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d Centro Federal de Educaç ão Tecnológica de Minas Gerais, CEFET-MG, Belo Horizonte, Brazil

a  r  t  i  c  l  e  i  n  f  o

Article history:
Received 15 February 2017
Received in revised form 22 August 2017
Accepted 17 September 2017
Available online xxx

Keywords:
Lightning performance of transmission
lines
Wideband modeling of grounding
EMT-type programs
Frequency dependence of soil parameters

a  b  s  t  r  a  c  t

This  work  assesses  the influence  of  including  the  wideband  behaviour  of  grounding  systems  in EMT-type
programs  on  evaluation  of  transients  resulting  from  direct  lightning  strikes  to  transmission  lines.  The
grounding  frequency  behaviour  is  determined  by using  an  accurate  electromagnetic  model  and  included
in EMTP/ATP  by means  of an  equivalent  circuit  derived  from  Vector  Fitting  technique.  Furthermore,  the
impact  of the frequency  dependence  of  soil  parameters  on  the  lightning  performance  of  transmission
lines  is addressed.  It was  found  that  representing  the  tower-footing  grounding  by  a  simple  resistance
can  lead  to  significant  errors  in  terms  of grounding  potential  rise. However,  for  the overvoltages  that
appear  across  the  insulator  strings,  the  representation  of the  grounding  system  by  a  simple  resistance
leads  to  results  whose  accuracy  is  similar  to those  obtained  using  more  complex  representations  which
consider  the wideband  behaviour.  Also,  it was  shown  that  the  frequency  dependence  of  soil  parameters
leads  to  a  reduction  of  the  grounding  impulse  impedance  and  causes  a decrease  of the  backflashover
rates,  improving  the lightning  performance  of  transmission  lines.  In addition,  the  effect  of  considering
the  variation  of  soil  parameters  with  frequency  is more  intense  in  the  ground  potential  rise  than  in the
overvoltages  in the  insulator  strings.

© 2017  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Direct lightning strikes are a frequent cause of transmission line
outages. As well detailed in Ref. [1], when a stroke hits a tower,
a portion of the current travels down the tower and the remain-
der portion goes through the shield wires. The tower current flows
to earth at the tower base through the grounding system. The
resultant voltage wave reflected back up to the tower top depends
directly on the value of the footing impedance encountered by the
current. A sufficiently high voltage may  stress the insulator strings
and result in backflashover. According to Ref. [1]: “Since the tower
voltage is highly dependent on the footing impedance, it follows
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that footing impedance is an extremely important factor in deter-
mining lightning performance”.

The overvoltages on transmission lines yielded by direct light-
ning strikes are usually computed by using simplified analytical
approaches or by simulations using full electromagnetic models
or EMT-type programs [1–9]. The use of simplified analyti-
cal approaches should be avoided, since they consider certain
assumptions that could lead to errors in estimating the lightning
performance of transmission lines. The use of full electromagnetic
models, although they provide the most accurate results, has the
drawback of being very computational time consuming. On the
other hand, the widespread EMT-type programs have several mod-
els of the electrical system components that allow in most cases
a sufficient accurate analysis of the lightning overvoltages prop-
agation along transmission lines. However, EMT-type programs
usually do not have accurate models to represent the lightning
response of grounding, including its wideband behaviour.

As already mentioned, the grounding system is an extremely
important component in determining lightning performance of
transmission lines [10]. Nevertheless, in most evaluations consid-
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ering simplified approaches or EMT-type programs, the grounding
is represented by a simple resistance [1–6,11–13]. Such represen-
tation disregards some effects that arise when the grounding is
subjected to lightning currents, for instance, capacitive and induc-
tive effects along with propagation phenomena [11,14]. Also, even
when more elaborate models are used for grounding representa-
tion, the frequency dependence of soil parameters is not included
in evaluations [7,8]. However, according to recent experimental
works, disregarding the frequency dependence of soil parameters
can lead to significant errors on estimating the lightning perfor-
mance of grounding electrodes [12,15–17].

The impact of the frequency dependence of soil parameters
on the lightning performance of transmission lines was  recently
addressed in Ref. [9], where an accurate representation of ground-
ing systems and transmission line is presented [18]. However,
application of the Hybrid ElectroMagnetic (HEM) model to simu-
late the entire transmission system results into a large computation
effort.

The aim of this paper is to present an efficient solution allow-
ing interfacing a wideband modeling of grounding systems with
EMT-type programs in order to accurately assess the influence of
grounding frequency behaviour on developed overvoltages across
insulators. Furthermore, the impact of the frequency dependence
of soil on the developed overvoltages on transmission lines due to
direct lightning strokes is addressed.

2. Frequency dependence of soil parameters

According to classical laboratorial measurements, there is a
significant frequency dependence of soil resistivity � and permit-
tivity ε in the representative frequency range of lightning currents
[19–21]. In spite of the knowledge of such frequency dependence
of soil parameters, it had been neglected until recently in studies
evaluating the lightning performance of grounding systems, proba-
bly due to the lack of an accurate general formulation to describe it.
According to Ref. [15], in a conservative approach, soil resistivity is
assumed as the value measured by conventional measuring instru-
ments, which employ low-frequency signals. In the same approach,
soil relative permittivity is assumed to vary from 4 to 81, according
to the soil humidity, being very common to assume values between
10 and 20.

In this paper it is analysed the impact of considering the varia-
tion with the frequency in the overvoltages developed at the point
of current injection in the grounding (Grounding Potential Rise) and
in the insulator strings. For this, three formulations are considered,
an older one [21] and two  more recent [15,22]. These works are
briefly presented in the following subsections.

2.1. Formulations of R. Alipio and S. Visacro

Recently, R. Alipio and S. Visacro proposed Eqs. (1) and (2) to
compute the frequency dependence of soil conductivity � and rel-
ative permittivity εr based on a large number of field measurements
and on the causal Kramers–Kronig’s relationships and Maxwell
Equations [22].
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In Eqs. (1) and (2), � is the soil conductivity in mS/m,  �0 is the
low-frequency conductivity (100 Hz) in mS/m,  εr is the relative per-
mittivity, εr∞ is the relative permittivity at higher frequencies, ε0
is the vacuum permittivity (�0 ∼= 8.854 × 10−12 F/m) and f is the fre-
quency in Hz. The parameters h(�0), � e εr∞ are given by Eq. (3) in

Table 1
Coefficient an for the universal soil model [21]—see Eqs. (5) and (6).

N an N an N an

1 3,4 × 106 6 1,33 × 102 11 9,8 × 10−1

2 2,74 × 105 7 2,72 × 101 12 3,92 × 10−1

3 2,58 × 104 8 1,25 × 101 13 1,73 × 10−1

4 3,38 × 103 9 4,8 × 100

5 5,26 × 102 10 2,17 × 100

order to obtain mean results for the frequency dependence of soil
parameters, as detailed in Ref. [22].

h (�0) = 1.26 × �0
−0.73 (3a)

� = 0.54 (3b)

εr∞ = 12 (3c)

It is worth mentioning that the consistency of such expres-
sions to compute the frequency dependence of soil parameters was
proved based on experimental results [22].

2.2. Formulations of C. M. Portela

C. M.  Portela carried out a series of measurements which com-
prises experimental data obtained in several geological areas in
Brazil and considers soil samples measured from 100 Hz up to
2 MHz. The value of the effective conductivity �, as well as rela-
tive permittivity, is expressed as a function of the low frequency
conductivity �0 obtained from the measured 100 Hz soil resistivity,
according to Eq. (4).
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where ω is the angular frequency, �0 = 1⁄�0 (where �0 is the
low frequency ground resistivity), �i and  ̨ are statistical parame-
ters, which express the frequency dependence of soil conductivity
and permittivity. To evaluate the probability density functions
associated with parameters �i  and ˛, Weibull distributions were
adopted. As discussed in Ref. [15], for most cases of interest, it may
be acceptable to consider median values for both �i and ˛, which
are 11.71 S/m and 0.706 respectively.

2.3. Formulations of C. L. Longmire and K. S. Smith

In 1975, C. L. Longmire and K. S. Smith published a paper with a
general formulation to compute the frequency dependence of the
soil’s impedance based on the idea that a differential volume of the
soil, named “universal soil”, can be represented by a RC net [21].
The formulation is valid for frequencies in the range of 100 Hz to
1 MHz. Relative permittivity and soil conductivity are calculated by
Eqs. (5) and (6), respectively.
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N∑
n = 1
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1 +
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whereε∞ = 5, fn =
(
P⁄10

)1.28 × 10n − 1 Hz; an assumes the values of

Table 1; �i = 8 × 10− 3
(
P⁄10

)1.54
S/m. P is adjustable according to

the value of low frequency soil resistivity [21].
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