
are computed using the Carson’s model (Carson, 1926)
or Sunde’s model (Sunde, 1968). This implementation can
also include the frequency dependence of soil parameters in
the calculation of the ground return impedance, assuming
the soil parameters to vary as described in (1) and (2).
The ground admittance, was calculated considering the
soil as a perfect electrical conductor, because the soil has a
negligible effect on transients in overhead lines, considering
the frequency range of interest in this work (Alipio et al.,
2019).

In this paper, the Sunde’s equations (which can be ex-
pressed by replacing &k by 0 in (5)) and Carson’s equations
(which can be expressed by replacing k by €., in (5))
is used, similarly as proposed in De Conti and Emidio
(2016). Hence, the ground-return impedance is calculated
considering Equations (3) and (4).

—2h A

\/WH

3)

() = jo [T )
oy cos(rijA)dA 4
g %}\2 n ’y ) j
where

Yo = \Jdwpo(og + jw(erg — k)e0) (5)

in which w = 27 f is the angular frequency in [rad/s], f
is the frequency in [Hz], po is the vacuum permittivity in
[H/m], €¢ is the vacuum permittivity in [F/m], e,4 is the
relative permittivity, o, is the soil conductivity in [S/m],
r;; is the horizontal separation between conductors 7 and
J in [m], h; and h; are the heights of conductors ¢ and j
above the soil in [m)].

2.8 Tower Model

The tower is commonly modeled using the transmission
line theory by means of one or more sections of a lossless
single-phase transmission line (Piantini, 2020). The repre-
sentation of the tower through a single section (or segment)
is not able to represent the variations in the geometry
of the structure along its height (De Conti et al., 2006).
One technique, widely used in the literature, consists of
representing the tower through several sections, each one
being represented by a lossless single-phase line. The surge
impedances of each section are calculated using the revised
Jordan’s formula proposed in De Conti et al. (2006), which
take into account vertical multiconductor systems. The
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methodology allows the calculation of the self and mu-
tual surge impedances of vertical multiconductor systems
leading to a simplified representation of towers using the
theory of transmission lines. The self surge impedance of a
single vertical conductor is obtained by (6) and the mutual
surge impedance of vertical conductors by (7) (De Conti

et al., 2006).
4h
11—60111( ) — 60

oh 4\ [4h? + 2,
— 601 30 — 60
. + 4h2

where h is the helght of the conductor, r is the conductor
radius, and d;; corresponds to the distance between the
centers of conductor 7 and j.

If the n vertical conductors of a transmission line tower
are connected at the current injection point, the whole
system can be represented as a single transmission line
with equivalent surge impedance given by

Zin+Zig+ -+ Zi+ -+ Zin
Zeq(i) = n (8)

In this case, n = 4 and the equivalent impedance of each
tower segment was computed using (6)—(8), considering
average spaces between tower conductors and the heights.
Fig. 2 shows the obtained results. Note each tower section
is represented by single surge impedance, although a
single equivalent surge impedance could be obtained. The
propagation velocity of the waves in the tower is considered
equal to 80% of the speed of light in the vacuum (De Conti
et al., 2006).

ATP/EMTP:
4 TLs with surge impedances
Zeq Zeq (@) v (mls)
Zeqd) (1 2015511 2.4x108
'::> @) 2684276  2.4x10

Zeqg2)
(3)  272.6594  2.4x108
Zeqay | @ 3047648  2.4x108

Figure 2. Transmission tower model.
2.4 Insulator Strings

The insulation strength depends on the waveform of
the applied voltage. Considering lightning, to determine
whether or not the line insulation breakdown may be
evaluated using the following approaches:

e Voltage—time curves (Imece et al., 1996);

e Disruptive effect method (Witzke and Bliss, 1950);

e Physicals models (Pigini et al., 1989; Banjanin and
Savié, 2016).

In this work, it has been adopted the Disruptive effect
method (DE method) approach, since it is easy to obtain
its parameters and it also presents an excellent accuracy
(Hileman, 1999).
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The DE method concept is based on the idea of the
existence of a critical disruptive effect DFEo for each
insulator configuration. Each non-standard voltage surge
has an associated disruptive effect (DE). If this DE value
exceeds the critical value, a disruptive discharge occurs,
which causes the insulation to break (Hileman, 1999). The
disruptive effect associated with a voltage waveform is
determined by
ta

DE = [ (v(t) = V)" dt (9)
to
where v(t) corresponds to the voltage waveform applied
over the insulator string, V| refers to the voltage threshold
from which it has begun the process of rupture in the
insulator, ¢y is the instantaneous value of v(t) exceeds Vj,
k is a dimensionless factor, and DFE is the variable called
“disruptive effect”. For a typical 138-kV line, DE method
constants can be obtained according to Hileman (1999):
DE,. = 1.1506 (CFO)*; k = 1.36; V, = 0.77 CFO = 500.5
kV.

2.5 Tower-footing Grounding

The tower-footing grounding system plays a fundamental
role in back-flashover occurrence when the shield wire and
the tower are subjected to direct strikes. To calculate the
grounding impedance, three different methodologies were
considered. The first represents the grounding system by a
simple resistance equal to the resistance of low frequency
grounding (Rpr), the second and third use the Hybrid
Electromagnetic Model (HEM) with constant or frequency
dependent electrical parameters of the soil, respectively.

For the second and third methodology the impedance
Z(w) of the tower-footing grounding is determined us-
ing the accurate HEM (Visacro and Soares, 2005), in a
frequency range from DC to several MHz. As detailed
Visacro and Soares (2005), the HEM solves Maxwell’s
equations numerically via the vector and scalar potentials
using the thin wire approximations. In the calculations, the
frequency dependence of the soil parameters is taken into
account using (1) and (2). After determining the harmonic
impedance Z(w), a pole-residue model of the associated
admittance Y (w)=1/Z(w) is obtained using the vector
fitting (VF) method (Gustavsen and Semlyen, 1999). Fi-
nally, an electrical network that is suitable to time-domain
simulations is determined from the passive pole residue
model corresponding to the grounding admittance. Both
the pole-residue model and the electrical network were
obtained using the VF method (Gustavsen and Semlyen,
1999).

2.6 Lightning Current

A proper evaluation of lightning effects on power systems
relies upon, among other factors, on an appropriate rep-
resentation of the lightning current waveform since the
quality of the simulation results depends on the represen-
tative of the assumed lightning current waves. According
to Visacro et al. (2004), the first stroke currents are charac-
terized by a pronounced concavity at the front and by the
occurrence of multiple peaks, being the second peak usu-
ally the highest one, and the maximum steepness occurring
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near the first peak according to measurements of instru-
mented towers, such as those presented in Visacro et al.
(2004). Considering the previous aspects, the simulations
were performed considering some Brazilian conditions that
approximately reproduces the main median parameters of
first strokes measured at Morro do Cachimbo Station. As
detailed in De Conti and Visacro (2007), the waveform
of lightning is obtained by a sum of Heidler functions
described in (10) and (11).

o Y Io (t/Tir)""
i(t) = Z 571 Ty exp

k=1

1
N = exp l— (le) (nkm) k] (11)
T2k Tk

where Iy controls the amplitude, 71x is the time constant
associated with the front time, 79 is the decay time
constant, 7 is the factor of correction of the amplitude
and ny is the exponent which controls the inclination of
each component &k added to build i(t).

(—=t/72k) (10)

Since for direct lightning-related studies, first strokes are
the most nefarious, since it has more intense peak values, in
this paper only the first stroke currents will be considered.
The statistics of measurements performed at the Morro
do Cachimbo Station are used (Visacro et al., 2004). To
obtain the current waveforms, each parameter of (10) and
(11) is adjusted taking as reference the median character-
istics of first stroke currents and the multiplier o on the
current waveform, as detailed in Oliveira et al. (2017).

3. RESULTS

This section presents the results of the simulation of
overvoltages obtained in an event of a lightning striking the
central tower. At first, to analyze the impact of using the
under-built wires, Figs. 3(a), 3(b) and 3(c) illustrate the
lightning overvoltage at the top of the tower for lines with
or without the under-built, considering the soil resistivities
of 1000 Q.m, 3000 2.m and 10000 ©2.m. The reduction
in lightning overvoltages peaks using the installation of
underbuilt shield wires cables was of 3.384%, 5.540% and
8.681%, respectively. In this case, it was considered the
JMarti model, already implemented in the ATP, and the
grounding model was considered the Ry p.

In order to compare the aforementioned models (transmis-
sion line and grounding), Table 2 summarizes five different
representations, deliberately chosen, of the transmission
system models. These representations were set to be used
in the simulations. Also, the low-frequency soil resistivities
considered are: 1000, 3000 and 10000 ©2.m. For these re-
sistivities, it was considered the effective length, obtained
by using ref CIGRE Working Group C4.23 (2021). The
effective length and low frequency resistance of the coun-
terpoise cable are shown in Table 3.

The multiplier « (which changes the amplitude of the
mean lightning current curve measured in the Morro do
Cachimbo Station) used for the resistivities of 1000, 3000
and 10000 Q.m was 0.8, 3.75 and 2.85, respectively. These
values were chosen randomly and in order to represent
currents that generate back-flashover in some of the phases
for the simulations with resistivities 3000 2.m and 10000
Q.m.
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Table 2. Types of modeling representations.

Rep. TL model Appro.  Soil for TL ~ Ground. model
1 JMarti Carson 0 RLr
2 JMarti Carson 00 Z (po, €r)
3 Modified Marti’s  Carson 00 Z (po, €r)
4 Modified Marti’s  Sunde  p(w), er(w) Z (po, er)
5 Modified Marti’s ~ Sunde  p(w), er(w) Z (p(w), er(w))

Table 3. Length of the counterpoise wires and
Rpr values as a function of soil resistivity.

po=1000 Q.m  pp=3000 2.m  po=10000 Q2.m
Lgr [m] 55 100 180
Rrr [9] 11.9 22.3 46.5

Figs. 4, 5 and 6 illustrate the overvoltages (across insu-
lator strings of phases A, B and C of the 138-kV line),
considering the various representations shown in Table 2
and and the soil resistivities of 1000 2.m, 3000 2.m and
10000 Q.m.
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Figure 3. Reduction of overvoltage at the shield wire of the
line due to the use of underbuilt cables, considering
soil with; (a) pp=1000 Q.m, (b) pe=3000 2.m and (c)
po=10000 .m.
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Figure 4. Overvoltages across the insulator string of the
line, considering soil with po=1000 .m; (a) Phase A,
(b) Phase B and (c) Phase C.

In the case of Fig. 4, it can be observed that for all
representations the back-flashover phenomenon does not
occur in any of the phases of the line. Also, at the
peaks of the overvoltages in representations 1, 2, 3 and
4 present maximum differences of 16.94%, 20.23%, 20.23%
and 14.4% in relation to representation 5, which is the
most complete representation. On the other hand, the peak
of the overvoltages in representations 2 and 3 are almost
equal and the peak in representation 1 and 4 are close to
the previous representations.

In the case of Fig. 5, it can be observed that only in phases
B and C of the line in representations 2 and 3, and phase B
in representation 4 does the phenomenon of back-flashover
occur and that in other representations it does not occur.
This is because representations 2 and 3 is the represen-
tation of the simplest models, and the most conservative.
Also, at the peaks of the overvoltages in representations 1,
2, 3 and 4 they present maximum differences of 13.16%,
14.21%, 14.21% and 13.72% in relation to representation
5, which is the most complete representation. On the other
hand, similar to the analysis for Fig. 4, the overvoltages

DOI: 10.20906/sbse.v2i1.2918



Sociedade Brasileira de Automatica (SBA)
IX Simposio Brasileiro de Sistemas Elétricos - SBSE 2022, 10 a 13 de julho de 2022

T
1 — Representation 1
—Representation 2
----- Representation 3

—Representation 4|
— Representation 5

Voltage (MV)

0.5~
0 L L L -}
0 5 10 15 20 25 30
Time (us)
(a)
2 .

T
— Representation 1
— Representation 2
--:Representation 3
1.5 — Representation 4
— Representation 5

Voltage (MV)
T

0.5
0 | L L J
0 5 10 15 20 25 30
Time (us)
(b)
2 .

T
— Representation 1
— Representation 2
----- Representation 3
15+ — Representation 4|
— Representation 5

Voltage (MV)
T

0.5

L
0 5 10 15 20 25 30
Time (us)

(c)

Figure 5. Overvoltages across the insulator string of the
line, considering soil with pp=3000 Q.m; (a) Phase A,
(b) Phase B and (c) Phase C.

peak in phase C for representations 2 and 3 are almost
equal.

In the case of Fig. 6, it can be observed that in phases A
and C of the line in representations 1, 2, 3 and 4, the phe-
nomenon of back-flashover occurs, and for representation
5 it does not occur. In phase B of the line, representations
1, 2 and 3 also occur the phenomenon of back-flashover,
which in representations 4 and 5 does not occur.

The analysis considered different representations of the
models of transmission lines and grounding systems in
the special lightning protection system to calculate the
overvoltages in the transmission line. As shown in this sec-
tion, when using simplified models (representations 1, 2, 3
and 4) to evaluate back-flashover calculations, for example,
the results can be erroneous and therefore it is preferable
to use more accurate representations (representation 5),
which take into account the frequency dependence of the
electrical parameters of the ground.
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Figure 6. Overvoltages across the insulator string of the
line, considering soil with pp=10000 Q.m; (a) Phase
A, (b) Phase B and (c) Phase C.

4. CONCLUSIONS

This paper investigates the influence of considering fre-
quency dependent soil parameters in transmission line
and grounding system models when using the protection
technique against lightning overvoltages well-known as
under-built wire. According to results, there are relevant
differences in considering the frequency dependence of the
soil in grounding modeling. However, these difference is
negligible when considering the frequency dependence of
the soil in transmission line modeling.

Moreover, these differences became more pronounced with
increasing the value of the soil resistivity and might be
important in determining the line back-flashover. Overall,
if accurate estimates of the lightning performance of a
transmission line are required, the frequency dependence
of soil parameters should be incorporated on grounding
system models, especially for high resistivity soils.

It is worth mentioning that the results presented in this
paper correspond to overvoltages developed along the in-
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sulator strings due to first stroke lightnings, i.e., relatively
slow front time. Hence, for the cases when the currents
have a shorter front time, due to the higher frequency
content of the current, the differences observed between
the voltage waveforms calculated assuming or neglecting
the variation of the soil parameters with frequency may be
more pronounced.
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