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A B S T R A C T

This work analyzes the impact of the physical factors (frequency effect, water content, and porosity level) on
the voltages developed along the wind turbine (WT) subjected to lightning strikes. The analysis is performed
considering a realistic grounding system (GS) where the full-wave electromagnetic (ES) software FEKO/Altair
Engineering® calculates the GS harmonic impedance (HI) for 100 Hz to 10 MHz. For this purpose, six soil
models [Visacro–Portela, Portela, Visacro–Alípio, Alípio–Visacro, Datsios–Mikropoulos, and Archie] and their
transient responses are assessed. Comparisons are made with those assuming a frequency-constant (FC) soil at
the dry condition. The GPR on the GS and the voltages on the tower base and nacelle are calculated using the
software ATP® for the transient analysis. Results show a significant impact on HI with the physical factors,
being remarkable at high frequencies and for high-resistive soils. Consequently, a notable decrease in the
GPR peaks is seen compared with those with FC soils. These soil models and the lightning currents influence
voltages at the nacelle and tower base. Results demonstrated that the Portela model predicts a more significant
decrease in the voltages, and Datsios-Mikropoulos’s model provides closer responses to the FC soil. Increasing
porosity yields larger peak values, and increasing water content produces lower voltages.
1. Introduction

Wind energy is one of the most efficient renewable energy resources
nowadays due to its constant replenishment in nature where wind
turbines have become taller to maximize the energy produced. The
inexhaustible presence of wind yields electricity, eliminating the prob-
lems caused by burning fuels or polluting the air, and its low cost
of installation and maintenance are the main advantages. However,
wind turbines (WT) are openly exposed to lightning discharges dur-
ing thunderstorms, mainly on their blade’s tip, due to their height,
locations on elevated terrains, or areas with high isokeraunic levels
during thunderstorms [1–3]. Besides that, new WTs are taller nowa-
days to yield more power extracted from wind energy than in the
past. Therefore, these new turbines are more vulnerable to lightning
surges during thunderstorms since these structures can be excellent
lightning initiators in both upward and downward directions [4,5].
These generated overvoltages can be very harmful to many components
located at the nacelle, such as sensible electronic power equipment,
generator, and transformer, being vulnerable to high impulsive voltages

✩ This study was supported by the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES), Brazil - Finance code 001 and by the São Paulo
Research Foundation (FAPESP), Brazil (Grant: 2019/01396-1).
∗ Corresponding author.
E-mail addresses: w157573@dac.unicamp.br (W.L.M. de Azevedo), w223738@dac.unicamp.br (W.C. da Silva), ajaraujo@unicamp.br (A.R.J. de Araújo),

pisso@unicamp.br (J.P. Filho).

during the transient state, leading to malfunctions or damage of these
elements [2,6–8]. At the tower base, the abrupt ground potential rise
(GPR) generated by the fast-front surge phenomena at the WT ground-
ing system must be under a safe limit to guarantee the protection of
people close to the grounding system (GS) and to reduce the damages
to the installations and equipment in the vicinity [9,10]. In this frame,
grounding systems are essential to estimate the temporary overvoltages
along the parts of the WT and to design adequate insulation levels to
protect several components during this transient state.

To correctly compute the overvoltages on a WT, the ground must
be represented considering that its electrical parameters (electrical
resistivity 𝜌, magnetic permeability 𝜇, and relative permittivity 𝜀) are
dependent on various physical factors, such as temperature [11], strat-
ification [12,13], ionization [14,15], frequency dependency [16–21],
water content [22–26] and porosity level [27,28]. Once a proper soil is
adopted, the harmonic impedance of the GS can be assessed correctly
for a large frequency range (from dc to MHz). Several ground models
have been proposed in the literature to incorporate the frequency
vailable online 22 September 2023
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dependency in the soil resistivity and permittivity to correctly assess the
transient responses generated by lightning discharges on transmission
lines and wind turbines [6,21,25].

The influence of the frequency effect on the soil resistivity 𝜌 and
elative permittivity 𝜀𝑟𝑔 has been extensively studied in many papers in
he literature since 1960s [16–21]. The frequency dependence occurs
ue to the polarization phenomena on the soil particles related to the
ncreasing frequency of the incident electrical field penetrating the
oil [29]. As a consequence, the soil resistivity and relative permittivity
ecrease with increasing frequency, this reduction more pronounced for
igh-resistive soils. Then, a remarkable decrease in the GPR (mainly
he peak values) is seen when FD soils are used to represent the
round [21]. Cavka et al. in [19] have presented a comparison be-
ween the models of Scott [22], Longimre–Smith [23], Messier [24],
ortela [16], Visacro–Portela [17] and Visacro–Alipio [18]. Further,
hey studied the impedance and GPR for a horizontal and wind turbine
S under first return stroke (FRS) and subsequent return stroke (SRS).
ortela’s model presented a higher variation in the GPR waveshapes in
his study. In[20], the authors have studied the impact of the frequency-
ependent soil models proposed by Longimre–Smith [23], Portela [16]
nd Visacro–Alipio [18] on the GPR and lightning-induced voltages on
138-kV transmission line generated by FRS and SRS injected on the

ower top. It was demonstrated that Portela’s model provided the most
emarkable variations compared to the voltages computed assuming
requency-independent soil parameters. Further, the SRS current gen-
rated higher variations than those assessed by FRS, taking the exact
alue of soil resistivity [20].

Regarding the presence of water in the soil, this medium turns
nto a more conductive medium with increasing moisture as a result
f the more ions from salts being dissolved in the voids between
he solid parts of the ground. In Azevedo et al. [30], the authors
nvestigated the impact of humidity on the WT using the soil model
roposed by Messier. In [31], Azevedo et al. analyzed the impact of
oil stratification, assuming that each layer is represented by Longmire-
mith’s model with certain water content. Nazari et al. [25] employed
he method MoM to compute the HI of the grounding system of a

T composed of 20-m rods. The model Messier was used to repre-
ent the soil in their analysis [24]. Salarieh et al. [32] analyzed the
oil models of Smith–Longmire [33], Scott [22], Messier [24] and
atsios–Mikropoulos [34] assuming distinct water levels, using only
ertical and horizontal electrodes and their impact on GPR waveshapes,
roviding a comparative analysis between these soil approaches.

Soil is typically a porous medium composed of solid matter, air
oids, and liquid water. When grounding electrodes are subjected to
igh current densities, the surrounding area of the conductor is exposed
o an intensive electric field. If this field exceeds the critical electric
ield intensity of the soil, the ionization process occurs through the
ir voids. As a consequence, the grounding resistance of the conductor
ecreases [14,15,35]. In this perspective, the porosity level and water
ontent play a fundamental role in the soil ionization process and must
e considered in the transient analysis involving lightning strikes [35].
rchie analyzed the resistivity of several samples of saturated soils

hrough experiments and proposed an empirical formula relating the
orosity and water content in 1942 [27]. Based on his work, many
uthors have proposed improvements on Archie’s model in the liter-
ture [36,37]. In 2021, Fu et al. in [28] proposed a general form of
rchie model to estimate the soil electrical conductivity taking into
ccount the porosity level and water content in the soil, based on the
rchie work [27]. Recently, Liu et al. assessed the electromagnetic

ields and induced overvoltages on overhead power lines located on
orous grounds for distinct values of porosity level and water content.
he general formula of Archie’s model proposed by Fu et al. [28] is
urther presented in this work.

To the best of the authors’ knowledge, the literature has not exten-
ively presented an extensive study concerning soil electrical parame-
2

ers varying with frequency, water content, and porosity level and their g
impact on transient voltages along tall wind turbines (WT) subjected
to lightning strikes. This work analyzes the impact of these physical
factors on the transient voltages generated along a WT subjected to
fast-rising pulses (lightning strikes). For this purpose, the harmonic
impedance (HI) of the GS wind turbine is computed using the full-wave
ES FEKO/Altair Engineering® employing the numerical Method of
Moments (MoM) for 100 Hz to 10 MHz. The models concerning FD soils
proposed by Visacro–Portela [17], Portela [16], Visacro–Alípio [38],
Alípio–Visacro [39], Datsios–Mikropoulos [34], and the model relating
to porosity and water content presented by Archie are used for this
analysis. The influence of these soil models on transient voltages at
the nacelle and WT base, ground potential rise (GPR), developed by
lightning currents of first return stroke (FRS) and subsequent return
stroke (SRS), are investigated using the software ATP® for the transient
analysis. Responses obtained with frequency-constant (FC) soils in dry
conditions are adopted as references. Results showed a pronounced
impact on the HI considering these physical factors, being more re-
markable for high-resistive soils at high frequencies. Results exhibited
that the P model predicts a more significant decrease in the GPR and
voltages along the WT due to the greater soil conductivity provided by
his expression. However, Datsios-Mikropoulos’s (DM) model provides
closer responses to the FC soil. The DM model was developed for wet
sandy soils, varying the water content from 2.5% up to saturation,
where the effect of the frequency dependency on the soil parameters
is less pronounced. Increasing porosity yields more significant peaks of
GPR due to increasing resistivity values, and increasing water content
produces lower voltages as the soil gets more conductive.

The novelty of the work is a review of the physical factors (fre-
quency effect, water content, and porosity) and their impact on the
electrical parameters using a realistic GS of a wind turbine which was
modeled using a full-wave ES. The wind turbine is also represented by
lumped circuit model in the software ATP for lightning analysis. As a
contribution, this paper provides a theoretical transient analysis of the
voltages developed on tall WTs, which have increased their heights to
generate more power nowadays concerning proper soil modeling. The
rest of this article is organized as follows: In Section 2, six proposed
soil models with their expressions are briefly presented. In Section 3,
the methodology to represent the WT is explained. In Section 4, the
simulation results are presented and discussed. The conclusion of this
article is provided in Section 5.

2. Soil models variable with physical properties

2.1. Frequency-dependent soil electrical parameters

Soil is a non-ferromagnetic dispersive lossy medium can be charac-
terized by a relative magnetic permeability being approximately 1 (𝜇𝑟 ≈
1). However, the conductivity (resistivity) 𝜎(𝑓 ) (𝜌(𝑓 )), and relative
permittivity 𝜀𝑟(𝑓 ) are strongly variable with the frequency [21]. This
dependency occurs due to the various polarization mechanisms existing
in this medium as the electric field varies with the frequency [21,40].
Further, the soil may vary its behavior depending on the frequency
region by comparing the conduction (𝐽𝑐 = 𝜎𝐸) and displacement (𝐽𝑑 =
0𝜀𝑟𝜔𝐸) current densities (A/𝑚2), where 𝜔 is the angular frequency
rad/s), and 𝐸 (V/m) is the magnitude of the electric field propagating
n the ground [29]. Then, at the low-frequency region, the ratio 𝐽𝑐∕𝐽𝑑 ≫
, and the ground behaves as a conductor. At the mid-frequency region,
oth currents are comparable, and the soil acts as a conductive and
nsulator medium, depending on the values of 𝜎 and frequency. Finally,
t the high-frequency region, the ratio 𝐽𝑐∕𝐽𝑑 ≪ 1, the ground acts mainly
s an insulator [29].

When lightning strikes are involved, these fast-front phenomena
re characterized by a frequency spectrum varying from dc to some
ens of MHz [21]; Therefore, the soil may behave as a conductive or
nsulator medium, which remarkably influences the transient responses

enerated. Over the past years, several researchers have proposed
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Table 1
Formulations for the soil models with FD electrical parameters.

Model/Year/Reference Expression

VP-(1987) [17] 𝜎(𝑓 ) = 𝜎0(𝑓∕100)0,072

𝜀r(𝑓 ) = 2, 34 × 106𝜎0,535
0 𝑓−0,597

P-(1999) [16] 𝜎(𝑓 ) = 𝜎0 + 𝛥i

[

cot
(

𝜋
2
𝛼
)](

𝑓
106

)𝛼

𝜀r(𝑓 ) = 𝛥i

(

𝑓
106

)𝛼 1
2𝜋𝑓𝜀0

VA-(2012) [39] 𝜎(𝑓 ) = 𝜎0{1 + [1, 2 × 10−6(1∕𝜎0)0,73][(𝑓 − 100)0,65]}

𝜀r(𝑓 ) =
{

7, 6 × 103𝑓−0,4 + 1, 3 𝑓 ≥ 10 kHz
192.20 𝑓 < 10 kHz

AV-(2014) [18] 𝜎(𝑓 ) = 𝜎0 + 𝜎0 × ℎ(𝜎0)
(

𝑓
1MHz

)𝜉

𝜀r(𝑓 ) =
𝜀∞′

𝜀0
+ tan(𝜋𝜉∕2) × 10−3

2𝜋𝜀0 (1MHz)𝜉
𝜎0 × ℎ(𝜎0)𝑓 𝜉−1

DM-(2019) [34] 𝜎(𝑓 ) = 𝑓 × 10−6(𝜎0 + 0, 65𝜎0,43
0 ) + [42 − 42(𝑓 − 42) × 10−6][(𝜎0∕42) − (𝜎0 + 0, 65𝜎0,43

0 ) × 10−6]

𝜀r(𝑓 ) =

{

1, 24𝜎0,415
0 𝜀∞ + (3.000∕𝑓 )𝐾 [4𝜎0,463

0 (2, 9𝜀∞ − 3, 8) − 1, 24𝜎0,415
0 𝜀∞] 𝑓 ≥ 3 kHz

1, 24𝜎0,415
0 𝜀∞ + 1𝐾 [4𝜎0,463

0 (2, 9𝜀∞ − 3, 8) − 1, 24𝜎0,415
0 𝜀∞] 𝑓 < 3 kHz

A-(2021)-[28] 𝜎(𝑊 ,𝜙) = 𝜎𝑑𝑟𝑦 +
(

𝜎𝑠𝑎𝑡−𝜎𝑑𝑟𝑦
𝜙2 − 𝜂

)

𝑊 2 + 𝜂𝜙𝑊

𝜂 = 𝛼 𝛿clay

𝛿sand+𝛿silt
+ 𝛽
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different soil models to determine the dependency of frequency on
soil parameters. This work investigates five FD ground models con-
cerning their responses to frequency and time domains. These models
are expressed in terms of curve-fit expressions. They are Visacro–
Portela (VP) in [17], Portela (P) in [16], Visacro–Alípio (VA) in [39],

lípio–Visacro (AV) in [18], Datsios–Mikropoulos (DM) in [34] (in
hronological order). The frequency range, number of soil samples, and
ype of measurements to determine the FD soil models are detailed
n [19,29]. The expressions proposed by FD conductivity 𝜎(𝑓 ) and
elative permittivity 𝜀𝑟(𝑓 ) are organized in Table 1.

In this table, for DM model, 𝜀∞ = 3.5 and 𝐾 = 0.537𝜎0.160 . In
odel P, 𝛼 = 0.706 and 𝛥i = 11.71 mS/m. In model AV, 𝜀∞′∕𝜀0 =
2, h(𝜎0) = 1.26𝜎−0.730 and 𝜉 = 0.54, see Fig. 8 in [18]. A comparison
etween the VP, P, VA, AV and DM models are described as follows:
our values of low-frequency resistivity (measured at 100 Hz) 𝜌0 of
00, 1000, 2500 and 5000 Ωm and frequency varying from 100 to
0 MHz are considered. The resistivity 𝜌(𝑓 ) and relative permittivity
r(𝑓 ) are plotted in Fig. 1. According to this figure, the 𝜌g(𝑓 ) and 𝜀r(𝑓 )
ecrease substantially with the increasing frequency due to increasing
n the soil’s conductivity caused by the polarization processes. Further,
notable variation occurs between the proposed soil models in compar-

son with the frequency-constant (FC) soil. These differences are related
o distinct measurements, number of soil samples and types of soils,
n which empirical fitted expressions were obtained. The decrease in
he soil parameters is more pronounced for increasing low-frequency
esistivity 𝜌0. As seen, the models of P, VP, and DM differ the most
rom the FC soil model, whereas VA and AV predict similar responses.
t high frequencies, the 𝜀r(𝑓 ) tends to static values employed in

ransient analysis. The P model has the highest variations from the
ther models, where according to [21], due to measurements carried
ut in the experiments that were used to determine parameters 𝛼 and
i in his curve-fitted expressions. Nonetheless, the DM model provides

ess remarkable differences compared to other soils since this model
as developed based on sandy soils [34]. The CICÈWG brochure (See
able 5.1 of [21]) recommends the causal model of AV [18] for FD soil
odels in major engineering applications when grounding systems in
igh-resistivity soils and lightning strikes are involved.

.2. Soils electrical parameters dependent of porosity and water content

Soils consist of a solid part (with organic and inorganic matter),
iquid water, and gases in voids, as depicted in Fig. 2-(a) [41]. The
onductivity (𝜎) is affected by the water and porosity as reported by
everal researchers [27,28,42]. Porosity refers to the spaces between
3

s

oil particles (typically filled with air), leading to a lower conductivity
ue to fewer conductive pathways being formed between the particles.
ater fills these gaps and establishes more conductive paths due to the

ons from dissolved salts present in the liquid water, causing a higher
onductivity [41,42]. Fig. 2-(a) indicates the percentage of water and
orosity. Archie proposed the first empirical formula for porous soil
rom several experiments carried out in 1940s [27]. Later, many works
ave improved the Archie’s model by new laboratory measurements
here empirical formulas were proposed, such as [28,36,37]. Fu et al.
rovided an enhanced formula for soil’s conductivity 𝜎g(𝑊 ,𝜙), which
ssumes the dry and moist conditions of the ground. This formula for
rchie’s (A) model is shown in Table 1. The variables 𝛿clay, 𝛿sand, and
silt characterize the fractions of clay, sand, and silt in the soil volume.
he 𝛼 and 𝛽 are coefficients that depend on the soil. For sandy soil,
hese parameters are 𝛿clay = 5, 𝛿sand = 90, 𝛿silt = 5, 𝛼 = 0.654, and 𝛽 =
.018 [28]. Finally, 𝜀r is assumed to be a constant value.

It is worth mentioning that the soil parameters, especially on the
pper layer of the ground, vary significantly with moisture, temper-
ture and seasonality [43,44]. Regarding the seasonality, rainy and
ry seasons may occur throughout the year, providing the lowest and
ighest soil resistivity, respectively. Then, the grounding impedance
f the wind turbine is also modified due to these changes over the
ear. If a region is constantly monitored, the ground parameters can be
easured periodically, and the general Archie’s formula can be used to

nalyze the transient responses of the grounding systems located in this
rea.

Furthermore, the Archie’s model can be applied to the funicular
tate of the soil [45]. However, the general Archie’s formula presented
y [28], based on statistical methods, can be applied for a volumetric
ater content varying from 0 to 50%, as demonstrated for different

oil samples [See Figure 4 in [28]]. As advantages, the general Archie’s
ormula is a simple model that takes into account the water content and
orosity level, where these last parameters can be monitored regularly
hroughout the year in a certain region. Then, soil’s conductivity can
e estimated for sandy and clay grounds considering the water content
nd porosity level.

. Methodology

.1. Lightning modeling

The lightning strikes are represented as a current source injected at
he electrode’s end. In this work, these fast-rising pulses are related to
ypical first (FRS) and subsequent return stroke (SRS) and their wave-

hapes. These pulses can be modeled as a current source injected at
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Fig. 1. Soil electrical resistivity (on the left-side column) and relative permittivity (on the ride-side column) for soils with 𝜌0 of: (a)–(b) 500 Ωm; (c)–(d) 1000 Ωm; (e)–(f) 2500
Ωm and (g)–(h) 5000 Ωm.
one end of the grounding system. Their waveshapes are mathematically
represented by [46]

𝑖(𝑡) =
𝑚
∑

𝑘=1

𝐼0𝑘
𝜂𝑘

(𝑡∕𝜏1𝑘)𝑛𝑘
1 + (𝑡∕𝜏1𝑘)𝑛𝑘

𝑒−𝑡∕𝜏2𝑘 ; 𝜂𝑘 = 𝑒
[

−
( 𝜏1𝑘
𝜏2𝑘

)(

𝑛𝑘
𝜏2𝑘
𝜏1𝑘

)]1∕𝑛𝑘

, (1)

where 𝐼0𝑘 is the peak, 𝜏1𝑘 is the front-time constant, 𝜏2𝑘 is the decay-
time constant, 𝑛𝑘 is a steepness factor, and 𝜂𝑘 is a peak correction factor.
The lightning parameters are given in Table 2 [46]. The 𝑇10, 𝑇30 refer
to the time difference between an increase from 10% to 90% and 30%
to 90% before the first peak, respectively. According to this figure and
table the subsequent peak is much lower than the FRS. The times 𝑇10
and 𝑇30 of the SRS are much smaller. A channel impedance of 400 𝛺
in parallel to the current source is adopted.

3.2. Wind turbine modeling

The WT shown in Fig. 3-(a) is used for the transient analysis in this
work. Each component is detailed in the following sections.
4

Table 2
Parameters of the lightning currents [46].

Current type 𝑘 𝐼0 (kA) 𝑛 𝜏1 (μ𝑠) 𝜏2 (μ𝑠)

First Return Stroke (FRS) 1 6 2 3 76
(𝑇10 = 5.20 μs, 𝑇30 =3.0 μs) 2 5 3 3.5 10

3 5 5 4.8 30
4 8 9 6 26
5 16.5 30 7 200
6 17 2 70 200
7 12 14 12 26

Subsequent Return Stroke (SRS) 1 10.7 2 0.25 2.5
(𝑇10 = 0.50 μs, 𝑇30 =0.3 μs) 2 6.5 2 2 230

3.2.1. Blade modeling
A thin wire (down-conductor) can be employed to represent each

blade. This wire is represented by a vertical rod characterized by a
surge impedance 𝑍𝑏, as seen in Fig. 3-(c), and expressed by [6]

𝑍𝑏 = 60
[

ln
(

4
ℎ𝑏

)

− 1
]

, (2)

𝑟𝑏
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Fig. 2. (a) Representation of soil; (b) Resistivity plotted in 3D-surface as a function of porosity 𝜙(%) and water content 𝑊 (%).
Fig. 3. (a) Wind turbine struck by lightning at the blade tip; (b) Wind tower represented by cylindrical sections; (c) Equivalent circuit model represented by surge impedances.
where ℎ𝑏(m) is the height from the ground, and 𝑟𝑏 (m) is the radius of
the rod. Due to the Skin effect on the rotor blade and the capacitive
5

effect of the blade’s structure, the propagation velocity 𝑣𝑏 is reduced
to 0.65𝑐, where 𝑐 is the speed of light [3]. The thin-wire (blade) has a
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Fig. 4. NRMSD for: (a) resistivity 𝜌(f); (b) relative permittivity 𝜀𝑟(f); (c) 𝜌(𝑊 ,𝜙) variable with water content; (d) 𝜌(𝑊 ,𝜙) variable with porosity level 𝜙.
Table 3
Tower parameters of the wind turbine.
𝑖- Section (S) ℎ𝑖 (m) 𝑑𝑖 (m) 𝓁𝑖 (m) 𝑍𝑖(Ω) 𝑣𝑡 (m/s)

1 88,17 2,33 28,50 262 0.85c
2 59,50 3,20 28,445 219 0.85c
3 31,055 3,60 16,655 173 0.85c
4 15,570 4,04 15,57 125 0.85c

length 𝓁𝑏 of 47.5 m and radius 𝑟𝑏 of 5 mm. Considering that the WT
height ℎ𝑡 is 88 m, the height from the soil ℎ𝑏 is 135.70 m. Using (2)
yields to 𝑍𝑏 = 610 𝛺, approximately.

3.2.2. Tower modeling
The tower is assumed as a truncated tubular cone bolted along

the structure. Each segment is modeled as lossless lines as shown in
Fig. 3-(b). The WT is partitioned into four sections (𝑆), where each is
represented by a conductor of length 𝓁𝑖 related with a surge impedance
𝑍𝑖 and a propagation velocity 𝑣𝑡, as seen in Fig. 3-(c). The surge
impedance 𝑍𝑖 given as follows [6]

𝑍𝑖 = 60
[

ln
(

4
√

2
ℎ𝑖
𝑑𝑖

)

− 1
]

, (3)

where ℎ𝑖(m) is the height from the soil surface and 𝑑𝑖(m) its diameter.
The propagation velocity 𝑣𝑡 is assumed to be 0.85𝑐 [47]. The tower
parameters were estimated using (3), and the values are organized in
Table 3.

3.2.3. Harmonic grounding impedance of WT
The harmonic impedance 𝑍ℎ(𝑗𝜔) of the grounding system of the

WT is computed with full-wave ES FEKO/Altair Engineering® [48]
employing the MoM whose steps are detailed in [49]. Then, the GPR is
given expressed by

𝐺𝑃𝑅 = −1 {𝐼(𝑗𝜔) ×𝑍ℎ(𝑗𝜔)
}

, (4)

where the −1 denotes the inverse Fourier Transform, and 𝐼(𝑗𝜔) is
Fourier transform of the injected current from (1), respectively. Finally,
to assess the transient responses in the wind turbine using the software
ATP, the impedance of the GS is modeled by the impulse impedance,
given by [50]

𝑍𝑝 =
max [𝐺𝑃𝑅]
max [𝑖(𝑡)]

=
𝑉𝑃
𝐼𝑃

, (5)

where 𝑉𝑝 and 𝐼𝑝 are the peak values of the GPR and injected current,
respectively.

4. Numerical results

4.1. Variation of the soil with the physical properties

The normalized root-mean-square deviation (NRMSD) (𝛿) is used to
investigate the influence of the five FD soil models. The NRMSD is given
6

by

𝛿(%) = 1
𝜒𝑟𝑒𝑓

√

√

√

√

[

1
𝑁

𝑁
∑

𝑖=1

(

𝜒𝑚𝑜𝑑𝑒𝑙 − 𝜒𝑟𝑒𝑓

)2
]

× 100% (6)

where 𝑁 is the number of data points (N = 2000), 𝜒 can be either
resistivity or relative permittivity, computed for the reference model
(ref ) and soil model (model) with electrical parameters variable with
the physical factors, such as the frequency effect 𝑓 , water content
𝑊 and porosity level 𝜙. Firstly, considering the five FD soil models
(VP, P, VA, AV and DM), four values of low-frequency resistivity 𝜌0
are assumed: 500, 1.000, 2.500 and 5.000 Ωm, with their expressions
proposed in Table 1. The reference response (ref ) is assumed to be
the frequency-constant (FC) soil resistivity of 500, 1.000, 2.500, and
5.000 Ωm. The reference response (ref ) for the relative permittivity
is 𝜀𝑟 = 10. The calculated NRMSD for the soil resistivity and relative
permittivity are plotted in Fig. 4-(a). According to these figures, one
sees that deviations in the soil resistivity increase with the increasing
low-frequency resistivity 𝜌0, except for the VP model in which NRMSD
are kept constant for all values due to its expression 𝜎(𝑓 ). Then, VA
and AV predict similar values of deviations, being closer to the FC
soil than the other models. Further, Portela’s model P provides the
highest variation for the increasing 𝜌0, whereas the DM model results in
the less pronounced NRMSD. The lower deviation for DM occurs since
this model is validated for sandy grounds with low moisture content
where the conduction phenomena are less pronounced compared to the
other models [29]. Regarding the relative permittivity, the NRMSD is
presented in Fig. 4-(b); According to this figure, the NRMSD decreases
significantly for increasing 𝜌0, as the VP model shows the most notable
variations. On the other hand, P and VA models show a constant
deviation because, in their expressions, the relative permittivity does
not depend on 𝜌0. The lowest variation is seen for DM model since it
is developed for wet sandy soils where the polarization effect is less
pronounced [see Fig. 1, magenta line on the right-side], compared to
the other soil models [29]. Considering the general Archie’s (A) formula
in Table 1, two different scenarios are assumed: (𝑆1) four values of
porosity level 𝜙 of 2.50%, 5,0%, 12.5%, and 25% and water content
𝑊 = 1%; (𝑆2) four values of water content 𝑊 corresponding to 2.50%,
5%, 12.5%, and 25% and porosity level 𝜙 = 25%; These scenarios
are compared assuming the dry soil of 2.500 Ωm as the reference
response (ref ) The calculated NRMSD for the soil resistivity is plotted
in Fig. 4-(c) and (d). Fig. 4-(c), the NRMSD increases with increasing
water percentage 𝑊 as the ground becomes more conductive as more
conductive paths are established and the soil resistivity decreases. On
the other hand, Fig. 4-(d) shows a decreasing NRMSD with increasing
porosity 𝜙 as the soil gets less conductive, as the void volume increases
which tends to the resistivity of dry ground.

4.2. HI of the WT grounding system

The HI 𝑍ℎ(𝑗𝜔) of the WT grounding system is assessed with the full-
wave ES FEKO, [48] employing MoM [49]. The exact values of 𝜌 , 𝑊 ,
0
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Fig. 5. GS of the WT designed in FEKO: (a) upper; (b) side; and (c) 3D views.
Fig. 6. Magnitude of the harmonic impedance of the WT grounding system for: (a) 500 Ωm; (b) 1000 Ωm; (c) 2500 Ωm; (d) 5000 Ωm.
Fig. 7. Magnitude of the harmonic impedance of the WT GS-Magnitude for constant: (a) water content (𝑊 = 1%); (d) porosity level (𝜙 = 25%).
and 𝜙 from the previous section are adopted for these simulations. The
WT’s grounding system (GS) is depicted in Fig. 5, formed by concentric
rings and eight vertical rods. The calculated HI for the five frequency-
dependent soil models (VP, P, VA, AV and DM) are plotted in Fig. 6.
The HI assessed for Archie’s A model are illustrated in Fig. 7.

In general, in Figs. 6 and 7, the HI of the grounding system is
considerably affected by physical factors along the frequency range. At
the low frequencies, the HI presents a pure resistive, also named low-
frequency resistance 𝑅𝐿𝐹 , being dependent on resistivity 𝜌(𝑊 ,𝜙) and
geometrical parameters of GS. Above a particular frequency, the reac-
tive part of HI has either an inductive or a capacitive predominance,
7

which is strongly influenced by physical factors. Concerning Fig. 6,
as the low-frequency resistivity 𝜌0 increases, the low-frequency 𝑅𝐿𝐹
increases directly. However, the simulation results above a particular
frequency indicate significant variations between the FD soil models,
especially when assuming high-resistive soil. These differences are
more pronounced for Portela’s (P) model, where larger levels of the
decrease in the HI are seen. Compared to that obtained with those
assessed with the frequency-constant (FC) model. The models VP, VA,
and AV tend to predict similar results, and the Datsios-Mikropoulos’s
(DM) model is closer to the HI computed with the FC soil for the
reason that this model is developed concerning high-resistive sandy
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Fig. 8. FRS and SRS waveshapes in: (a) time- and (b) frequency-domains.
Fig. 9. GPR waveshapes for the FD soil models developed by: (a) FRS and (b) SRS.
Fig. 10. GPR waveshapes developed for Archie’s soil model varying 𝑊 - (a) FRS; (b) SRS; Varying 𝜙- (c) FRS and (d) SRS.
soil [34]. Regarding Fig. 7, the soil porosity and water percentages
significantly impact the HI. For the dry soil (most conservative case),
the highest ground resistivity 𝜌 of 2500 Ωm is obtained, resulting in
the highest low-frequency 𝑅𝐿𝐹 compared with partially saturated soils
using 𝜌(𝑊 ,𝜙) proposed by general Archie’s model [42]. Further, as the
porosity level increases, the 𝑅𝐿𝐹 increases, approaching the that as-
sessed for the dry sandy ground. This increase in 𝑅𝐿𝐹 appears because
fewer conductive paths are formed as the void space becomes larger
in the ground [42]. As the water content increases, as result of the
increasing quantity of hydrated ions, the number of conductive paths
established through the pores increases, which improves continuity
and connectivity of the current [45]. Consequently, the 𝑅𝐿𝐹 decreases
compared to that value assessed for dry ground.

4.3. GPR and impulse impedance of the WT grounding system

The GPR is calculated using (4) for the currents representing the FRS
and SRS, as described in (1). The transient GPR waveshapes computed
8

for the GS considering the FD soil models are depicted in Fig. 9 and
those considering the soil variable with water level and porosity level
are plotted in Fig. 10.

As seen in these figures, the GPR waveshapes depend on the soil
model and the type of lightning current injected at the tip of the WT
grounding system. According to Fig. 9, the frequency dependency on
the soil parameters significantly impacts the GPR waveshapes. The
difference between the models increases with increasing low-frequency
resistivity 𝜌0, where the peaks strongly decrease depending on the
model. One notes that Portela’s (P) model predicts higher differences
for all GPR waveshapes. On the other hand, the DM models present
similar responses compared with those calculated with the frequency-
constant (FC) model. The responses calculated with the AV, VP, and VA
predict similar results. The differences related to the lightning currents
are also very remarkable. The peaks of GPR waveshapes for the SRS
are higher than those developed for the lightning of the first type. This
difference occurs due to the higher frequency content related to shorter
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Table 4
Comparison of impulse impedance 𝑍𝑝 (𝛺) for soil models variable with frequency effect. the values in() represents the percentage difference
𝛥(%) from (7).
Low-frequency resistivity 𝜌0(Ωm)

Soil model FRS SRS

500 1000 2500 5000 500 1000 2500 5000

FC 6.19(–) 8.02(–) 12.30(–) 22.32(–) 24.78(–) 31.60(–) 40.11(–) 44.60(–)
VP 5.39 (13) 7.01(13) 9.74(21) 14.68(34) 18.41(26) 22.83(28) 30.01(25) 33.52(25)
P 4.61(25) 5.06(37) 5.47(56) 7.79(65) 12.59(49) 12.91(59) 13.12(67) 13.20(70)
VA 5.49(11) 6.87(14) 9.27(25) 15.38(31) 18.92(24) 21.94(31) 25.71(36) 27.83(38)
AV 5.68(8) 6.99(13) 9.25(25) 14.60(35) 18.99(23) 22.04(30) 26.02(35) 28.75(36)
DM 6.01(3) 7.71(4) 12.00(2) 22.08(1) 23.03(7) 28.99(8) 37.66(6) 42.82(4)
Table 5
Comparison of impulse impedance 𝑍𝑝 (𝛺) for soil models variable with water content and porosity level. the values in() represents the percentage difference 𝛥(%) from (7).

FRS SRS

Soil parameter (W = 1%) 𝑍𝑝 Soil parameter (𝜙 = 25%) 𝑍𝑝 Soil parameter (W = 1%) 𝑍𝑝 Soil parameter (𝜙 = 25%) 𝑍𝑝

Dry 12.30 (–) Dry 12.30 (–) Dry 40.11 (–) Dry 40.11 (–)
𝜙 = 2.5% 4.14 (66) 𝑊 = 2.5% 7.74 (37) 𝜙 = 2.5% 15.82 (61) 𝑊 = 2.5% 30.66 (24)
𝜙 = 5.0% 6.18 (50) 𝑊 = 5.0% 5.73 (53) 𝜙 = 5.0% 24.70 (38) 𝑊 = 5.0% 22.70 (43)
𝜙 = 12.5% 9.26 (25) 𝑊 = 7.5% 4.67 (62) 𝜙 = 12.5% 34.96 (13) 𝑊 = 7.5% 18.06 (55)
𝜙 = 25.0% 10.10 (18) 𝑊 = 10.0% 3.99 (68) 𝜙 = 25.0% 36.71 (8) 𝑊 = 10.0% 15.24 (62)
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front-time subsequent return than that from the FRS, as depicted in
Fig. 8-(a). As noted in Fig. 10-(a) and -(b), as the moisture content
increases, the GPR decreases due to lower soil resistivity resulted from
the dissolved ions and more conductive paths established through soil
particles and water. However, as the porosity grows, higher peaks of
GPR are obtained because of the less conductive soil as more voids are
generated in the ground, less conductive paths are formed, and lower
dissipation of the lightning current occurs. Then, increasing peaks are
obtained for the GPR as illustrated in Fig. 10-(c) and -(d).

The impulse impedance 𝑍𝑝 is assessed using the (5). The calculated
𝑍𝑝 are organized in Tables 4 and 5. To evaluate the impact of soil
models with variable physical factors, the percentage difference 𝛥(%)
between the impulse impedance is calculated as follows

𝛥(%) =
𝑍𝑝(𝑟𝑒𝑓 ) −𝑍𝑝(𝑚𝑜𝑑𝑒𝑙)

𝑍𝑝(𝑟𝑒𝑓 )
× 100%, (7)

where 𝑍𝑝(𝑟𝑒𝑓 ) and 𝑍𝑝(𝑚𝑜𝑑𝑒𝑙) are the impulse impedance calculated for
he reference model (ref ) and soil model (model) variable with physical

factors, such as frequency effect, water content, and porosity level,
respectively. The percentage difference 𝛥(%) are shown in Tables 4 and
5 in parenthesis. It is worth noting that this variation also corresponds
to the percentage difference at the peaks of GPR. As a general behavior,
the deviation 𝛥(%) is higher for the 𝑍𝑝 calculated for the SRS in com-
parison with those from FRS. According to Table 4, results corroborate
that the Portela (P) model (highlighted in green color) has the highest
(%) of all FD soil models. This variation increases with increasing low-
requency resistivity 𝜌0 where the most significant decrease (65% for
he FRS and 70% for the SRS) is found. The lowest deviation occurs for
he Datsios–Mikropoulos (DM) model (in Navajo color), being lower
han 10% for all the soil resistivities, as the GPR waveshapes for this
odel are the closest to those assessed assuming the FC soils. The

ther soil models (VA, AV, and VP) predict similar values of deviation
(%), as corroborated by the GPR waveshapes in Fig. 9. According to
able 5, as the porosity gets higher, the 𝑍𝑝 becomes more significant
as shown in the first and third columns), which results in a decrease
n the percentage deviation 𝛥(%). For example, 𝛥(%) varies from 66%
o 18% for the FRS and goes from 61% to 8% for the SRS. On the other
and, 𝑍𝑝 considerably decreases with increasing water content 𝑊 as
he soil gets less resistive. Then, the percentage deviation 𝛥(%) has a
ore notable increase varying from 37% to 68% for the FRS (second

olumn) and ranging from 24% to 62% for the SRS (fourth column).
9

.4. Time-domain voltages on the wind turbine: Nacelle and tower base

The software ATP [51] is employed to compute the time-domain
oltages at the nacelle and tower base, assuming the soil with electrical
arameters dependent on the physical factors. The blades and tower are
odeled according to Sections 3.2.1 and 3.2.2. The impulse impedance
𝑝 is employed as the GS impedance of the WT depicted in Fig. 3-

a). This WT is subjected to the FRS and SRS striking the blade’s tip.
he step size of 1 ns is adopted for the simulations. The transient
oltages at the nacelle (Point A) and tower base (point B) for the
oil models variable with frequency effect are shown in Figs. 11 and
2, respectively. The percentage difference (𝛿) indicates the relative
ifference between the peaks of the voltage waveshapes from the FD
oil models compared to those assessed with the FC soils. According
o Fig. 11, after a short traveling time related to surge propagating
rom the tip blade to the point A, the transient voltages at the nacelle
ncrease for the increasing 𝜌0 for these lightning currents.

The percentage difference 𝛿 is negligible for the voltages generated
or the SRS (on the right-side column, all values of 𝛿 are lower than
.3%) due to the shorter front time, which is related to a higher
ropagation velocity for this lightning current. However, for the FRS,
he lower front-time results in an increasing 𝛿, being small for grounds

with low- and moderate-resistive values (500 and 1000 Ωm) but very
elevated for high-resistive soils (2500 and 5000 Ωm). Further, the
Portela (P) predicted the highest percentage difference (𝛿 = 19%) and
the lowest voltage response at steady state for each scenario since this
model has the highest increase in ground conductivity. The DM model
illustrates the opposite behavior, being closer to the FC soil where no
significant variation is seen for increasing 𝜌0, all values of 𝛿 are lower
than 0.5% as shown in Fig. 11-(e). Concerning point B, the transient
voltages have pronounced differences depending on the soil models
and lightning currents at the tower base. These differences intensify for
increasing 𝜌0, and SRS where Portela (P) model has predicted the worst
reduction (𝛿 = 66.2%) and DM’s model the closest (𝛿 = 3.3%) compared
with those assessed with the FC soil, as seen in Fig. 12-(h). Moreover,
multiple reflections on the GPR waveshapes generated by the SRS until
the steady state are observed due to the fast propagation surge waves
compared to those produced by the FRS. The voltages at the nacelle
(Point A) and tower base (point B) for the general Archie’s model are
plotted in Figs. 13 and 14, respectively, with the difference percentage
calculated assuming the dry soil of 2500 Ωm as reference. As seen
in Fig. 13-(a), the voltage peaks for the FRS increase for increasing
porosity level as the soil gets more resistive. However, the SRS produces
similar peaks, as confirmed by the small 𝛿, lower than 1%, detailed in
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Fig. 11. Voltage waveshapes for the FD soil models at point A developed by: (a) FRS and (b) SRS.
Fig. 12. Voltage waveshapes for the FD soil models at point B developed by: (a) FRS and (b) SRS.
Fig. 13. Voltage waveshapes at point A developed for the general Archie’s soil model varying porosity level 𝜙 and water content 𝑊 : (a) FRS; (b) SRS; (c) FRS and (d) SRS.
Fig. 13-(b). As the water level grows, the ground gets more conductive,
and the peak voltages decrease notably, in which the highest 𝛿 of
12.9% is observed for 𝑊 = 10% in Fig. 13-(c). Further, the voltages
produced by the SRS have less impact at the peaks, being 𝛿 = 0.90%
for the same water level. The dry soil predicts the highest responses
for each case, where the temporal responses vary significantly at the
10
steady state. Then, voltages computed by the highest porosity level
and the lowest water level will be the closest to the responses assessed
with the dry soil (magenta line). Regarding the voltages at the tower
base (Point B), according to Fig. 14, the responses are notably affected
by the porosity level, water content, and lightning waveforms. After
a particular traveling time, the voltages at point B raises significantly
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Fig. 14. Voltage waveshapes at point B developed for the general Archie’s soil model varying porosity level 𝜙 and water content 𝑊 : (a) FRS; (b) SRS; (c) FRS and (d) SRS.
as the porosity increases, which results in decreasing values of 𝛿, and
the soil gets less conductive. The lowest percentage differences occurs
for 𝜙 = 25%, being 𝛿 = 17.5% for the FRS, as seen in Fig. 14-(a)
and 𝛿 = 7.10% for the SRS as shown in Fig. 14-(b). On the other
hand, the voltages decrease for diminishing water content as the soil
gets more conductive because of the dissolved salts in the ground. The
maximum difference is obtained with 𝑊 = 10%, being 𝛿 of 67.0%
and 57.7% for the FRS and SRS, respectively, as illustrated in Fig. 14-
(c) and (d). According to these simulation results, different transient
voltage waveshapes are obtained when the physical factors are con-
sidered in soil electrical parameters. These differences are significant,
especially when compared with results assessed assuming frequency-
constant soils that provide the most conservative responses. In this
case, the insulation level of electrical components may be overesti-
mated, increasing the final costs. The most sensitive equipment, such
as generators, transformers, control, and electronic power systems,
are located in the nacelle compartment. Then, the impulsive voltage
may cause malfunctions or damage to these components. Besides that,
people nearby the WT can be exposed to dangerous GPR during the
transient state. Therefore, proper modeling of soil is essential to design
an adequate grounding system for WTs that provide a safe potential to
people and equipment nearby these structures.

5. Conclusions

This paper investigated the impact of the frequency effect, water
content, and porosity level on soil’s electrical parameters and the
transient responses of a wind turbine subjected to lightning strikes.

Concerning the studied FD soil models [Visacro–Portela (VP), Portela
(P), Visacro–Alípio (VA), Alípio–Visacro (AV), Datsios–Mikropoulos
(DM)], the harmonic impedance of WT is considerably affected by
soil model, low-frequency resistivity 𝜌0 and frequency range. Sim-
ulation results demonstrated that the Portela (P)’s model predicts
more considerable variation in the harmonic impedance, and Datsios–
Mikropoulos (DM) model presents the closest responses, compared with
those obtained with frequency-constant soil. The other soil models
(AV, VP, VA) predict similar responses. The GPR waveshapes strongly
depend on the soil model and lightning current, where the differences
in the peak values increase for increasing low-frequency resistivity.
Portela (P) and Datsios–Mikropoulos (DM) have presented the highest
and lowest differences compared with those GPR from the frequency-
constant model, respectively. This variation also affects the impulse
impedance, where considerable percentage differences are noted for
the Portela (P), and minor values are seen Datsios–Mikropoulos (DM).
The soil models and lightning current also impact the voltages along
the WT. Results show a little difference at the nacelle for the SRS;
however, significant variations occur to the FRS, increasing with the
soil resistivity. Further, Portela (P) produced the highest difference
for all cases. On the other hand, at the tower base, pronounced
differences occur in all soil models. An oscillatory behavior appears
due to reflections between the bottom and top of the WT. The Datsios–
Mikropoulos (DM) model predicted the closest responses to the FC soil
11
model because this model is developed based on wet sandy soil, and the
polarization effect is less noticeable than in humid grounds. Regarding
the general Archie’s form, the porosity and water significantly influence
the harmonic impedance. As the porosity increases, voids between
soil parts result in a less conductive medium. Then, consequently,
the static resistance 𝑅𝐿𝐹 increases considerably. Nevertheless, as the
water content increases, the soil gets more continuous paths because
of the dissolved salts on the aqueous solutions in the ground. In that
condition, the static resistance decreases when the water content grows.
Depending on the soil resistivity and frequency range, the impedance
may be inductive or capacitive at high frequencies. Consequently, the
transient GPR decreases for increasing water content, and this opposite
behavior occurs for increasing porosity levels. The impulse impedance
follows the same patterns observed for GPR. The voltages on the nacelle
increase with the growth of porosity level, and they diminish with
increasing water content for both lightning currents. However, the
peaks of these voltages have a minor variation for both physical factors.
These two parameters strongly influence the steady-state responses.
Further, these soil factors remarkably affect the voltage waveshapes at
the tower base. Additionally, oscillatory behavior rules the waveshapes
due to reflections between the blade’s tip and the tower base. These
results indicated that for accurate estimation of the transient voltages,
the variable soil electrical parameters must consider its physical factors
(frequency effect, water content, and porosity level) on the proper
ground modeling. Precisely assessing these transient voltages is critical,
especially at the nacelle, where sensitive equipment is located, and
at the tower base, where people can be exposed to unsafe potentials
under a transient state. Consequently, proper soil models are essential
to developing an adequate grounding system for WTs, ensuring people’s
safety and protecting electrical components against direct or inducted
impulsive voltages at the nacelle.

As an advantage, the general Archie’s form is a simple model
to compute the soil’s conductivity, especially when this parameter is
monitored in a certain location yearly. Then, soil conductivity can be
estimated for sandy and clay grounds considering the water content
and porosity level. It is worth noting that these physical factors are
generally neglected in most Electromagnetic Transient (EMT)-type pro-
grams, especially when lightning analysis is involved. As shown by this
work, using a frequency-constant soil model overestimates the transient
responses, which affects the final costs regarding the insulation level of
components in the WT project. These costs can be reduced when the
physical factors of the soil are adequately assumed in the simulations.
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