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Abstract

Currently, wind power production is undergoing rapid growth due to the
escalating interest in green energy generation. As a result, generators are
now choosing to locate wind turbine generators (WTGs) in areas where
there is more lightning activity, and earthing problems can be exacerbated
further by the soil resistivity being higher than where turbines are usually
located. In addition, the desire to capture more energy from the wind has
given way to larger WTGs, further increasing the probability of lightning
strikes to the structure. This heightened regularity has emphasized the
need for an effective grounding system, capable of dissipating the large
currents discharged by the lightning into the lightning protection system.
This “effective grounding system” must offer a low impedance by limit-
ing the ground potential rise, which is critical due to the wider frequency
content of the lightning discharge currents (ranging from DC to several
MHz).

The design of an effective grounding system for WTGs depends on
the calculation of the minimum length of the earth electrodes, soil re-
sistivity and its frequency-dependency, and the impact of WTG founda-
tion. The calculation of the length of earth electrodes needs an accurate
measurement of soil resistivity and modeling of the measured resistivity.
Hence, this research considers the measured soil resistivity values of an
Australian wind farm and presents an analysis of the soil stratification
to identify the optimum soil models. The influence of the soil layers on
the WTG grounding system is also investigated to install the earth elec-
trodes. As the resistivity of the soil is frequency-dependent, an analysis
is performed to evaluate the effect of the frequency-dependent soil pa-



rameters on the WTG grounding system at various frequencies of light-
ning discharge current. In addition, the impact of the rebar of the WTG
foundation on the grounding system is evaluated as the rebar shares the
lightning discharge currents. The effective length of the earth electrodes is
frequency-dependent, and rebar determines the impedance of the ground-
ing system at high-frequencies. The next step in the grounding design is
the design of earth electrodes.

The current dissipating capacity of the earth electrodes depends on soil
resistivity, dimensions of the earth electrodes, and burial depth of the elec-
trodes. However, the traditional practice of designing earth electrodes is
based on the soil resistivity alone, considering the uniform soil resistiv-
ity model. The conventional method of designing earth electrodes based
on the uniform soil resistivity is not practical due to non-homogeneous
behavior of the soil resistivity. To enhance the WTG earthing system de-
sign, this research proposes a novel method to calculate the minimum
length of an earth electrode for uniform and two-layer based soil mod-
els considering electrode dimensions and burial depth. The grounding
impedance achieved when electrode lengths are calculated using the pro-
posed method is compared to grounding impedance values computed us-
ing the conventional method. This comparison shows that the proposed
method is an improvement on the current convention. In particular, the
proposed method gives a grounding impedance value of less than 10 Ω at
low frequencies for all soil resistivity values. This results in a reduction in
the potential rise of up to 64% compared to the peak potential value in the
conventional method. The benefits offered by the proposed method mean
that it can be employed to calculate electrode lengths for the required re-
sistance values based on soil resistivity, electrode dimensions, and burial
depth. Such a design may serve as a starting point for an engineer wishing
to design a WTG earthing system.

Another challenge noted is the practice of assessing the effectiveness
of the WTG grounding system. The conventional method is based on



achieving a low-frequency resistance of 10 Ω according to the standard IEC
61400-24 and the performance of the grounding system at high frequencies
is not considered. Hence, identification of the high-frequency components
of the relevant lightning discharge currents is important to understand the
performance of the grounding system. An analysis of the wind turbine
earthing system for different lightning discharge current wave shapes is
performed considering the lightning current waveforms and parameters
mentioned in the IEC 61400-24 standard and evaluated the various fre-
quency components and their influence on the WTG grounding system. It
is identified that the impedance of the grounding system is minimum for
the first short positive stroke current parameters for all the soil resistivity
values compared to the first short negative and the subsequent short cur-
rent wave shapes, although the peak current magnitude is highest for this
wave shape. From the analysis of WTG grounding system based on vari-
ous parameters, this research presents a procedure for assessing the effec-
tiveness of WTG lightning protection system with a focus on the ground-
ing system. It is identified that the effectiveness of the grounding sys-
tem can be improved by proper design of earth electrodes, optimum soil
stratification, and selecting low resistivity soil sites. Finally, various earth
electrode configurations are evaluated to identify the better electrode con-
figuration for WTG grounding system.

This thesis provides an in-depth analysis of WTG grounding systems
to protect WTGs from lightning strikes. The contributions of this research
will help wind farm architects to design effective grounding systems lead-
ing to effective lightning protection systems. Finally, the contributions will
help to increase the adoption of wind power, resulting in more renewable
energy generation. The outcome of this research can be realized to reduce
the downtime of WTGs by incorporating the effectiveness of lightning pro-
tection system component into the wind farm optimization process. Also,
a generalized procedure for calculating the minimum length of earth elec-
trodes for all the soil models can be developed in the future.
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Chapter 1

Introduction

1.1 Problem statement

Amongst all renewable energy sources, power generation from wind en-
ergy conversion systems is growing rapidly. This is partly due to the fact
that wind energy has been recognized as an environmentally friendly and
economically competitive means of electric power generation [1]. Fur-
thermore, wind energy has expanded its base from high to low wind
speed sites and from small scale kilowatt generation to commercial level
megawatt class systems [1]. The increase in power generation capacity of
wind turbine generators (WTGs) is due to improvements in technology
and the increase sizes of the WTGs.

One disadvantage of wind turbine generators is that they are extremely
vulnerable to lightning strikes due to their height, size, shape, and loca-
tion [2], [3]. They are typically up to 120 m high with rotors that span 80 m
in diameter, thus increasing their exposure and risk to direct lightning
strikes [4]. They are also often placed in isolated mountainous regions that
coincide with areas of considerable thunderstorm activity, which increases
the risk of lightning strike [5]. Alternative locations are on level plains
where WTG are predominantly high profile structures. Moreover, WTGs
are often installed at high soil resistivity sites. This means that lightning

1



2 Chapter 1. Introduction

strikes can damage not just individual wind turbines but also sections of
a wind farm and parts of the grid [6]. The future growth of wind energy
may become constrained if improvements in lightning protection systems
are not realised.

Given the risk to the growth of wind energy due to lightning strikes [7],
this thesis investigates potential improvements to lightning protection sys-
tems for WTGs. It is important to dissipate the lightning discharge cur-
rent to the local earth by providing a low impedance path. Amongst all
the components of a lightning protection system, the enhancement of the
earthing system design is addressed in this thesis.

1.2 Motivation

In 2017 the proportion of net additions to global power generating ca-
pacity that came from renewable energy sources was estimated to be in
excess of 70%, with some countries realising much higher contributions
compared to the global average [8]. By the end of 2017, renewables were
estimated to supply 26.5% of global electricity, as shown in Fig. 1.1 [8].
Hydropower contributes the most of all renewable sources with a share
of 16.4% to total energy sources, followed by wind power with a sig-
nificant 5.6% share. Moreover, the annual addition of wind power has
been increasing since 2007, from 1000 GW total global installed capacity to
2195 GW in 2017, as illustrated in Fig. 1.2 [8].

Technological advances, expansion into new markets with enhanced
resources, and improved financing conditions have reduced capital and
operational costs, particularly for wind energy [8]. Onshore wind power
is cost-competitive with new fossil capacity, even without accounting for
externalities. Wind power was also the most cost-effective option for new
grid-based power in 2015 in many markets, including Canada, Mexico,
New Zealand, South Africa, Turkey, and parts of Australia, China and the
United States [8].
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Figure 1.1: Estimated renewable energy share of global production, end of
2017 [8].

Figure 1.2: Wind power global capacity and annual additions, 2007-
2017 [8].
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The reduced costs for wind energy are due to a surge in energy gener-
ation from individual WTGs as a result of their expanding size and esca-
lated installations at high altitudes [9]. As a result, the chances of lightning
strikes on wind turbines have increased, motivating renewed study into
the design of lightning protection system (LPS) [10], [11].

In the event of a lightning strike on a wind turbine generator, the tran-
sient lighting discharge currents dissipate into the ground through the LPS
installed in the WTGs [12], [13]. The LPS consists of an air termination
system [14], which protects the WTG from direct lighting strikes, a down
conduction system providing a low impedance path to the earthing sys-
tem, and an earthing system to dissipate the lightning discharge currents
into the general mass of the earth [15].

The lightning discharge currents may induce over-voltages on the elec-
trical and electronic equipment of the WTG [16] in the absence of an effec-
tive earthing system being installed. There are different types of earth-
ing systems available in the literature, however, a relevant international
standard IEC 61400-24 [17] recommends designing a type B earthing sys-
tem for wind turbine lightning protection, which features a ring electrode
buried around the perimeter of the WTG along with additional radial or
vertical electrodes if required [18], [19].

The IEC 61400-24 standard [17] recommends an earthing resistance of
less than 10 Ω for stand-alone WTG earthing systems. Moreover, the stan-
dard provides guidelines for selecting the length of earth electrodes to
achieve this low resistance [20], [21]. However, it is challenging to pro-
vide such a low resistance earthing system for the wind turbines installed
at high soil resistivity sites.

Wind turbines are often located in regions with high keraunic lev-
els [22], [23] and high soil resistivity [24], [25] where the wind availability
is sufficient to produce power. The keraunic level is the number of thun-
derstorm days per year. High soil resistivity increases the grounding resis-
tance, which in turn decreases the effectiveness of the lightning protection
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systems. Due to their height, shape, and continuous rotation, WTGs are
extremely vulnerable to lightning strikes [26]. Modern wind turbines with
structures in excess of 100 m will invariably experience both upward and
downward lightning strikes [27], [28]. In addition to the damages to the
blades of WTG caused by lightning strikes, the swept stroke phenomenon,
where arc channel of the lightning strike remain attached to the blade for
the duration of the lightning strike [29], can lead to the erosion and track-
ing on the blades due to upward lightning strikes [28].

Lightning discharge currents comprise high frequency compo-
nents [30], [31] which experience higher impedance in the earthing system
compared to low-frequency components, leading to higher potential rise.
Hence, the performance of the WTG is adversely affected by the combined
influence of high lightning strike incidence, large magnitude lightning dis-
charge current and high soil resistivity [24].

A lightning strike to an unprotected WTG can damage the blades,
destroy the mechanical parts and disrupt the electrical and control sys-
tems [27]. Furthermore, people in and around WTGs are exposed to haz-
ards from the step and touch voltages or explosions and fires caused by a
lightning flash [17]. When a lightning strikes the WTG, due to the ground
potential rise, a human or animal that touches an exposed metallic part
can experience a touch potential, and the potential difference between the
two legs will creates a step potential [32]. There have been reports in the
literature that at least 50% of WTGs damaged by lightning strikes have
dielectric breakdown in their LV network and the electrical components
inside the WTG [17].

Moreover, there is no clear guidance in the IEC 61400-24 standard [17]
regarding the length of the earthing electrodes beyond certain values of
soil resistivity. The selection of the length of the earth electrodes according
to the standard is based on a uniform soil resistivity model. However, the
resistivity of soil is inherently inhomogeneous [33]. Hence, there is a need
for a method to select the length of the earth electrodes for non-uniform
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soil models. In addition, the dimensions and burial depths of the earth
electrodes are not considered when designing the earthing system using
traditional methods.

Considering the above, there is an opportunity to enhance the design
of earthing systems for an effective lightning protection system. This is
achieved by considering all the earth electrode parameters when design-
ing an earthing system.

1.3 Research questions

The overall goal of this thesis is to analyse the earthing systems of WTGs
to protect them form lightning discharge currents and thereby improve the
design of earthing systems. This research will help answer the following
research questions:

1. What is the role of soil stratification in the design of WTG earthing
system for lightning discharge currents?
This research question explores the following sub-questions in this
research:

(a) What is the impact of soil stratification on the design of an earth-
ing system?

(b) How should soil resistivity models be evaluated and chosen for
WTG earthing system design calculations?

(c) What is the effect of soil modelling on the selection of earth elec-
trodes?

2. What are the parameters required to assess the effectiveness of the
WTG LPS?
This research question will address the following points:

(a) What are the advantages of evaluating the effectiveness of an
LPS of a WTG?
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(b) What is the current practice of assessing the effectiveness of a
WTG LPS?

(c) Do the electrodes of an earthing system have any significance
in the effectiveness of the LPS of WTG?

(d) What electrode configuration gives the best performance of an
earthing system of a WTG for lightning discharge current?

(e) What is the effect of designing an earthing system to various
lightning protection levels?

(f) What frequencies does a lightning discharge current contain
and what is the effect of frequencies on the earthing system?

(g) What is the impact of integrating the rebar of the WTG founda-
tion into the earthing system?

3. What are the shortfalls of the current practice of designing the WTG
earthing system?
This research question investigates the following sub-questions:

(a) What are the parameters to be considered while designing an
earthing system for a WTG?

(b) Does the current practice of designing the earthing system of a
WTG consider all the influential parameters?

(c) Can the design of WTG earthing system be improved? If so,
how?

1.4 Research objectives

This thesis aims to improve the lightning protection system of a wind tur-
bine generator by enhancing the earthing system design. This is to be
achieved by evaluating suitability of soil resistivity models, factors in-
fluencing soil parameters and an enhanced method to design earth elec-
trodes.
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In order to accomplish the overall goal and provide answers to research
questions, a set of research objectives have been established as a research
guide. They include the following:

Objective 1:
Evaluation of various soil stratification models and their effect on the
impedance of a wind turbine generator earthing system is important
in designing an effective earthing system. Also, the effect of fre-
quency dependent soil parameters, effect of burial earth electrodes
in different soil layers and the effect of rebar on the WTG earthing
impedance are significant. This thesis performs an analysis of WTG
earthing impedance for various soil structures and explores the in-
fluence of different soil parameters. The simulations and analysis
are carried out using measured soil resistivity values. This objective
addresses research question-1(a), (b), (c) and 2(g).

Objective 2:
Soil resistivity is one of the major components that decides the
WTG earthing impedance, hence earthing electrodes are typically
designed based on traditional methods that consider only the resis-
tivity of the soil. However, other factors, such as electrode dimen-
sions and burial depth, are important in calculating the minimum
length of earth electrodes. Moreover, the earthing system for a hori-
zontal multi-layer soil structure is more practical than a uniform soil
stratification. This thesis aims to propose a method to calculate the
earth electrode length considering a number of relevant parameters,
not just the resistivity of the soil. This objective addresses research
question-3(a),(b) and (c).

Objective 3:
The earthing electrodes in combination with the rebar structure of
the WTG foundation determine the earthing impedance of a wind
turbine grounding system. Hence, it is important to choose a suitable



1.5. Major contributions 9

configuration and dimensions for these electrodes. This study com-
putes the earthing impedance and ground potential rise of a WTG
earthing system for various earthing electrodes for uniform and hor-
izontal multi-layer soil structures to achieve a low impedance earth-
ing system. This objective addresses research question-2(d).

Objective 4:
The design of a lightning protection system is based on lightning
protection level parameters. This research analyses various lightning
discharge current parameters and lightning protection level param-
eters to assess the effect on the earthing system. This objective ad-
dresses research question-2(e) and (f).

Objective 5:
The current practice of designing an earthing system aims to reduce
the low-frequency resistance. However, the high-frequency compo-
nents of lightning discharge currents leads to high impedance of the
earthing system. Hence, various characteristics of the WTG earth-
ing system to design an effective lightning protection system are
identified in this research. The assessment of the lightning protec-
tion system at the design stage of a wind farm reduces future down
time, leading to increased annual energy yield from the wind farms.
This research provides a framework to assess the effectiveness of a
wind turbine lightning protection system. This objective addresses
research question-2(a),(b),(c) and (d).

1.5 Major contributions

This thesis contains the following major contributions.

1. The conventional design of a wind turbine earthing system is based
on a uniform soil model with frequency independent soil parame-
ters. This thesis, through modelling and analysis of WTG earthing
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impedance for various soil structures, will describe a method for se-
lecting the optimum soil model for the earthing design for a given
WTG site. Also, by studying the effect of frequency dependent soil
parameters on the soil, an analysis of WTG earthing impedance is
performed. This thesis propose a procedure to determine the opti-
mum location for an earth electrode in a horizontal multi-layer soil
structure. The findings of this research have been peer-reviewed and
published in:
R. D. Goud, T. Auditore, R. Rayudu, and C. P. Moore, “Fre-
quency domain analysis of a wind turbine generator earthing sys-
tem for lightning discharge currents,” IEEE Access, vol. 7, pp.
60501–60512, 2019.

2. A framework to assess the effectiveness of the WTG lightning pro-
tection system is proposed in this research. The framework will help
the wind farm designers to site the individual wind turbines in such
a way that reduces the number of lightning strikes on a WTG and
also improves the effectiveness of the grounding system by proper
selection of the grounding electrodes. The findings of this research
have been peer-reviewed and published in:
Publication is submitted to IEEE Transactions on Industry Applica-
tions and is accepted for publication:
R. D. Goud, T. Auditore, R. Rayudu, and C. P. Moore, “Factors De-
termining the Effectiveness of a Wind Turbine Generator Light-
ning Protection System,” accepted for publication in IEEE Trans-
actions on Industry Applications, DOI: 10.1109/TIA.2019.2931866.

3. A new method is proposed to calculate the minimum required
length of earth electrode by considering soil resistivity of the pro-
posed site, electrode dimensions, and electrode burying depth. Also,
a method is proposed to calculate the electrode length for a horizon-
tal two-layer soil model. The calculated earthing impedances are
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compared with the traditional method by carrying out a frequency
response of the WTG earthing impedance. The findings of this
research have been peer-reviewed and published in:
R. D. Goud, R. Rayudu, C. P. Moore, and T. Auditore, “A Proposed
Method for Calculating Earth Electrode Length for a Wind Turbine
Generator Grounding System,” in 2018 International Conference
and Utility Exhibition on Green Energy for Sustainable Develop-
ment (ICUE), Oct 2018, pp. 1–6.

R. D. Goud, R. Rayudu, C. P. Moore, and T. Auditore, “A New
Method for Calculating Earth Electrode Length for a Wind Turbine
Generator Grounding System based on a Two-Layer Soil Struc-
ture,” in 2018 International Conference on Power System Technol-
ogy (POWERCON), Nov 2018, pp. 1270-1276.

4. The analysis of designing a grounding system to various lightning
discharge current and lightning protection level parameters provides
a guidance to select the appropriate design parameters. The findings
of this research have been peer-reviewed and published in:
R. D. Goud, R. Rayudu, C. P. Moore, and T. Auditore, “An evalua-
tion of potential rise in a wind turbine generator earthing system
during a direct lightning strike,” in 2018 International Conference
and Utility Exhibition on Green Energy for Sustainable Develop-
ment (ICUE), Oct 2018, pp. 1–7.

5. Finally, through modelling and analysis of various earth electrodes
for a WTG earthing system based on uniform and horizontal soil
models, this thesis proposes an optimum electrode configuration to
achieve a low impedance for the wind turbine earthing impedance.
WTG earthing impedances for various lightning discharge currents
and associated high frequencies are compared and recommenda-
tions are made for an improved earthing system. The findings of
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this research have been peer-reviewed and published in:
R. D. Goud, T. Auditore, R. Rayudu, and C. P. Moore, “Analysis
of earth electrodes of wind turbine generator grounding system
under lightning discharge currents,” in 2018 IEEE PES Asia-Pacific
Power and Energy Engineering Conference (APPEEC), Oct 2018,
pp. 502–507.

1.6 Thesis Organisation

The remainder of this thesis is organized as follows:

Chapter 2 starts with an overview of the various components of a wind
turbine generator. It then provides an introduction to the lightning phe-
nomenon and the incidence of lightning strikes to a wind turbine. A dis-
cussion on lightning current waveforms and various lightning discharge
current parameters is presented. Emphasis is placed on the lightning pro-
tection system and lightning protection zones of a wind turbine. In addi-
tion, this chapter presents an introduction to the wind turbine grounding
systems and associated components required for designing a grounding
system. The last part of this chapter discusses soil resistivity and typical
resistivity values of the soil.

In Chapter 3, three locations at an Australian wind farm were mod-
elled based on measured soil resistivity data. Four soil resistivity mod-
els were considered: uniform, multi-layer horizontal, vertical, and expo-
nential variation with depth. Full-wave electromagnetic simulations were
performed at different lightning discharge current frequencies to deter-
mine the expected ground potential rise and WTG earthing impedance in
the event of a lightning strike. The effect of frequency-dependent soil pa-
rameters on the WTG earthing system are also analysed, along with the
impact of foundation rebar on the grounding impedance. The research
output presented in this chapter has resulted in the publication of [34].

Chapter 4 presents an analysis of the wind turbine earthing system



1.6. Thesis Organisation 13

for a horizontal multi-layer soil model in the event of a direct lightning
strike on the wind turbine generator for various lightning discharge cur-
rent waveforms. The analysis of the frequency components and peak cur-
rent magnitudes of different lightning current waveforms and their impact
on the earthing system of the wind turbine is performed. The results pre-
sented in this chapter have resulted in the publication of [35].

In Chapter 5, a framework to assess the effectiveness of the wind tur-
bine lightning protection systems at the wind farm design phase is pre-
sented. The research in this chapter shows that the grounding system
plays a critical role in the wind turbine lightning protection system. For
this reason, an analysis of various influential parameters of a grounding
system design is performed. This chapter also presents an analysis of dif-
ferent earthing electrode configurations for the lightning protection of a
wind turbine grounding system and identifies the best electrode configu-
ration for WTG earthing system. Besides, this chapter presents an analysis
of different earth electrode configurations and lengths for lightning dis-
charge current frequencies for different soil resistivity values based on fre-
quency independent and dependent soil parameters. The research output
presented in this chapter have resulted in the publication of [36].

In Chapter 6, a novel method is proposed to calculate the minimum
length of an earth electrode for a WTG grounding system by considering
the electrode dimensions and burial depth. A method to calculate the min-
imum length of an earth electrode for a WTG grounding system based on
a two-layer soil model is also proposed. This methodology can be used to
calculate the electrode length for a required value of grounding resistance.
The proposed method is tested for various WTG sites and compared with
the traditional practices. The results presented in this chapter have been
published in [37, 38].

Chapter 7 presents a summary of the key findings and conclusions of
the research in this thesis. Also, this chapter includes contributions and
future research directions.
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Chapter 2

Literature Review

This chapter starts by describing the basic components of a wind turbine.
It then presents the process of lightning phenomenon and their incidence
on the WTGs. A discussion on lightning discharge current waveforms
and parameters is presented. This chapter also describes various lightning
discharge current waveform models and the parameters documented in
the literature. Also, an introduction to the lightning protection systems
for the WTGs is presented. A discussion on the WTG grounding system
is also given, along with an overview of the soil resistivity measurements
and modelling required for a WTG grounding system.

2.1 Basic components of a wind turbine genera-

tor

The basic components of a WTG system are shown in Figure 2.1 [39] and
outlined as follows [1]:

1. The Blades

• New generation WTGs are equipped with 3 blades, usually
made of glass fibre reinforced plastic (GFRP) [40]. The use of

15
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Figure 2.1: Wind turbine generator components [39].

GFRP to manufacture the blades gives them high mechanical
strength with a light weight [1].

2. The Hub

• The major components in the hub are the pitch drives and bat-
tery boxes [41]. Pitch drives control the blades and their angle
to the wind direction to get the optimum power from the wind.
Battery boxes are used to provide backup power supply to the
pitch drives [42].

3. The Tower

• The tower is the backbone of a large WTG. The tower houses the
doubly-fed induction generator (DFIG) panel, power and con-
trol panels consisting of protection equipment, relays, measure-
ment transformers, filter units, an auxiliary transformer and an
uninterruptible power supply (UPS) unit [42].
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4. The Nacelle

• The nacelle is the heart of megawatt-class WTGs. Large parts
of the electrical and electronic systems such as the generator,
controller, and yaw drives are housed in the nacelle. The nacelle
is mounted on yaw bearings which in turn are placed on the
tower. The yaw system is responsible for the rotation of the
nacelle to face the wind direction [42].

2.2 Lightning

The Lightning process starts with the formation of thunderstorm clouds
or cumulonimbus clouds [43]. The electrical model of these clouds is usu-
ally represented as a vertical tripole structure [44], which contains a main
negative, main positive and a lower positive charge centre [44], as shown
in Figure 2.2 [28]. The values of the charges vary for different models.

Lightning is an atmospheric discharge of current and carries a huge
magnitude of current in the range of kilo amperes [45]. Lightning can be
classified into two main types, upward and downward initiated. These
are also known by the names cloud-to-ground and ground-to-cloud light-
ning [46]. These two forms of lightning can be further subdivided into
positive and negative polarity, the polarity being that of the charge trans-
ferred from the cloud to the ground [44] as shown in Figure 2.3 [44]. A
lightning charge transfer process starts at the cloud and moves towards
the ground [47]. The charge transfer channel starts with the initiation of
a leader or streamer. A self-propagating electrical charge transfer creating
an electrical conductivity channel with a conductivity of the order of 104

Sm−1 is called as a leader. The conductive channels with lower electric
conductivity are termed as streamers [44].
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Figure 2.2: Tripole charges in a cloud [28].

2.3 Incidence of lightning strikes on wind tur-

bines

The impact of lightning strikes, lightning damages and direct and indirect
effects of lightning currents on WTGs are discussed in [48], [49]. Damages
to WTGs by lightning is currently one of the main sources of WTG insur-
ance claims and downtime [48]. The wind turbine structures can easily
attract the wrath of storms and the rotation of the blades may also trig-
ger lightning and result in a considerable increase in the number of strikes
to a WTG [50–52]. Lightning damage is the single largest cause of un-
planned downtime in WTGs, and that downtime is responsible for the
loss of countless megawatts of power generation [48].

The annual failure rate of damaged electrical components due to light-
ning flashes can be estimated using the procedure proposed in [24]. This
method uses the attractive radii method [53], [54] to calculate the incidence
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Figure 2.3: The four types of cloud-to-ground lightning flashes as defined
from the direction of leader propagation and the charge on the initiating
leader [44].
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of lightning strikes. Also, this method uses an exact method to evaluate
the effective height of the wind turbines. The number of failures per an-
num of WTG electrical components can be evaluated by Equation 2.1 [24].

FWTC = Nd

∫ ∞
IFWTd

f (I) dI +Nu

∫ ∞
IFWTu

f (I) dI (2.1)

where IFWTd
is the minimum magnitude of downward lightning discharge

current, IFWTu
is the minimum magnitude of upward lightning discharge

current, Nd is the expected number of downward lightning flashes, Nu is
the expected number of upward lightning flashes, and f (I) is the proba-
bility density function to approximate the lightning discharge current pa-
rameters I. This method estimated a 10% failure rate per year for a ground
flash density of 15 and a WTG height of 150 m on flat terrain, whereas the
failure rate increases to 20% for a WTG located on elevated terrain. The
IEC method predicted twice the failure rates compared to the proposed
method. This method predicted a lower failure rate of WTGs compared
to IEC 61400-24 [17]. The proposed method in [24] accounts for the oc-
currence of both upward and downward lightning strikes. However, the
contribution from the upward lightning strikes was negligible due to their
relatively small amplitudes [24].

A wind turbine on flat ground collects lightning strikes which other-
wise will strike nearby ground. Lightning strikes on WTGs can be both
downward and upward initiated lightning [55]. However, there is still
ambiguity with the process of upward initiated lightning strike on WTGs
due to the rotating blades. However, it is estimated that there is a high pos-
sibility of upward initiated lightning for modern WTGs [56]. Furthermore,
carbon reinforced plastics used in the blades will add to the lightning re-
lated damages in a WTG [57].

To evaluate upward lightning strikes it is important to calculate the ef-
fective height of a WTG. The effective height does not always represent
the actual height of a structure above the ground [58]. The effective height
depends on the actual height of a structure, as well as topography and
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other effects [56]. The importance of an empirical expression to determine
the effective height based on the measurement data obtained on WTGs
was explored in [56] and found that the upward lightning strikes possess
the similar characteristics of the sub-sequent lightning strikes. In addition,
this research indicates that the upward initiated lightning strikes have pre-
dominant role in the lightning incidence on WTGs. Also, the rotation of
the blades may have a considerable influence on the number of upward
initiated strikes to the blades of large WTGs as these may be triggering
their own lightning [57]. The occurrence of simultaneous lightning strikes
to several WTGs in a wind farm was analysed in [59]. In this study of five
events investigated, the cloud to ground (CG) lightning triggering the up-
ward discharges had considerably high current. It was noted that simul-
taneous discharges at the WTGs caused by nearby lightning may occur
frequently. Therefore, the expected number of lightning strikes on WTGs
is likely underestimated. The repeated low-current upward lightning and
aborted leaders from the WTG have to be considered in lightning pro-
tection system design as they may lead to premature degradation of the
turbine components, in particular the electrical and electronic devices that
are highly vulnerable to electromagnetic pulses. The failure of compo-
nents due to lightning strikes may not be due to single event lightning
strikes and can be from multiple lightning strikes [56, 59–62].

2.4 Lightning current waveforms

A lightning model is a mathematical model to reproduce certain aspects
of the physical processes involved in lightning discharge [44]. Lightning
models are validated by comparing with the measured data where avail-
able.

In general, the wave shape of a return stroke current which is an im-
pulse current is as shown in Figure 2.4 [63]. The return stroke current
waveform consists of a rising front and slow decay tail. To analyse the ef-
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fects of the lightning strike, it is essential to represent lightning discharge
current by an analytical expression. There are many models available to
represent the lightning current wave shapes [63–71]. Most of the models
are based on an exponential function.

Figure 2.4: Waveform of the standard lightning discharge current [63].
where T1 is front time of impulse current, T2 is time to half value on the tail of

impulse current, O1 is virtual origin of impulse current and t1 is the time to

virtual origin.

Initially, the return stroke current waveform was simulated by a double
exponential waveform [72] represented by Equation 2.2

i(t) = c.Im.(e
−at − e−bt) (2.2)

where a, b, and c are constants which depend on the values of T1 and T2

shown in Figure 2.4 and Im is the peak value of the lightning discharge
current. This Equation 2.2 is not in agreement with the experimentally
measured lightning current waveforms as this achieves the maximum rate
of current rise at time t=0 [73].

A lightning current return stroke current waveform proposed by Hei-
dler in [64] is a relatively simple function given by Equation 2.3
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i(t) =
Im
η
.

(t/τ1 )n

1 + (t/τ1 )n
.e−t/τ2

η = e−(τ1/τ2 ).(n.τ2/τ1 )1/n
(2.3)

where η is a correction factor of peak current, n is the current steepness
factor, τ1 and τ2 are time constants that determine the current rise time and
decay time and Im is the peak value of the lightning discharge current.

Another lightning return stroke current model proposed in [73] is a
two-component current waveform that provides simple formulae to cal-
culate the parameters, is given by Equation 2.4. Moreover, this waveform
is in good agreement with the other standard models [64].

i(t)

Im
=

{
i1(t) = [1− (1− t/tm)k]n for 0 ≤ t ≤ tm

i2(t) = e−(τ/t).(t/tm−1)
2

for t ≥ tm
(2.4)

where Im is the peak value of the lightning discharge current, t is the time,
tm is the time from current zero to peak, τ is the time constant, n and k are
the control parameters of the current waveform shape.

tm =
0.8 ∗ T1

k
√

1− 0.11/n − k
√

1− 0.91/n
(2.5)

t1 = (1− k

√
0.11/n)*tm − 0.1*T1 (2.6)

τ =
ln2 ∗ (t1 + T2)(

t1+T2
tm
− 1
)2 (2.7)

The methodology considered for this thesis consists of frequency de-
composition of the time-domain lightning discharge current waveform
and evaluation of the electromagnetic field response in the frequency do-
main. The analysis of frequency response is adequate for this research,
and hence, electromagnetic field response in the time-domain is not in-
cluded in the thesis. The transient behaviour of the WTG earthing system
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subjected to lightning discharge currents is evaluated in the frequency do-
main. A double exponential lightning discharge current waveform with
different lightning protection level parameters [17] is used in this research.

2.4.1 Lightning discharge current parameters

The four lightning protection levels of the IEC 62305-1 [63] are associated
with various lightning discharge current parameters [17]. The important
parameters required for dimensioning, analysis and testing of the light-
ning protection system are [17], [74]: peak current, specific energy, charge
transferred, maximum current steepness, rise time and fall time. The peak
current determines the heating of the conductive parts and the peak po-
tential distribution in a WTG grounding system. The specific energy is
important in understanding the thermal heating of the down conduction
system in a LPS. The increased value of charge transfer results in melt-
ing and erosion of the system. The high di

dt
represents the rapid change of

current with time and will induce high voltage in the nearby cables. The
rise time and fall time of the lightning discharge current determine the
frequency components in the system.

There are several lightning discharge current parameters in the litera-
ture with varied rise time, fall time, peak current magnitude and charge
transfer [17, 74–76]. However, the negative first strokes are considered to
create worst stress [75]. The first negative stroke parameters from the stan-
dard IEC 61400-24 [17] are considered in this research, as depicted in Fig-
ure 2.5.

2.5 Lightning protection system of wind turbine

generators

The effects of lightning strikes on WTGs can be classified into two cate-
gories: direct and indirect effects [77,78]. Direct effects of lightning strikes
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Figure 2.5: Maximum values of lightning parameters [17].
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range from burning and erosion to damage of the WTG structure due
to arc attachment. Indirect effects are due to the electromagnetic fields
generated by lightning discharge currents and can include transient over-
voltages, currents, and electromagnetic interference (EMI) [79–81]. The
electrical characteristics of lightning discharge current, namely, the peak
current, rate of current rise and attenuation, specific energy, charge trans-
fer, and number of strikes determine the severity of the direct and indirect
effects [17, 82, 83]. The most vulnerable parts for WTGs due to lightning
strikes are the blades, followed by the nacelle and the hub [80, 84–86]. De-
pending on the hub height, the tower could also be endangered by light-
ning strikes [80]. Thus the target of the lightning protection system is to
achieve effective protection of the electrical systems, control systems, and
the general WTG structure.

Lightning protection systems (LPSs) are used to protect WTGs from di-
rect lightning strikes and the indirect effects of electromagnetic fields [87].
Lightning protection systems are designed based on a risk assessment ac-
cording to the standard IEC 61400-24 [17].

A lightning protection system consists of an external LPS, an inter-
nal LPS, and the earthing system [88, 89]. According to IEC 62305 [88],
the main components of an LPS for any structure [90] can be outlined as
shown in Figure 2.6 [90].

The functions of the external lightning protection system are to:

• Intercept direct lightning strikes via an air-termination system.

• Safely conduct the lightning current to ground via a down-conductor
system.

• Distribute the lightning current in the ground via an earth-
termination system.

The function of the internal lightning protection system is to prevent
dangerous sparking inside the structure [91]. This is achieved by establish-
ing an equipotential bond or maintaining a separation distance between
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Figure 2.6: Components of a lightning protection system [90].

the components of the lightning protection system and other electrically
conductive elements inside the structure [92, 93].

The main reason for the use of lightning equipotential bonding is to
reduce the potential differences arising due to the lightning discharge cur-
rents. In order to reduce it, all isolated conductive parts of the installations
are connected by means of conductors or by means of surge protective de-
vices (SPDs) [94–97].

The external lightning protection system of a WTG consists of:

• Air-termination and down-conductor systems in the rotor blades.

• Air-termination systems for protecting the nacelle and the hub.

• Air-termination and down conductor systems as the tower.

• An earth-termination system, consisting of a foundation earth elec-
trode and a ring earth electrode.
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The internal lightning protection system of a WTG consists of:

• Earthing and equipotential bonding measures.

• Spatial shielding and separation distance.

• Cable routing and cable shielding.

• Installation of coordinated surge protective devices.

Figure 2.7: Application of rolling sphere method to a wind turbine [100].

The design of lightning protection systems should take into account
the risk of lightning flashes striking or damaging the WTG structure. The
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lightning risk assessment of the WTGs is done in accordance with IEC
61400-24 [17, 98] and IEC 62305-2 [99]. The lightning protection system of
WTGs shall be designed according to LPL-1 unless the risk analysis dic-
tates a lower lightning protection level. The protection system designed
according to LPL-1 has the highest protection capability. The basis of LPL-
1 is an application of the rolling sphere method to identify the parts of the
structure exposed to direct lightning strikes as shown in Figure2.7 [100].

All types of lightning flashes generate lightning electromagnetic pulses
(LEMP) influencing the electrical and control systems [101, 102]. LEMP
protection measures (LPMS) are implemented to avoid failure of these
systems. The effective protection of the electrical and control system of a
WTG against LEMP is normally designed according to IEC 62305-4 [103],
using the concept of lightning protection zones (LPZ) with special mea-
sures against LEMP [104–106]. These measures include earthing/ground-
ing, bonding, magnetic and electrical shielding, line routing, surge pro-
tection devices (SPDs), adequate EMC immunity levels for systems and
devices and insulation [107–110].

The IEC 61400-24 standard recommends the lightning protection sys-
tem of a WTG be designed to lightning protection level (LPL) 1 unless a
risk analysis demonstrates that a lower LPL is sufficient.

2.5.1 Lightning protection zones

Lightning protection zones (LPZs) are spaces inside and outside a struc-
ture, which describe the grade of electromagnetic influence [111], caused
by lightning and electromagnetic disturbances [48]. The IEC 61400-24 [17]
standard defines the LPZs and their influence grades for WTG installa-
tions as shown in Table 2.1.

The defined electromagnetic environment depends on the immunity of
the electrical equipment used in the zone. The lightning protection zone
concept restricts the conducted and radiated electromagnetic interference
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Table 2.1: Lightning protection zones [63].

Lightning protection zone (LPZ)
Exposure threats

Lightning flash
Lightning current or
induced current

Electromagnetic field

LPZ 0A Yes Full Full
LPZ 0B No Partial Full
LPZ 1 No Limited Partial
LPZ 2 No Reduced below LPZ-1 Reduced below LPZ-1

at the zone boundaries to set values by using the lightning and surge pro-
tection techniques. For this reason, the structure to be protected is subdi-
vided into protection zones [63, 88, 99, 112].

The grade of electromagnetic influence and lightning currents inside a
LPZ decreases with the increasing zone number [113]. Lightning protec-
tion zone 0 (LPZ 0) can be subdivided into two zones: LPZ 0A and LPZ 0B.
Inside LPZ 0A, there is a chance of a direct lightning strike resulting in
full exposure to lightning currents and electromagnetic fields. In LPZ 0B,
there is no possibility of direct lightning strikes, but partial lightning cur-
rents are possible and the full influence of electromagnetic fields can still
be felt. There can be no direct lightning strikes to the components and a re-
duced influence of lightning currents and electromagnetic fields in LPZ 1
and LPZ 2 [114–116].

The rolling sphere method is employed to determine the protection
zones with the radius of the sphere determined by the lightning protec-
tion level (LPL) [88]. A lightning protection level is a number that repre-
sents a set of lightning discharge current parameters not exceeding specific
maximum and minimum design values for each level. [63]. The LPLs are
used in designing the protection system according the parameters associ-
ated with the protection level according to the IEC 61400-24 standard. For
example, LPL 1 uses a radius of 20 m. Application of the rolling sphere
method is shown in Figure 2.7 [100]. As shown in this figure, an imag-
inary sphere of radius 20 m for LPL 1, is rotated around the WTG. The
points on that the sphere touches the WTG are considered to be the points
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that can experience a direct lightning strike [117–119]. According to the
IEC 61400-24 standard [17], the rolling sphere method can not be used for
the rotor blade.

Direct lightning strikes on the WTG can be avoided by installing an
air-termination system. Figure 2.8 shows the possible division of a WTG
into different lightning protection zones. The division of a WTG into light-
ning protection zones depends on the design of the WTG and its compo-
nents [120]. It is imperative that the lightning discharge current param-
eters that are entered into LPZ 0A from the atmosphere can be decreased
by effective shielding and surge protective devices at the zone boundaries
to protect the electrical and electronic devices and systems inside a WTG
from interference [121].

Lightning protection zones of a WTG for LPL 1 can be divided, as
shown in Figure 2.8 [100]. This figure depicts the LPZs of a steel tubular
tower. In this example, the rotor blades, wind measurement system, light-
ning rods placed on the nacelle and exterior structure of the WTG tower
are classified as LPZ 0A. LPZ 0B contains internal part of blades and exter-
nal structure of the nacelle and hub. The nacelle and hub internals can be
classified as LPZ 1 when their structures are made of metal or contain nec-
essary shielding protection. Inside the electrical cabinets and boxes placed
inside LPZ 1 and the cabinet housing made of fully enclosed metal, inside
the generator, gearbox and main shaft, and inside tubular steel tower fall
in LPZ 2 [91, 122–124].

2.5.2 Grounding system of wind turbine generators

A low resistance grounding system allows lightning discharge current to
flow without large over-voltages [125, 126]. An increase in grounding re-
sistance can cause a rise in potential in a WTG and in the soil surrounding
it [127]. This potential rise in the foundation and the surrounding ground
soil could cause an over-voltage of the power, communications, and con-
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Figure 2.8: Lightning protection zones in a wind turbine [100].
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trol equipment placed in the WTG and can result in the breakdown or
deterioration of the insulation [128]. Further, the personnel who are in
the vicinity of a WTG grounding system at the time of lightning strike or
power system fault might be at risk [129]. These risks can be mitigated by
designing a proper wind turbine grounding system [130].

A lightning strike on a WTG can generate over-voltages not only in the
affected WTG, but also in surrounding WTGs [131]. These over-voltages
can lead to step and touch voltages in a wind farm. The step and touch
voltages of the grounding system of a WTG can be reduced by includ-
ing additional grounding electrodes and conductors and by connecting
foundation reinforcement [132], [133]. Research by Abd-Allah et. al found
that these improvements to the grounding system reduced over-voltage
by about 95% and ground potential rise was decreased by about 97% [134].

The location of an earthing system has a critical effect on the WTG
earthing resistance due to the resistivity of the soil [135]. A method was
proposed to assess the location of the earthing system to get a low resis-
tance path in [136]. The proposed method depends on the simulation of
the electric field as well as the calculation of current density at the ground
surface above the earthing system and distribution inside the soil when
a WTG is exposed to high voltage. An optimum depth for an earthing
system was calculated for the grounding resistance for different soil types.

The goal of a grounding system is to provide a low impedance path
for the dissipation of lightning discharge and power system faults into the
ground [137]. This task has to be done by limiting the ground potential rise
in the surrounding earth of the WTG foundation. The low magnitudes of
potential rise reduces the step and touch voltages, which in turn safeguard
humans and animals [138, 139].

The grounding systems design is generally based on power frequen-
cies [140, 141]. The resistance is the only component to be considered for
designing a grounding system at the power frequencies. However, the
grounding system behaviour is different for lightning discharge currents
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due to the high-frequency components [142]. At higher frequencies, the
inductive component of the impedance is a dominant factor compared to
the resistance. Hence, protection of WTGs from lightning strikes takes
priority over power system faults when designing the WTG grounding
systems [140].

2.5.3 Earth electrodes

An earth electrode is a buried metallic wire in the soil with various ge-
ometric dimensions and shapes [143]. The commonly used earth elec-
trodes of a WTG grounding system are: ring, horizontal and vertical elec-
trodes [144].

The wind turbine generator grounding system is designed by connect-
ing the WTG foundation to the earth electrodes. Figure 2.9 depicts the
perspective three-dimensional (3-D) view of the wind turbine foundation
along with the WTG earthing system and electrodes.

Figure 2.9: Perspective view of wind turbine foundation (not to scale).

The design of a wind farm grounding system begins with the design
of an individual WTG grounding system [140]. IEC 61400-24 [17] recom-
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mends a grounding resistance value of less than 10 Ω for an WTG isolated
from rest of the wind farm [140]. In addition, the standard recommends
using a type-B earthing arrangement, which consists of ring earth elec-
trodes surrounding the WTG foundation in combination with additional
radial or vertical earth electrodes [17].

Figure 2.10: Minimum length (l1) of earth electrode according to the class
of lightning protection level [17].

The minimum length of the earth electrode to achieve a resistance of
less than 10 Ω is determined predominantly by the soil resistivity of the
WTG site [17], as shown in Figure 2.10. Hence the soil resistivity mea-
surement and the interpretation of soil structure is critical in selecting the
earth electrode length. The soil resistivity also varies with frequency [145].
Thus, it is important to understand the effect of the frequency dependent
soil parameters on the WTG earthing system. The design of earth elec-
trodes in the literature is based on the uniform soil resistivity and does
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not consider other parameters of the earth electrodes viz. dimensions and
burial depth of the electrodes. Moreover, the literature is lacking earthing
systems design for realistic soil models and neglected the WTG founda-
tion in the design process.

2.6 Soil Resistivity

The general mass of earth possess several electrical characteristics: resis-
tivity, permeability and permittivity [146]. Amongst all the properties, the
permeability is the only parameter which is constant. Although the di-
electric constant varies widely ranging from 1 to 80, the variation is less
pronounced than resistivity [146]. The soil resistivity value ranges widely
depending on the composition of the soil [147]. The soil resistivity ranges
between 1 and 10k Ωm [146].

The resistance is the electrical characteristic of a conductor which pre-
vents the flow of electric current when a potential difference exists across
the ends of a conductor. The resistivity is the electrical property of a con-
ductor which defines the resistance of the conductor [148]. The resistance
of a conductor R is calculated using Equation 2.8:

R =
ρ× L
A

(2.8)

where ρ is the resistivity of the conductor material (Ωm), L is the length of
the conductor (m), and A is the area of cross section in m2.

Soil resistivity can be characterized as the resistance between the con-
trary sides of a 3D square of soil with a side of one meter [148]. The soil re-
sistivity value is dependent on the density, moisture content, temperature,
mineral composition and structure of the soil [149]. Moreover, the electri-
cal properties of the soil vary with frequency [145]. The high frequency
components of the lightning discharge current change the electrical prop-
erties of the soil [34].
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Table 2.2: Soil resistivity values of typical soils and water at 25◦C [151]
Type of Soil or Water Typical Resistivity (Ωm) Usual Limit (Ωm)
Sea water 2 0.1 to 10
Clay 40 8 to 70
Ground well and spring water 50 10 to 150
Clay and sand mixtures 100 4 to 300
Shale, slates, sandstone, etc. 120 10 to 100
Peat, loam, and mud 150 5 to 250
Lake and brook water 250 100 to 400
Sand 2000 200 to 3000
Moraine gravel 3000 40 to 10000
Ridge gravel 15000 3000 to 30000
Granite 25000 10000 to 50000
Ice 100000 10000 to 100000

The measurement and modelling of soil resistivity is very important
because of its wide variation can effect the design of grounding sys-
tem [150]. The typical values of soil resistivity are as depicted in Ta-
ble 2.2 [151].

2.7 CDEGS software package

The computation modules used in this research are RESAP, FFTSES, and
HIFREQ modules of the Current Distribution, Electromagnetic fields,
Grounding, and Soil structure analysis (CDEGS) [152]. The CDEGS soft-
ware package is a numerical electromagnetic analysis (NEA) [153] tool
and solves full-wave Maxwell’s equations [154]. The commonly used
NEA methods are finite difference time domain (FDTD) method, trans-
mission line matrix (TLM) method, finite element method in time domain
(FEMTD) method, method of moment (MoM) method, and partial element
equivalent circuit (PEEC) method. The CDEGS software package is based
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on the MoM method.
The CDEGS is a combination of engineering tools integrated to de-

sign and analyse problems related to grounding/earthing, electromag-
netic fields, electromagnetic interference including AC/DC interference
mitigation studies and various aspects of cathodic protection and anode
bed analysis [152]. The tools of the CDEGS computes conductor currents
and electromagnetic fields generated by an arbitrary network of energized
conductors above or below ground for normal, fault, lightning and tran-
sient conditions [152]. CDEGS models simple and multi-component con-
ductors, including bare, coated pipes and pipe-enclosed cable systems
buried in complex soil structures. The workflow of the CDEGS software
package used in this research is depicted in Figure 2.11.
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Measure the soil resistivity of the WTG site

Start

Determine the equivalent soil model that best 
represents the real earth using the RESAP module 

Apply the correction factors on the soil resistivity 
(Frequency,  temperature, and moisture dependency)

Calculate the minimum length of the earth electrodes

Model the WTG earthing system comprising of WTG 
foundation and earth electrodes in the SESCAD 

module and input soil parameters frequencies and 
energization parameters

Select the relevant lightning discharge current 
waveform and transform it into frequency domain to 

identify the dominant frequency values using the 
FFTSES module

Calculate the scalar potential, and the electric and 
magnetic fields by energizing the WTG earthing 
system for various frequencies using the HIFREQ 

module

Evaluate the GPR using the post processing tools and 
calculate the impedance of the WTG earthing system

End

Figure 2.11: Work flow diagram of CDEGS software package.
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2.8 Chapter summary

This chapter presents an analysis of the background of the research and
works relevant to this study. The background covers the overview of the
lightning phenomenon and its incidence to wind turbines. The increased
height of the WTGs and their installation sites with a high probability of
lightning strikes is resulting in more lightning strikes on WTGs. Also, the
height of the WTGs can lead to upward lightning strikes. A review of var-
ious lightning discharge current waveforms and parameters are analysed
to use the relevant parameters for the simulations of this research. The
lightning protection system based on LPL-1 parameters should be consid-
ered if a risk assessment of individual WTG is not performed. The peak
current and time parameters are important for the design of an earthing
system. Since this study focuses on the analysis and design of the earth-
ing system, a review of the WTG grounding system along with the design
of earth electrodes is performed. The type-B earthing system is recom-
mended for the WTG earthing system to protection from lightning dis-
charge currents. The methodology of selection of the earth electrodes is
not comprehensively presented in the literature. An introduction to soil
resistivity and modelling is presented. It is noted that the research gap on
the design of earth electrodes for non-uniform soil models should be filled
in.



Chapter 3

Frequency Domain Analysis of a
Wind Turbine Generator Earthing
System for Lightning Discharge
Currents

A safe and cost-effective design of a wind turbine generator grounding
system requires accurate modelling of local soil resistivity, particularly
when wind turbines are spatially distributed across a wide area with var-
ious types and features of the soil. In this chapter, three locations at an
Australian wind farm were modelled based on measured data. Four soil
resistivity models were considered: uniform, multi-layer horizontal, ver-
tical, and exponential variation with depth. Full-wave electromagnetic
simulations were performed at different lightning discharge current fre-
quencies to determine the expected ground potential rise and WTG earth-
ing impedance in the event of a lightning strike. The effect of frequency
dependent soil parameters on the WTG earthing system is also analysed,
along with the effect of foundation rebar on the grounding impedance.
Our results showed that an accurate soil resistivity model is critical in the
design of a WTG earthing system.

41
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3.1 Introduction

When lightning strikes a WTG, electrical and electronic components em-
bedded in the WTG are prone to failure and damage as a result of the
ground potential rise (GPR) caused by electrical surges [155]. Conse-
quently, WTGs should be provided with a low impedance grounding sys-
tem to ensure safe and reliable operation. Recommendations for effective
grounding and lightning protection of WTGs and wind power systems are
provided by IEC 61400-24 [17].

An effective grounding system design for WTGs ensures that the
equivalent earthing resistance, local ground potential, and step and touch
voltages are minimised for safe, reliable and cost-effective operation of the
system [156], [17]. Furthermore, robust WTG grounding systems reduce
the effects of soil ionization [157]. However, in order to achieve this, a piv-
otal requirement is an accurate soil resistivity measurement and interpre-
tation to determine the soil structure where WTGs are being located [158].

Data from soil resistivity measurements for WTGs are usually fit into
one of the series of standard models [159]. Common models assume
either uniform soil resistivity, multi-layer (i.e. step-wise) horizontally-
varying resistivity, multi-layer vertically-varying resistivity or exponen-
tial vertically-varying resistivity [160]. The extant literature presents var-
ious soil models for the interpretation of soil resistivity measurements at
power frequencies and without an actual measurement of local soil resis-
tivity. Thus a detailed comparison of assessments from various soil mod-
els with actual field tests and measurement under both power frequencies
and frequencies resulting from lightning current energisation are pivotal
to accurately represent realistic resistivity values, which need to be known
for the safe and effective operation of WTGs [161].

Attempts to address the topic in the literature have so far been piece-
meal in nature. Cotton [140] presented a wind farm earthing system with
a uniform soil resistivity of 500 Ωm, which is not a representative value
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in practice [156]. Hatziargvriou et al. [142] also analysed a wind farm
earthing system with a uniform soil resistivity value of 100 Ωm. Visacro
et al. [162] considered the reaction of grounding systems to lightning dis-
charge currents by considering a uniform soil resistivity value. Although
Kontargyri et al. [156] presented a detailed study on wind farm earthing
systems, it was conducted just at the power frequency without consider-
ing lightning discharge current energisation. Kontargyri et al. considered
uniform, horizontal two and three-layer soil structures for analysing the
wind farm grounding system. Further, Alipio et al. [163] performed an
analysis of wind turbine grounding performance for lightning discharge
currents with frequency dependent soil parameters. However, this study
did not consider the multi-layer soil structures.

A similarity in the existing literature is the assumption of uniform soil
resistivity, which is unrealistic in practice as measured soil resistivity can
vary both horizontally and vertically [135]. Weather conditions [164], es-
pecially humidity levels [165], [166], can also cause a change in the soil
resistivity throughout the year. Inaccurate estimation of the dimension
and length of earthing electrodes, which are based on the estimated value
of soil resistivity, can lead to significant errors in the design of an effective
grounding system for a wind turbine. Finally, most of the studies have
neglected frequency dependent soil parameters while designing a wind
turbine grounding system. It is reported that errors of up to 60% are ob-
served with fixed values of soil parameters [163].

The IEEE-80 standard [167] recommends the use of a two layer soil
model for locations with non-uniform soil resistivity. However, wind tur-
bines are located where soil resistivity varies greatly with different elec-
trode spacing, depth and traverses. Also, wind turbine foundations are
about 2-3 meters deep in the soil with a small foundation radius [168],
thus making it difficult to interpret soil resistivity to design a safe and
cost-effective grounding system. The effect of soil models on the WTG
grounding impedance is analysed in this work. Also, the installation of
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earthing electrodes is a critical factor in the WTG earthing system and also
addressed in this work.

This study analyses the impact of soil models on the WTG grounding
impedance and also addresses the installation of the earthing electrodes
in a WTG earthing system. The main contribution of this chapter is to fit
the data measures from three different WTG sites in Australia into var-
ious soil resistivity models and assess its effects on the WTG earthing
impedance. Full-wave electromagnetic simulations were performed us-
ing the CDEGS software package [152] to determine the GPR and WTG
earthing impedance for different soil structures and lightning discharge
current frequencies. Also, the impact of frequency dependent soil param-
eters on the WTG grounding was analysed. Besides, the effect of earth
electrodes installation for a horizontal multi-layer soil model and the ef-
fect of WTG foundation metallic components (Rebar) in the earthing sys-
tem was analysed. Results show that the measured soil resistivity values
have a significant effect on the design of a wind turbine earthing system.
Additionally, the effect of metallic components on the WTG grounding
system is analysed by considering a rebar which share the lightning dis-
charge currents [169].

3.2 Soil Resistivity Measurement and Interpre-

tation

To illustrate the differences between soil models, a series of soil resistiv-
ity measurements from three different sites across Australia are consid-
ered. The measurements were obtained using the Wenner method [164].
In this technique four electrodes will be driven into the earth’s surface in a
straight line at equal spaces. The current circulates among the outer pair of
electrodes and voltage is measured across the inner pair for measuring the
resistance R, as depicted in Figure 3.1. The depth at which the electrodes
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are buried is maintained at a small value in comparison to the spacing
among them in order to regard them as points. Measurements were taken

Figure 3.1: Soil resistivity measurement using four point Wenner
method [152].

at points along two perpendicular traverses of each site to allow an accu-
rate estimation of the underlying soil structure [170]. Each measurement
was repeated three times in quick succession by the same equipment and
averaged to ensure the captured data represents the actual conditions at
each site on the day and time of measurement. The apparent soil resistiv-
ity, ρ, was calculated from R using Equation 3.1:

ρ =
4× π × a×R

1 + 2× a√
a2+4×b2 −

a√
a2+b2

(3.1)

where b is the depth of the electrode in the ground, and a is the spacing
between the electrodes, which was varied between 0.5 m and 200 m. Data
from the soil measurement campaign are summarised in Table 3.1.

3.2.1 Interpretation of soil resistivity measurements

The fitting of the measured values to a soil model is critical in the design-
ing of an earthing system. The aim is to derive a soil structure that best
represents the actual soil [159].

The most common and easiest model for approximating is the uniform
soil model [171]. This model is assumed to have a single layer with an
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infinite thickness and a constant resistivity value. The uniform soil resis-
tivity ρ is calculated by averaging all the measured resistivity values using
Equation 3.2.

ρ =
ρa(1) + ρa(2) + ρa(3) + ...+ ρa(n)

n
(3.2)

where ρa(1), ρa(2),... ρa(n) are the measured apparent soil resistivity values
at different spacing of the electrodes and n is the total number of measure-
ments.

The uniform soil resistivity model is seldom a realistic approach due
to the tendency of soil resistivity to vary both horizontally and vertically
due to soil stratification. The horizontal two-layer soil model is a more so-
phisticated model, which is a commonly used approximation to represent
the soil structure [172].

A two layer soil model is characterised by a top layer with a resistivity
ρ1 and a thickness h, and a bottom layer with ρ2 as resistivity and semi-
infinite thickness. The change in the soil resistivity at the boundary of the
layer is described by means of a reflection factor, k, which is defined in
Equation 3.3.

k =
ρ2 − ρ1
ρ2 + ρ1

(3.3)

There are several analytical and graphical methods in the literature for
determining the parameters of a two layer soil structure. Equation 3.4,
presented in IEEE-81 [173] is one such method:

(3.4)ρ(a) = ρ1

[
1 + 4

∞∑
n=1

(
kn√

1 + (2nh/a)2
− kn√

4 + (2nh/a)2

)]
here ρ(a) is the apparent soil resistivity and a is the spacing between the
electrodes.

In the case of soil with highly non-uniform conditions, a multilayer soil
model gives a better approximation of the soil. A three-layer soil model
is described by three horizontal layers with soil resistivity of ρ1, ρ2 and ρ3

and thickness of h1, h2 and ∞. Additionally, other commonly used soil
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structures are vertical and exponential soil models. When the boundary
layer separating the soil resistivity regions is not horizontal, but with an
inclination angle of 90°, this is referred to as a vertical two layer soil struc-
ture. The apparent resistivity ρ(a) for this model can be calculated from
Equation 3.5.

(3.5)
ρ(a) =

ρ1
(1− k)

[
1 + k2 +

k(k − 1)

[4(sinω + h/a)2 + cos2ω]
1
2

− k(1 + k)

[4(sinω − h/a)2 + cos2ω]
1
2

]

where ρ1 is the resistivity of the region on one side of the vertical layer
separation, ρ2 is resistivity of the region on the opposite side of the vertical
layer separation, h is the distance from the center of the array direction
and the vertical separation, and ω is the angle of the array direction to the
vertical line.

Soil structure with an exponentially changing resistivity with depth is
referred to as exponential variation with depth soil model. The apparent
soil resistivity is represented by Equation 3.6.

ρ(a) = ρ2 − (ρ2 − ρ1) exp(−λa)(2− exp(−λa)) (3.6)

where ρ(a) is measured apparent resistivity, ρ1 is resistivity on the soil sur-
face, ρ2 is the resistivity of the deepest part, and λ is a scaling coefficient.

The RMS error was used in the evaluation of the soil model fitting from
the measured values. The RMS error provides a quantitative indication of
the agreement between the measurements and the proposed soil models.

3.3 Frequency dependent soil parameters

The behaviour of an earthing system exposed to lightning discharge cur-
rents is a complicated issue. The soil parameters, particularly resistivity



3.4. Wind Turbine Generator Earthing 49

and permittivity, greatly affect the response of the earthing system [145].
Generally, the permeability of the soil has identical values to that of air.
However, experimental results show that the resistivity and relative per-
mittivity exhibit strong dependency on frequency [145]. This is critically
important for lightning discharge currents having high frequency compo-
nents. It has been reported that neglecting the frequency dependency of
soil resistivity and relative permittivity results in ground potential rise be-
ing over estimated by up to 60% [163]. This is due to an historic lack of
accurate formulations to represent the frequency dependency of soil pa-
rameters. Recently Alipio et al. [163] proposed frequency dependent soil
parameter formulae, mentioned in Equations 3.7 and 3.8, which are help-
ful in designing a proper grounding system of WTGs from a lightning
protection viewpoint.

ρ = ρ0
{

1 +
[
1.2× 10−6 · ρ0.730

]
·
[
(f − 100)0.65

]}−1
(3.7)

εr = 7.6× 103f−0.4 + 1.3 (3.8)

where ρ0 is the soil resistivity at 100 Hz, ρ is the soil resistivity at required
frequency, f is the frequency, and εr is the frequency dependent relative
permittivity of soil.

Equation 3.7 is applicable for the frequency range of 100 Hz to 4 MHz.
The soil resistivity for frequencies lower than 100 Hz should use the value
of 100 Hz and beyond 4 MHz should use the value at 4 MHz. Equation 3.8
is applicable for the frequency range of 10 kHz to 4 MHz. The relative
permittivity for frequencies lower than 10 kHz should use the value of
10 kHz and beyond 4 MHz should use the value at 4 MHz.

3.4 Wind Turbine Generator Earthing

The earthing system is an important component to maintain the physical
integrity of a structure and protect human safety [21]. The literature on
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lightning protection of wind turbines is largely concentrated on the design
of wind turbine blades; however, an appropriate earthing system is also
critically important in the lightning protection system of a WTG [21].

According to IEC 61400-24 [17], an earthing resistance of less than 10 Ω

is required for a WTG before it is connected to the rest of the wind farm.
Typically, this is accomplished by the inclusion of the rebar in the WTG
foundation, and using a ring earth electrode and additional horizontal
and vertical electrodes [17]. It should be noted that IEC 61400-24 [17] rec-
ommends interconnecting WTG grounding systems and this can further
reduce the low-frequency impedance [174]. A three dimensional perspec-
tive view of the WTG foundation modelled for this work is illustrated in
Figure 2.9 in Section 2.5.3.

3.5 Lightning Discharge Current

The lightning discharge current parameters vary with the lightning pro-
tection level (LPL) required for a wind turbine. The required LPL is se-
lected by performing a risk assessment for an individual wind turbine. If
the risk assessment cannot be completed for individual wind turbines, the
IEC 61400- 24 standard [17] recommends the designing of lightning protec-
tion system to LPL-1. Hence, the lightning discharge current parameters
of LPL-1 were considered for this analysis.

Time domain lightning discharge current waveforms were converted
to frequency domain and simulations were performed in the frequency
domain at prominent frequencies of 5 kHz, 1 MHz, 4.52 MHz, and
10.54 MHz. A peak current of 100 kA was used for the simulations. As
the lightning discharge currents contain a wide frequency spectrum [175],
it is important to understand the significance of individual frequency com-
ponent. The high-frequency components represent the initial rise time of
the lightning discharge currents while the low-frequency components rep-
resent the fall time and steady state response. The 5 kHz and 10.54 MHz
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frequencies in the lightning discharge current waveform represents the
dominant frequencies at half values during fall time and rise time, respec-
tively. 1 MHz represents the predominant frequency at the peak value of
the lightning current and 4.52 MHz was selected due to its proximity to
the cut-off frequency (4 MHz) of the frequency-dependent soil parame-
ters [163]. The peak value of lightning discharge current is useful in cal-
culating the potential distribution which in turn used in the evaluation of
the step and touch voltages.

3.6 Results and discussion

The simulations were performed using different modules of the
CDEGS [152] software package. The RESAP module was utilised for soil
modelling, and the FFTSES module was utilised to determine the dom-
inant frequencies of the lightning discharge current wave. The HIFREQ
module was used in calculating the current, voltage and GPR in the sys-
tem. HIFREQ is the computation module used in solving transient and
steady state problems of the conductors that are buried and aboveground
in the frequency domain from zero to hundreds of megahertz. It evalu-
ates the electric and magnetic fields in the air and soil, also conductor and
earth potentials, and the current distribution in the earth as well as the
conductors. The CDEGS software has been scientifically validated by field
tests and compared with research publications for over forty years; it is
widely accepted by the industrial and consulting firms world-wide [176].
The software was used to model the complete steel structure of the WTG
foundation without considering the effect of concrete and its related resis-
tivity.
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3.6.1 Soil Models

The measured soil resistivity values at three wind turbine locations are de-
picted in Table 3.1. The measurements were performed in two traverses
in order to represent soil properties more accurately. These measured val-
ues were modelled as different soil structures defined in Section 3.2.1. Ta-
ble 3.2 depicts the soil structure models and resistivity values for wind
turbine location 1, WTG-1. Similar data were calculated for all the wind
turbine locations for measured soil resistivities in traverse one, two and a
combination of one and two.

Table 3.2: Soil Structure of WTG-1 for Different Soil Models
Soil Model ρ1(Ωm) Thickness (m) ρ2 (Ωm) Thickness (m) ρ3 (Ωm) Thickness (m)

Uniform 880.23 ∞
Horizontal
two layer

2593.05 0.37 759.15 ∞

Horozontal
three layer

2593.05 0.46 614.07 16.48 1083.15 ∞

Vertical 1 706.98 Left layer 3310.06 Right layer
Expontial 701.50 0.00 1161.76 Infinite depth 2

1 For vertical soil model: ρ1 is resistivity of left layer and ρ2 is resistivity
of right layer

2 Exponential coefficient: 0.015 (1/meter)

Table 3.3 presents the RMS percentage error for the soil models of three
wind turbine locations. The RMS error provides a quantitative indication
of the agreement between the measurements and the proposed soil mod-
els. The RMS error is calculated using Equation 3.9.

RMS Error(%) =
√
Average (Di2) (3.9)

Di is the percentage discrepancy between the measured and computed
soil resistivity values.

T1, T2, and T1 & T2 represent traverse-1, traverse-2 and a combina-
tion of traverse-1 & 2, respectively. For WTG-1 and T1, the RMS error
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Table 3.3: Percentage Error of Soil Models

RMS error (%)
Soil Model WTG-1 WTG-2 WTG-3

T1-Uniform 28.02 21.08 46.08
T1-Horizontal two-layer 21.41 15 21.29
T1-Horizontal three-layer 9.58 7.55 16.23
T1-Vertical 19.96 23.71 22.76
T1-Exponential 20.04 14.43 19.42
T2-Uniform 21.95 24.3 27.78
T2-Horizontal two-layer 16.24 10.69 18.71
T2-Horizontal three-layer 7.89 5.27 18.76
T2-Vertical 16.2 9.9 24.15
T2-Exponential 16.33 10.24 17.96
T1&T2-Uniform 26.78 25.36 37.89
T1&T2-Horizontal two-layer 19.88 13.34 24.24
T1&T2-Horizontal three-layer 11.44 11.59 24.05
T1&T2-Vertical 19.82 13.16 24.35
T1&T2-Exponential 19.92 13.07 23.85
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for the uniform soil model is 28.02%, it is 21.41% for horizontal two-layer
soil stratification, 9.58% for horizontal three-layer soil structure, 19.96% for
vertical and 20.04% for exponential structures. It can be inferred from the
results that the percentage error is maximum for the uniform soil model
and minimum for the horizontal three-layer model. The decrease in error
ranges from 35% to 78%.

3.6.2 WTG earthing impedance variation with soil param-

eters

This section presents the frequency response of the WTG earthing
impedance for the changes in soil resistivity and relative permittivity. Fig-
ure 3.2 shows the variation in WTG earthing impedance with a change
in soil resistivity from 10 Ωm to 10 kΩm, while relative permittivity is
kept constant at 10. From the frequency response it can be observed that
the WTG earthing impedance for 10 Ωm increases with frequency up to
4.52 MHz and then a dip is observed at 6 MHz. Whereas for higher soil
resistivity values of 100 Ωm and 1000 Ωm, the impedance increases up
to a frequency of 3.01 MHz and reduces at the frequency of 6 MHz. For
10k Ωm soil resistivity, a decrease in impedance is observed in the initial
frequency spectrum before a peak at 3.01 MHz, which then reduces to its
lowest impedance at 6 MHz. However, for all the values of soil resistivity
the WTG earthing impedance increases after 6 MHz. It is interesting to
note that the deviation in impedance is minimal for soil resistivities up to
1000 Ωm at 10 MHz. It is also observed that the inductive component of
the impedance decreases with an increase in soil resistivity, as shown in
Figure 3.3.

The frequency response of the WTG earthing system is analysed for
distinct relative permittivity values of the soil. At lower values of soil re-
sistivity, the change in relative permittivity does not effect the WTG earth-
ing impedance throughout the frequency spectrum. Similarly, there is no
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Figure 3.2: Frequency response of the WTG earthing impedance with
change in soil resistivity with a constant relative permittivity.
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Figure 3.3: Frequency response of the phase angle with change in soil re-
sistivity with a constant relative permittivity.



56 Chapter 3. Frequency Domain Analysis of a WTG Earthing System

change in phase angle with the change in relative permittivity. However,
for high soil resistivity value of 10k Ωm, the variation in WTG earthing
impedance is significant with a variation in relative permittivity, as shown
in Figures 3.4 and 3.5. However, there is no common trend observed in the
WTG earth impedance change with varying permittivity. Hence, it is im-
portant to consider the frequency dependency of the relative permittivity
while designing the wind turbine earthing system.
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Figure 3.4: Frequency response of the WTG earthing impedance with
change in relative permittivity with a constant soil resistivity 10k Ωm.

3.6.3 Effect of soil layer

The effect of earth electrodes in different layers of soil stratification on the
WTG impedance at 5 kHz frequency is analysed in this section. For the
soil model with a uniform soil resistivity, the WTG earthing impedance
increases with an increase in the value of soil resistivity, as shown in Fig-
ure 3.6. For a two-layer soil structure, two different scenarios were stud-
ied. In each scenario, two soil resistivity values and two layer thickness
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Figure 3.5: Frequency response of the phase angle with change in relative
permittivity with a constant soil resistivity 10k Ωm.

values are considered. For all of the cases, the earthing electrodes are
buried at 1 m depth from the surface of the soil. The thickness of the
layer is selected in such a way that the electrodes are placed in the top and
bottom layers of the soil. Firstly, the soil resistivity of the top layer was
kept constant, and the bottom layer resistivity was varied.

As depicted in Figure 3.6, with 100 Ωm top layer resistivity and earth
electrodes in the top layer, the WTG earthing impedance increases with
an increase in the bottom layer resistivity value up to 1000 Ωm and then
it is constant with further increase in resistivity of the bottom layer. How-
ever, when the earth electrode is in the bottom layer, the impedance in-
creases continuously with an increase in the resistivity of the bottom layer.
A similar phenomenon is observed for the top layer soil whose resistivity
is 1000 Ωm.

In the next scenario, the resistivity of the bottom layer is maintained
at a constant value, and the top layer resistivity is varied. It can be ob-
served from Figure 3.7 that with a bottom layer resistivity 100 Ωm and the
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Figure 3.6: WTG earthing impedance at 5 kHz frequency with constant
resistivity of top layer.
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electrode in the top layer the WTG earthing impedance is constant with
an increase in the top layer resistivity. When the earth electrode is in the
bottom layer, the impedance is constant up to 1000 Ωm and then decreases
below the resistivity values of the electrode in the top layer. An identical
trend is noticed for the bottom layer resistivity of 1000 Ωm.

Figure 3.7: WTG earthing impedance at 5 kHz frequency with constant
resistivity of bottom layer.

This analysis shows that the uniform soil model results in higher earth-
ing impedance compared to a horizontal multi-layer soil model irrespec-
tive of the earth electrode position in the soil layers. This is due to the
lower soil resistivity of the second layer where the earth electrodes and
most of the WTG rebar are installed. Moreover, it is the soil resistivity of
the bottom layer which plays a predominant role in the overall earthing
impedance due to the uniform distribution of electric fields.



60 Chapter 3. Frequency Domain Analysis of a WTG Earthing System

3.6.4 Effect of frequency dependent soil parameters

The WTG earthing impedance is strongly dependent on soil resistivity
and relative permittivity of the soil. As discussed in Section 3.3, the soil
resistivity and relative permittivity changes with frequency. Lightning
discharge currents comprise high frequency-components, for which fre-
quency dependency is significant in determining the impedance. More-
over, the variation in relative permittivity significantly affects the WTG
earthing impedance.

Figure 3.8: WTG earthing impedance with frequency dependent soil resis-
tivity for 25 Ωm.

Three different cases are considered in this analysis. In the first case,
the relative permittivity is considered to be constant at all frequencies, and
the soil resistivity is a frequency dependent value, calculated using Equa-
tion 3.7. Soil resistivity values of 25 Ωm, 250 Ωm, and 2500 Ωm are consid-
ered. For 25 Ωm, the impedance increases with frequency although there



3.6. Results and discussion 61

is a decrease in the soil resistivity with the increase in frequency, as de-
picted in Figure 3.8. This is due to the increase in both resistive and reac-
tive components of ground potential with an increase in the frequency. In
the case of 250 Ωm soil resistivity, the impedance increases to 3 MHz and
then decreases at 4.52 MHz, and again rises at 10.54 MHz. As depicted in
Figure 3.9, for a soil resistivity of 2500 Ωm, the WTG earthing impedance
varies randomly with frequency. There is no common trend observed at
higher soil resistivity values. The random behaviour is due to the change
in soil resistivity, and the behaviour of the WTG earthing system at differ-
ent frequencies. It is observed, the earthing system is resistive for lower
frequencies and reactive (inductive or capacitive) for higher frequencies.

Figure 3.9: WTG earthing impedance with frequency dependent soil resis-
tivity for 2500 Ωm.

In the second scenario, the soil resistivity is considered to be indepen-
dent of frequency, and the relative permittivity is a frequency dependent
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parameter, calculated using Equation 3.8. It is observed from Figure 3.10,
that the relative permittivity has an influential role for the sites with high
soil resistivity. The WTG earthing impedance at 250 Ωm is higher than
2500 Ωm after a frequency of 3 MHz. The decrease in relative permittiv-
ity with an increase in frequency, changes the earthing system behaviour,
specially the capacitive reactance, which determines the earthing system
behaviour at individual frequencies.

Figure 3.10: WTG earthing impedance with frequency dependent soil per-
mittivity.

In the final case, both soil resistivity and relative permittivity are con-
sidered as frequency dependent parameters. From the results, it is ob-
served that the change in WTG earthing impedance with frequency de-
pendent soil parameters is significant at locations with high soil resistivity.
From Figure 3.11, for an increase in frequency from 1 MHz to 3 MHz, the
increase in WTG earthing impedance is up to two times for 2500 Ωm soil



3.6. Results and discussion 63

resistivity. In the frequency range of 3.01 MHz to 4.52 MHz the impedance

Figure 3.11: WTG earthing impedance with frequency dependent soil pa-
rameters for 2500 Ωm.

halves. Again, the increase in impedance from 4.52 MHz to 10.54 MHz is
more than twice the value. The variation of both soil resistivity and rel-
ative permittivity with frequency is the practical scenario. Hence, it is
critical to consider the frequency dependent soil parameters for designing
the WTG earthing system.

3.6.5 WTG Impedance

This section presents the comparison of frequency response of the WTG
earthing impedance for three wind turbine locations at different scenarios.
It also presents the comparison of the uniform, horizontal two-layer and
three-layer soil structures, modelled in Table 3.3, are compared.

In the first case, a comparison of WTG earthing impedance with and
without the connecting the rebar to the earthing system is performed. As
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depicted in Figures 3.12 to 3.14, connecting a rebar to the WTG earthing
system reduces the impedance significantly regardless of the soil models
used. For uniform soil resistivity, at a frequency of 5 kHz, the impedance
reduces from 26.83 Ω to 17.07 Ω, as shown in Fig 3.12. For the case of hor-
izontal two-layer and three-layer, the WTG earthing impedance reduces
from 10.8 Ω to 9.12 Ω and 10.06 Ω to 8.74 Ω, respectively, as depicted
in Fig 3.13 and 3.14 . However, at higher frequencies, the reduction in
impedance is more prominent and can be up to 76%. The change in the
impedance by connecting the rebar to the earthing system is a result of
lightning down conduction current being shared by the metallic compo-
nent of the rebar. However, a lower reduction of impedance for horizontal
two-layer and three-layer structures at 5 kHz is mainly due to the higher
soil resistivity of the top layer.

Figure 3.12: WTG earthing impedance of WTG-1-T1 with and without Re-
bar connected to earthing system for frequency independent soil parame-
ters (Uniform soil model).

In the second scenario, the frequency response of WTG earthing
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Figure 3.13: WTG earthing impedance of WTG-1-T1 with and without Re-
bar connected to earthing system for frequency independent soil parame-
ters (Two-Layer soil model).

Figure 3.14: WTG earthing impedance of WTG-1-T1 with and without Re-
bar connected to earthing system for frequency independent soil parame-
ters (Three-Layer soil model).
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impedance for frequency independent soil parameters with ring electrode
connected to rebar is analysed for uniform, horizontal two-layer, and
three-layer soil structures. As shown in Figure 3.15, for WTG-1-T1, a
change from a uniform to a horizontal two-layer soil structure decreases
the impedance from 19.06 Ω to 16.69 Ω at 5 kHz frequency. In addition,
the impedance is further reduced to 15.99 Ω with a horizontal three-layer
soil structure. However, at 1 MHz, a minimum increase in impedance
from uniform to horizontal three-layer soil structure is observed. Again,
at 4.52 MHz the WTG earthing impedance decreases from uniform to hor-
izontal three-layer soil models. Finally, at 10.54 MHz, the variation in
impedance is negligible for different soil structures different structures of
the soil.
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Figure 3.15: WTG earthing impedance of WTG-1-T1 with ring electrode
for frequency independent soil parameters.

The change in impedance at different frequencies is mainly due to two
components. Firstly, due to the change in the reactive component of the
impedance. Secondly, due to the resistive component which increases sig-
nificantly at higher frequencies. As illustrated in Figure 3.16, the phase
angle is negligible at 5 kHz. However, at 1 MHz a significant increase in
phase angle leads to a higher reactive component. Moreover, the phase
angle for the horizontal three-layer structure is more than that of the two-
layer and uniform soil models resulting in a higher impedance value. At a
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frequency of 4.52 MHz, the phase angles drop significantly, even to nega-
tive values showing a capacitive reactive component. However, the resis-
tive components have increased significantly leading to an overall increase
in the WTG earthing impedance. Finally, at 10.54 MHz, due to a minimum
variation of phase angle for different soil structures the change in WTG
earthing impedance is negligible. Similar trends are observed for other
wind turbine sites considered for this study.
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Figure 3.16: Phase angle of WTG-1-T1 with ring electrode for frequency
independent soil parameters.

In the third case, a comparison of WTG earthing impedance with fre-
quency independent and dependent soil parameters for all the wind tur-
bine locations is performed. The frequency response of the WTG earth-
ing impedance with frequency dependent soil parameters are analysed at
three frequencies, 1 MHz, 4.52 MHz and 10.54 MHz, since the formula for
frequency dependent soil parameters are not applicable for the frequen-
cies below 10 kHz. For all the wind turbines, the frequency dependent soil
parameters give the least impedance values compared to the frequency in-
dependent parameters regardless of soil model, as depicted in Figure 3.17.
The reduction in WTG earthing impedance for frequency dependent soil
parameters is mainly attributed to the significant reduction in soil resis-
tivity at higher frequencies. Moreover, at some higher frequencies, the
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behaviour of the WTG earthing system is capacitive.

Figure 3.17: Comparison of WTG earthing impedance of WTG-1-T1 with
ring electrode for frequency independent and dependent soil parameters.

In the fourth case, the horizontal earth electrodes are connected to the
WTG earthing system and compared with the ring electrode alone earth-
ing system. The frequency independent soil parameters are considered for
this analysis. Figure 3.18 illustrates the effect of connecting horizontal elec-
trodes for different soil structures at various frequencies. For uniform soil
resistivity, the WTG earthing impedance reduces to 17.07 Ω from 19.06 Ω

at 5 kHz. However, at 1 MHz and 4.52 MHz, increase in the impedance
is observed. At 10.54 MHz, the change in impedance with the addition
of horizontal electrode is negligible. The reduction in impedance at low
frequencies is a result of decreased resistance with horizontal electrode
length. With increase in frequencies, the inductance and skin effect of the
electrode increases the impedance value, which is evident at 1 MHz and
4.52 MHz. The effect of electrode lengths after an effective length has no
effect for high frequencies and hence no change in impedance, as observed
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at 10.54 MHz.
For horizontal two-layer soil structure, the reduction in impedance

with horizontal electrodes is significant at 5 kHz, reducing from 16.69 Ω

to 9.12 Ω. Also, at the 5 kHz frequency, the impedance decreases to 8.74 Ω

from 15.99 Ω for horizontal three-layer soil structure. The ring electrode
and horizontal electrodes are buried at a depth of 1 m from the surface
of the earth which are in the second layer of the soil structure. The soil
resistivity of the second layer is lower compared to the top layer. Also,
the rebar structure is extended in the bottom layers of the soil, hence the
overall earthing impedance is reduced. Similar effects are observed for all
wind turbines with different values of soil resistivity.

Figure 3.18: Comparison of WTG earthing impedance of WTG-1-T1 with
ring electrode and ring & horizontal electrodes for frequency independent
soil parameters.

In the final case, the comparison of WTG earthing impedance with an
earthing system comprising of ring & horizontal electrodes for frequency
independent and dependent soil parameters is performed. From Fig-
ure 3.19, it can be inferred that the frequency dependent soil parameters
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Figure 3.19: Comparison of WTG earthing impedance of WTG-1-T1 with
ring & horizontal electrodes for frequency independent and dependent
soil parameters.

reduce the earthing impedance at all frequencies for all the soil structures
due to the reduced soil resistivity with an increase in frequency. However,
it is observed that the reduction is maximum for the horizontal three-layer
soil structure. It is important to note that the WTG earthing impedance
with the horizontal electrodes is lower than that with a ring electrode alone
for both frequency independent and dependent soil parameters at low fre-
quencies. The increased impedances are a result of the inductive reactance
of the electrodes.

3.6.6 Ground Potential Rise

The ground potential rise profile of the WTG earthing system with only
ring electrode scenario, without horizontal and vertical electrodes) for
WTG-1-T1 under uniform soil structure at a frequency of 5 kHz is ob-
served to be equipotential, as shown in Figure 3.20 with a peak poten-
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tial rise of about 952 kV, as depicted in Figure 3.21. The potential value
drops by 4% at the periphery of the WTG earthing foundation. The poten-
tial is reduced by 36.5% within a few meters from the WTG foundation.
For the horizontal two-layer soil structure a similar equipotential profile
is observed with a reduction of 12.4%. The potential rise is further re-
duced by 16% with the horizontal three-layer soil structure. The reduction
in potential, a few meters away from the WTG foundation, is due to the
concentrated electric fields and the current density at the WTG earthing
electrodes.

Figure 3.20: Ground potential rise for WTG-1-T1 with three-layer soil re-
sistivity with electrodes at 5 kHz.

In the next scenario, the GPR of the earthing system consisting of a
combination of ring and horizontal electrodes is analysed. The potential
profile exhibits an equipotential nature for all the soil models. However,
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Figure 3.21: Ground potential rise for WTG-1-T1 with three-layer soil re-
sistivity with ring electrodes at 5 kHz.
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the peak value of ground potential is reduced for all the soil structures
when compared to ring electrode alone scenario. For the uniform soil
structure, the peak potential reduces by 10.4%. For the two-layer soil
structure, the peak potential reduction is 45.3% and 47.6% for the three-
layer soil structure (Figure 3.22). The reduction in GPR is mainly due to
uniform electric field distribution at the earthing system.

Figure 3.22: Ground potential rise for WTG-1-T1 with three-layer soil re-
sistivity with ring and horizontal electrodes at 5 kHz.

In the third scenario, the potential profile at a higher frequency of
1 MHz is analysed. For the uniform soil structure, the potential profile
is different from that of 5 kHz, with high potential spikes at the horizontal
electrode connection, with a peak of about 1569 kV, as depicted in Fig-
ure 3.24.

There is a reduced potential where the WTG connects to the horizontal



74 Chapter 3. Frequency Domain Analysis of a WTG Earthing System

Figure 3.23: Ground potential rise for WTG-1-T1 with three-layer soil re-
sistivity with ring and horizontal electrodes at 1 MHz.
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Figure 3.24: Ground potential rise for WTG-1-T1 with three-layer soil re-
sistivity with ring and horizontal electrodes at 1 MHz.
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electrode. A similar profile is observed for horizontal two-layer soil struc-
ture with a reduced peak value. However, a different potential profile is
observed for the three-layer soil structure with a more uniform potential
with local maxima, as depicted in Figure 3.23. The non-uniform potential
distribution at higher frequencies is due to higher current dissipation at
the point of impulse injection and electrode connection points. It is ob-
served that the earthing system with a combination of ring and horizontal
electrodes reduces the potential rise significantly in comparison to other
electrode configurations.

3.7 Chapter summary

This chapter discussed in detail the analysis of wind turbine earthing
impedance considering several factors. Firstly, the analysis of soil mod-
elling of the measured soil resistivity values is performed. Secondly,
the effect of frequency dependent soil parameters on the WTG earth-
ing impedance is quantified. Next, the effects of rebar, horizontal elec-
trodes, soil structures and frequency dependent soil parameters on the
WTG earthing impedance are evaluated. Also, the impact of earth elec-
trodes in various soil layers is carried out. Finally, the ground potential
rise is evaluated. The main contributions of this chapter are:

1. Based on the analysis, the horizontal three-layer structure is the op-
timum soil structure with the lowest RMS error.

2. Frequency dependency of soil parameters is critical in wind turbine
generator earthing design since the variation in earthing impedance
is significant with frequency dependent soil parameters.

3. The inclusion of rebar in the earthing design has a significant dimin-
ishing effect on the grounding impedance. This conclusion is based
on full wave electromagnetic models that considered the complete
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foundation structure, which has not previously been reported in the
literature.

4. The modelled wind turbine earthing impedance is lowest for a hori-
zontal three-layer soil model at low frequencies.

5. The WTG earthing impedance with frequency dependent soil pa-
rameters is lesser than that with the frequency independent soil pa-
rameters.

6. At high frequencies, the horizontal electrodes have a negligible role
in determining the WTG earthing impedance.

7. The bottom layer soil resistivity plays a significant role in determin-
ing the WTG earthing impedance.

8. The potential distribution is uniform at lower frequencies. The elec-
trode combination of ring and horizontal electrodes reduces the peak
potential values.

These conclusions will provide information for the future design of WTG
grounding systems to facilitate the continued worldwide adoption of
WTGs as a source of clean and sustainable power.



78 Chapter 3. Frequency Domain Analysis of a WTG Earthing System



Chapter 4

Effects of Direct Lightning Strikes
on Wind Turbine Generators

The WTG earthing system should be capable of protecting the wind tur-
bine from various lightning discharge parameters it experiences when
struck by lightning. The lightning parameters include frequency, peak
current, charge transfer, steepness, and rise time and fall time of the light-
ning discharge current waveforms and varies with the lightning protection
level and the type of lightning strikes. Hence, it is important to identify
the influencing parameters of the lightning discharge current on the WTG
earthing system.

This chapter presents an analysis of the wind turbine earthing system
for a horizontal multi-layer soil model in the event of a direct lightning
strike on the wind turbine generator for various lightning discharge cur-
rent waveforms. The analysis of the frequency components and peak cur-
rent magnitudes of different lightning current waveforms and their impact
on the earthing system of the wind turbine is performed.

79
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4.1 Description of the model

The wind turbine earthing system is designed by connecting the WTG
foundation to the earth electrodes. Figure 4.1 depicts the perspective
three-dimensional (3-D) view of the wind turbine foundation and the
WTG earthing system. The electrode lengths are determined by the soil
resistivity of the selected WTG site. The maximum resistivity value of the
soil is used for determining the electrode lengths for this analysis.

Figure 4.1: WTG earthing system.

Soil structure is modelled as a horizontal multi-layer with the resistiv-
ity varying vertically through the soil. The details of soil resistivity mea-
surement and modelling are presented in Section 3.2.

A realistic evaluation of the effects of a lightning strike on a wind
turbine depends on the proper representation of lightning discharge cur-
rents [66]. According to IEC 61400-24 [17], three lightning discharge cur-
rent waveforms have been used in this analysis. Figure 4.2 shows the first
short positive stroke with a rise time of 10 µs, for a time to half value 350 µs
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and the peak current of 200 kA. Similarly, the corresponding first short
negative stroke and a subsequent short stroke, for a wave shape and a
peak current considered for research are 1/200 µs, 100 kA and 0.25/100 µs,
50 kA, as depicted in Figures 4.3 and 4.4, respectively.

Figure 4.2: Lightning current waveform of the first short positive stroke.

Figure 4.3: Lightning current waveform of the first short negative stroke.

This study is based on the first short positive stroke, the first short
negative stroke and a subsequent short stroke with rise and fall times of
10/350 µs, 1/200 µs, and 0.25/100 µs, respectively, with lightning protec-
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Figure 4.4: Lightning current waveform of a subsequent short stroke.

tion level-1. The rationale for choosing these parameters is that the design
of the LPS of a wind turbine is based on these lightning parameters [17].

4.2 Results and Discussion

The detailed measurements and modelling of the resistivity of the soil are
described in Chapter 3. From the modelled soil structures, two wind tur-
bine sites with low and high soil resistivity are considered for this analysis.
The Wenner method [173] is used for measuring the soil resistivity at the
wind turbine sites. The measured apparent resistivity data is modelled as
a horizontal three-layer model with corresponding resistivity values de-
picted in Table 4.1: ρ1, ρ2 and ρ3 are the top, central and bottom layer
resistivites, respectively.

Table 4.1: Soil Resistivity Values of Wind Turbine Locations

Location
ρ1

[Ωm]
Thickness

[m]
ρ2

[Ωm]
Thickness

[m]
ρ3

[Ωm]
Thickness

[m]
1 85 0.4 39 21 74 ∞
2 1710 2.2 806 13 1762 ∞
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The frequency response of the WTG earthing system are calculated for
three lightning discharge current wave shapes at two wind turbine sites.
WTG-1 in this work represent the low soil resistivity wind turbine site and
WTG-2 represents the higher soil resistivity site. The earthing system of
WTG-1 consists of a ring earth electrode, the wind turbine foundation and
the other metallic components of the WTG. As the soil resistivity of all the
three layers is less than 500 Ωm, an earth electrode length of 5 m is the
required minimum electrode length adhering to the standard IEC 61400-
24 [17]. However, for WTG-2, the maximum soil resistivity is 1762 Ωm
for the bottom layer, hence an electrode length of 45 m has been selected.
Hence, the earthing system for WTG-2 comprises of a ring earth electrode,
two horizontal electrodes, the WTG foundation and other metallic compo-
nents.

The important assumptions made for this analysis are: lightning strikes
at the bottom of the WTG tower and the earth electrode lengths are cal-
culated according to the maximum resistivity value of a three-layer soil
model: this corresponds to the radius of the ring electrode length of 10 m
and the remaining length of the electrode are compensated by two hor-
izontal electrodes each having a length of (l1) − 10. Here l1 is the mini-
mum required length of the earth electrode. The steel tubular tower of the
WTG is conductive and can conduct the lightning discharge current to the
grounding network and hence the tower is neglected for this analysis.

The time domain lightning discharge current waveforms are trans-
formed into the frequency domain, using the FFTSES module available of
the CDEGS software package, are illustrated in Table 4.2. The frequency
spectrum suggests several dominant frequencies for each of the time do-
main lightning current waveforms. The value of the low-frequency con-
sidered for the purpose of this analysis for all the lightning current wave
shapes is 5 kHz, which represents the low to steady state values. The high
frequencies vary with the rise time, between 400 kHz and 5.46 MHz, based
on the peak value of the current magnitude in the time domain waveform.
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For the first short positive stroke waveform, the high frequency consid-
ered is 410 kHz. The value is 1 MHz for first short negative stroke and
5.46 MHz for the subsequent stroke.

4.2.1 WTG Impedance

The frequency response of the WTG earthing impedance for the first short
positive stroke with a peak current magnitude of 200 kA is depicted in
Figure 4.5. The grounding impedance increases from 0.85 Ω at 5.2 kHz
to 7.17 Ω at 410 kHz for WTG-1. A dominant increase in the inductive
component results in an increased earthing impedance, demonstrated by
an increase in phase angle from 5.1° to 72.6°. However, for WTG-2, the
earthing impedance decreases with frequency from 17.54 Ω at 5.2 kHz to
15.42 Ω at 410 kHz, as shown in Figure 4.5. This is due to the decrease in
inductive components for high soil resistivity values.

Figure 4.5: WTG earthing impedance for the first short positive stroke
lightning current parameters.

The wind turbine grounding impedance for the first short negative
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Table 4.2: Dominant Frequencies and Corresponding Amplitude for Dif-
ferent Lightning Strokes

S.No. First short positve stroke First short negative stroke Subsequent short stroke
Frequency

(Hz)
Amplitude

(kA)
Frequency

(Hz)
Amplitude

(kA)
Frequency

(Hz)
Amplitude

(kA)
1 5.00E+01 3.24208E-16 5.00E+01 5.34136E-29 5.00E+01 2.1138E-59
2 4.00E+02 1.220186513 5.00E+02 0.094255359 6.67E+02 0.001484942
3 8.00E+02 15.81136092 1.00E+03 3.076161044 1.33E+03 0.272743656
4 1.20E+03 37.13786467 1.50E+03 9.830525635 2.00E+03 1.550403343
5 1.60E+03 56.91683839 2.00E+03 17.57359349 2.67E+03 3.696479486
6 2.00E+03 73.53516498 2.50E+03 24.90180785 3.33E+03 6.225744497
7 2.40E+03 87.22974574 3.00E+03 31.41553153 4.00E+03 8.813107644
8 2.80E+03 98.54687254 3.50E+03 37.08732483 4.67E+03 11.29643976
9 3.20E+03 107.9882556 4.00E+03 42.0035822 5.33E+03 13.6081728

10 3.60E+03 115.9526021 4.50E+03 46.27363707 6.00E+03 15.72861689
11 4.00E+03 122.7449625 5.00E+03 50.00016999 6.67E+03 17.66050234
12 4.40E+03 128.5972651 5.50E+03 53.2713072 8.00E+03 21.01218733
13 4.80E+03 133.6867745 6.00E+03 56.16014857 8.67E+03 22.46454983
14 5.20E+03 138.1502952 6.50E+03 58.72657824 9.33E+03 23.78905418
15 5.60E+03 142.0945971 7.00E+03 61.01952127 1.07E+04 26.11004953
16 6.40E+03 148.7456949 8.50E+03 66.6237964 7.80E+05 49.65274659
17 7.20E+03 154.1332697 1.05E+04 72.0360502 1.02E+06 49.75807121
18 8.00E+03 158.5834934 1.35E+04 77.55073794 1.19E+06 49.8065678
19 9.20E+03 163.9718934 7.35E+04 95.74530461 1.37E+06 49.84305189
20 1.08E+04 169.4734571 1.46E+05 98.02667123 1.56E+06 49.87447819
21 1.20E+04 172.7200473 2.03E+05 98.68597108 1.71E+06 49.89357969
22 2.28E+04 187.2732236 2.92E+05 99.20376836 2.34E+06 49.9485839
23 5.84E+04 197.8076514 4.38E+05 99.59926443 2.73E+06 49.96967324
24 1.17E+05 199.6806694 5.84E+05 99.79741963 3.12E+06 49.9847839
25 1.75E+05 194.2990466 7.30E+05 99.9141813 3.90E+06 49.99976631
26 2.34E+05 184.7559932 8.76E+05 99.98113367 4.10E+06 49.99977227
27 2.92E+05 173.7343822 1.02E+06 99.99977159 4.68E+06 49.9876968
28 3.50E+05 162.6918697 1.02E+06 99.99964561 5.46E+06 49.93426536
29 4.09E+05 152.2678274 5.46E+06 49.93413039
30 4.10E+05 152.1306704
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stroke with a peak current of 100 kA is illustrated in Figure 4.6. An increase
in the WTG grounding impedance from 0.85 Ω to 16.75 Ω with increase in
frequency from 5 kHz to 1 MHz is observed for WTG-1. The variation of
the grounding impedance of WTG-2 is negligible for the frequency range
of 5 kHz to 580 kHz. However, a sudden surge in impedance is observed
at 1 MHz which is conferred due to the inductive reactance.

Figure 4.6: WTG earthing impedance for the first short negative stroke
lightning current parameters.

The frequency response of the WTG earthing impedance for a sub-
sequent short lightning discharge current is demonstrated in Figure 4.7.
The frequency spectrum of the subsequent short stroke comprises of high
frequency components of up to 5.46 MHz, compared to upper frequen-
cies of 410 kHz and 1 MHz for the first short positive and negative light-
ning strokes. For WTG-1 the earthing impedance increases from 0.84 Ω at
5.33 kHz to 34.77 Ω at 4.10 MHz and then drops to 18.06 Ω at 5.46 MHz. For
WTG-2, the impedance is relatively constant, varying between a minimum
of 17.5 Ω at 5.33 kHz and a maximum of 24.5 Ω at 1 MHz, as illustrated in
Figure 4.7.
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Figure 4.7: WTG earthing impedance for a subsequent short stroke light-
ning current parameters.

From the above analysis, it is observed that the WTG earthing
impedance increases with an increase in the frequency for lower resistivity
values. However, the impedance change is very minimal for the high soil
resistivity sites. It is also observed that the high frequency components
results in higher impedance than the high peak current values.

4.2.2 Wind Turbine Earthing System Potential

This section reveals the frequency response of the WTG grounding system
potential rise for the considered lightning discharge current parameters
and soil resistivity. Figures 4.8 to 4.14 illustrate the 3-D perspective of the
earthing system profile potential above and in the nearby surrounding of
the WTG earthing system. The impulse lightning current is injected at the
WTG foundation centre which is approximately at the middle point of the
profile.

The WTG grounding profile potential for WTG-1 for the first short pos-
itive current frequencies are depicted in Figures 4.8 and 4.9. As shown in
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Figure 4.8, at the low frequency of 10.8 kHz, the potential magnitude at
the WTG earthing grid is relatively constant representing an equipotential
surface, with a peak value of approximately 130 kV at 10.8 kHz. Interest-
ingly, there are small spikes which represent the impulse injection point
and the connection points of the stair case. Moreover, a sudden drop in
the potential magnitude is detected in the surrounding area of the WTG
earthing grid, a few meters away from the WTG foundation. A similar po-
tential profile to the one in Figure 4.8 is found for a frequency of 5.2 kHz,
with the exception of the spikes.

Figure 4.8: Scalar potential at 10.8 kHz for the first short positive lightning
stroke on WTG-1.

The behaviour of the earthing system is different at the high frequen-
cies of a transient lightning discharge current. As depicted in Figure 4.9,
there is a sharp rise at the centre of the profile and small spikes surround-
ing it at a frequency 410 kHz. Similar profiles are observed at frequencies
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of 117 kHz and 350 kHz. The central spike is due to most of the current
dissipating at the injection point. At high frequencies, the spikes in poten-
tial magnitude are due to a the inductance of the electrodes, which is no
longer negligible. In addition, it can be observed that the maximum value
of the potential spike increases with increase in frequency. The maximum
value of the potential is about 290 kV at 410 kHz.

For WTG-2, a WTG site with high soil resistivity, the earthing profile
is almost equipotential for all frequencies, with small spikes on the WTG
earthing system at high frequencies. The potential magnitudes are close to
3000 kV due to the increased impedance offered by the increased resistiv-
ity of the soil.

Figure 4.9: Scalar potential at 410 kHz for the first short positive lightning
stroke on WTG-1.

For the first short negative lightning discharge current with rise time
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less than that of the positive short stroke, the high frequency components
are also increased. At low frequencies, the earthing profile is equipotential,
with a maximum magnitude of about 40 kV, as shown in Figure 4.10. At
1 MHz, there are potential spikes similar to those of the positive current
waveform, as depicted in Figure 4.11. However, it is observed that the
peak value of the potential is higher than the first short positive current
parameters.

Figure 4.10: Scalar potential at 5 kHz for the first short negative lightning
stroke on WTG-1.

The subsequent short stroke has a much wider frequency spectrum
compared to the other two wave shapes, as its rise time is fast at 0.25 µs.
The high frequency component for the subsequent short stroke wave-
form is 5.46 MHz. At a lower frequency of 5.33 kHz, the voltage pro-
file is equipotential with a peak of 10.5 kV, as depicted in Figure 4.12. At
1 MHz, potential spikes at the impulse current injection point and the stair
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Figure 4.11: Scalar potential at 1 MHz for the first short negative lightning
stroke on WTG-1.
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Figure 4.12: Scalar potential at 5.33 kHz for a subsequent short lightning
stroke on WTG-1.
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case connection points are observed, with the peak at the current injection
point, as illustrated in Figure 4.13. The maximum potential magnitude at
1 MHz is approximately 200 kV. However, at 5.46 MHz, the potential peak
at the stair case connection point is greater than the current injection point
with the peak value escalated to approximately to 450 kV, as depicted in
Figure 4.14. The increase in potential is due to the increase in inductive
component at higher frequencies at the staircase.

Figure 4.13: Scalar potential at 1 MHz for a subsequent short lightning
stroke on WTG-1.

The rise in potential around the wind turbine is equipotential at the low
frequencies for all the lightning current wave shapes. This equipotential
distribution is confined mainly due to negligible inductive component at
the lower frequencies. However, at the higher frequencies, the potential
profile is dominant at the impulse injection point and at high inductive
reactance points.
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Figure 4.14: Scalar potential at 5.46 MHz for a subsequent short lightning
stroke on WTG-1.

The potential rise at the high soil resistivity wind turbine site is in-
creased significantly in comparison to a low resistivity site. The potential
distribution surrounding the WTG foundation is an equipotential for most
of the frequencies, however, there are some localised potential spikes ob-
served at the higher frequencies with relatively lower magnitudes.

The subsequent short lightning parameters should be considered for
designing the WTG earthing system. Although the peak magnitude of the
lightning discharge current is significantly low in comparison to the first
short positive stroke and the first short negative stroke, the high frequency
components are responsible for an increase in the potential rise and the
earthing impedance.
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4.3 Chapter summary

This chapter illustrates an analysis of the wind turbine earthing system
for different lightning discharge current wave shapes and soil resistivity
values. The grounding impedance is minimum for the first short posi-
tive stroke current parameters for all the soil resistivity values compared
to the first short negative and the subsequent short current wave shapes,
although the peak current magnitude is highest for this wave shape. The
high frequency components have major influence on the impedance due
to dominant inductive reactance. The wind turbine grounding surface is
equipotential at low frequencies and has potential spikes at higher fre-
quencies. In addition, the type B earthing system provided an equipoten-
tial surface at higher soil resistivity values. It is evident from the results
that there is a strong dependency of the potential profile on the impedance.
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Chapter 5

Factors Determining the
Effectiveness of a Wind Turbine
Generator Lightning Protection
System

Lightning is a natural phenomenon which can have direct and indirect
risks for a wind turbine. The lightning strikes can cause transient over-
voltages that can damage the WTG components and hurt people. It is im-
perative to consider the lightning strikes and their consequences in WTGs
in the optimization phase of a wind farm. This chapter presents a frame-
work to assess the effectiveness of wind turbine lightning protection sys-
tems at the wind farm design phase. Performing the analysis at this early
stage reduces lightning-induced downtime, which leads to increased en-
ergy yield of the wind farm. Also, the assessment will improve the safety
of the human operators and animals in the close proximity of a WTG. The
research in this work shows that the grounding system plays a critical role
in the wind turbine lightning protection system. For this reason an analy-
sis of various influential parameters of a grounding system design is per-
formed.

97
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Moreover, this chapter presents an analysis of various earthing elec-
trode configurations for the lightning protection of a wind turbine ground-
ing system. The IEC 61400-24 standard recommends a type-B earthing ar-
rangement for the protection of wind turbines from lightning discharge
currents. However, this research shows that the required impedance can-
not be achieved with the recommended electrode lengths of the standard
when typical soil resistivity values are taken into account. This chapter
presents an analysis of different earth electrode configurations and lengths
for lightning discharge current frequencies for different soil resistivity val-
ues based on frequency independent and dependent soil parameters.

5.1 Introduction

Lightning strikes can damage not just the individual wind turbine and its
components, but also sections of a wind farm and parts of the grid [180].
This might lead to an increased downtime of WTGs. The increased down-
time will not only increase the cost but also the indeterminacy of power
generation from WTGs. To reduce lightning-related damages to WTGs,
effective design and installation of LPSs [156] and assessment of LPS ef-
fectiveness for individual WTG are required.

The WTG LPS aims to dissipate lightning discharge currents safely in
the grounding system, diverting it from the electrical and mechanical com-
ponents in the WTG [137]. The installation of WTGs in a wind farm should
consider the probability of lightning incidence and the soil resistivity of
the WTG location. In the current practice of wind farm optimization, the
lightning protection component is missing. Hence, the assessment of the
site for lightning incidence will minimize damage.

The next step is to design an LPS following the international stan-
dards [17]. The design of LPS is based on the evaluation of risk assess-
ment. The IEC 61400-24 standard defines four levels of lightning protec-
tion based on the risk assessment. Each lightning protection level (LPL)
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is associated with a set of design parameters. The parameters of LPL are
based on the lightning discharge current parameters which have a critical
role in LPS [181]. A lightning protection system consists of an external
LPS, an internal LPS, and the grounding system [154].

The current practice is to design the external lightning LPS consisting
of air termination and down conduction systems according to the LPL if
an individual assessment of WTG site is possible [17]. Otherwise, a LPS
is designed based in a more stringent LPL-1 parameters. The internal LPS
is designed to avoid over-voltages and electromagnetic interferences due
to lightning discharge currents. Finally, the grounding system ensures the
proper functioning of all the protection systems.

A WTG grounding system ensures human safety and equipment pro-
tection in the event of a power system fault or lightning strike on a
WTG [156]. To protect the wind turbine and interconnected electrical
equipment, a grounding system that provides a low impedance path to
ground is necessary [21].

The effectiveness of a WTG LPS is determined by the individual effec-
tiveness of the LPS components. However, the effectiveness of the exter-
nal and internal lightning protection systems are determined by the de-
sign and installation of the WTG LPS. The effectiveness of a grounding
system is critical as it ensures the effectiveness of other components of an
LPS. The aim of a grounding system according to the IEC 61400-24 stan-
dard [17] is to achieve a resistance of less than 10 Ω at low frequencies.
However, this doesn’t consider the grounding system behaviour at higher
frequencies, which represent the fast transients of the lightning discharge
currents. Moreover, the evaluation of potential distribution is important
to protect human operators and livestock from step and touch voltages.
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5.2 Assessment framework for WTG lightning

protection system

This section introduces an assessment framework for WTG lightning pro-
tection system. The factors determining the effectiveness of a WTG LPS
are depicted in Figure 5.1.

The effectiveness, ELPS , of a WTG lightning protection system is a
function of several individual components and can be defined as:

ELPS = f(EX , EI , EG) (5.1)

where EX is the effectiveness of the external lightning protection system,
EI is the effectiveness of the internal lightning protection system and EG

is the effectiveness of the grounding system.

5.2.1 Effectiveness of external lightning protection system

The protection of a WTG from a direct lightning strike is achieved by the
external lightning protection system, consisting of an air-termination sys-
tem and a down conduction system. The effectiveness of the external light-
ning protection system is a function of effectiveness of the air termination
system EA and the effectiveness of the down conduction system ED:

EX = f(EA, ED) (5.2)

EA is the effectiveness of the air termination system and ED is the effec-
tiveness of the down conduction system.

5.2.1.1 Effectiveness of air-termination system

The purpose of an air-termination system is to protect the WTGs from di-
rect lightning strikes [154]. As the lightning strikes are uncontrolled, an ef-
fective air-termination system is required to safeguard the WTG. The effec-
tiveness of the air-termination system has two parts: the sizing effective-
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ness and interception effectiveness. The effectiveness of an air-termination
system can be calculated by:

EA = EIC · ESA (5.3)

where EIC is the interception effectiveness of the air termination system
and ESA is the sizing effectiveness of the air-termination system.

5.2.1.2 Effectiveness of down conduction system

The down conduction system provides an electrically conductive path be-
tween the air-termination system and the grounding system. The purpose
of a down conduction system is to discharge the lightning currents to the
grounding system safely. Also, the down conduction should provide mul-
tiple parallel conductive paths to ground by offering low electrical resis-
tance. The effectiveness of a down conduction system is dependent only
on ESD, the sizing effectiveness of the down conduction system:

ED = ESD (5.4)

5.2.2 Effectiveness of internal lightning protection system

The internal lightning protection system of a WTG consists of equipoten-
tial bonding, spatial shielding and separation distance, cable routing and
cable shielding and the installation of coordinated surge protection de-
vices (SPDs). The effectiveness of an internal lightning protection system
can be calculated as:

EI = f(EEB, ESPD) (5.5)

where EEB is the effectiveness of the equipotential bonding system and
ESPD is the effectiveness of the surge protection.
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5.2.3 Effectiveness of grounding system

The function of the grounding system is to dissipate the lightning dis-
charge currents into the ground without dangerous potential values [182].
An effective grounding system will ensure proper function of an LPS, pro-
tecting persons and animals [183]. The influencing factors determining the
ground potential rise and impedance are soil resistivity [184], grounding
electrodes and lightning discharge current parameters [185]. The effective-
ness of a grounding system can be evaluated as:

EG = f(GR,A,GPR) (5.6)

whereGR is the resistance of the WTG grounding system at low frequency,
A is the impulse coefficient and GPR is the ground potential rise.

The design principles described in IEC 61400-24 [17] are based on IEC
62305-3 [88], which was initially designed for general structures consisting
of houses and buildings [169]. The foundations of buildings are typically
larger than those of WTGs, allowing large diameter ring electrodes [168].

The main requirement of the grounding system according to IEC
61400-24 [17] is to achieve a resistance value of less than 10 Ω at low fre-
quencies before connecting the grounding system to the rest of the wind
farm. This job is challenging at wind turbine sites with high soil resistivity.

The grounding systems designed for power frequencies have a task
of achieving low resistance values at steady state or low-frequency anal-
ysis [186]. The low-frequency performance assures the effectiveness of
the grounding system at the wave trail of the lightning discharge current
waveform [181]. However, high-frequency components are present dur-
ing the fast rise times of the lightning discharge current. The effectiveness
of the grounding system for transients can be evaluated by the impulse
coefficient (A), given by [187]:

A =
Z

R
(5.7)
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where Z is the impedance of the grounding system at high frequencies
and R is the resistance of the grounding system at low frequencies.

The other significant parameter to assess the effectiveness of the
grounding system is to evaluate the ground potential rise with reference
to a remote earth [188]. This parameter also represents the grounding sys-
tem behaviour for transients, which pose a hazard to nearby humans and
animals. The potential distributions help in evaluating the step and touch
voltages. Step-voltage is defined as the potential difference between two
points separated by a distance [189]. The touch voltage is the potential
difference between GPR of a system system and the potential of a person
touching a structure with his hand which might be at a different potential
at the same time [190]. The step (US) and touch (Ut) voltages are illustrated
in Figure 5.2.

Figure 5.2: Step and touch voltages [190].
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The limiting values for the step and touch voltages are defined for de-
fined for the power frequencies [189]. However, there is no guidance on
the allowable limits for the step and voltages at high frequencies gener-
ated by the lightning discharge currents. Hence, this study considered
potential distribution to analyse these quantities. The human-worst step
voltage [152] defined as the maximum potential difference between the
observation point and within a 1 m stride length of that point is evalu-
ated.

5.3 Case Study and Simulation Results

This case study presents an evaluation of the effectiveness of individual
components of an LPS. The effectiveness calculations of air-termination
and down conduction system are based on the lightning protection level of
IEC 61400-24. The effectiveness of the internal LPS is dependent on the in-
dividual WTG installations. However, the effectiveness of the grounding
system varies significantly depending on the LPL, soil resistivity value,
modelling of soil structure, type of grounding electrodes, length of the
grounding electrodes, modelling of the grounding system, and frequency,
temperature and moisture dependency of soil resistivity.

For an air-termination system designed according to the IEC 61400-
24 [17] and IEC 62305-3 [88] standards, the effectiveness for different light-
ning protection levels is calculated as depicted in Table 5.1 [191].

Table 5.1: Effectiveness of air-termination system

Lightning protection level (LPL) I II III IV

Sizing effectiveness 0.99 0.98 0.95 0.95
Interception effectiveness 0.99 0.97 0.91 0.84

Total effectiveness 0.98 0.95 0.86 0.8

In consonance with the IEC 61400-24 standard, the design of the LPS
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for the WTGs commences with the risk assessment process. For a given
LPL, if the tolerable risk is below the limit, the protection system for that
particular LPL is designed. However, the current practice in the industry
is not to perform the risk assessment for individual WTG sites and hence
to design a level-1 LPS [192], which results in the effectiveness of 0.98, as
provided in Table 5.1.

Similarly for the down conduction system designed according to IEC
61400-24 [17] and IEC 62305-3 [88] standards, the effectiveness for different
lightning protection levels is shown in Table 5.2.

Table 5.2: Effectiveness of down conduction system

Lightning protection level (LPL) I II III IV

Sizing effectiveness 0.99 0.98 0.95 0.95

The effectiveness of the internal LPS mainly depends on the equipoten-
tial bonding system and the coordinated surge protection devices (SPDs).
The effectiveness of the equipotential bonding system is evaluated by
measuring the resistance between all the conductive parts and the equipo-
tential bus bar. The recommended resistance value is less than 1 Ω [90].
However, resistance of the order of mΩ is preferable. Whether it is a light-
ning transient or power system fault current, the over-voltages appear
at the terminals of the electrical, electronic and control systems installed
in the WTGs. The proper installation of coordinated SPDs according to
the lightning protection zones [17] and voltage levels will protect the end
equipment.

The goal of assessing an LPS is to reduce the downtime and hence in-
crease the energy yield of a WTG. Wind farm designers, in current practice,
do not consider this factor while optimizing the wind turbines in a wind
farm [193]. However, factors that can be controllable by wind farm de-
signers are the installation of WTGs at low lightning incidence locations
and the design of a sound grounding system. An important element of
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the WTG LPS that ensures the effectiveness of all other components is the
grounding system. By achieving a better grounding system consisting of
a low soil resistivity site, better soil structure modeling and better elec-
trode arrangement and dimensions improves the overall effectiveness of
the LPS. Hence, the effectiveness of a grounding system is analysed in de-
tail for several scenarios.

The first short negative lightning stroke is considered for the lightning
discharge current wave shape with 1 µs rise time and 200 µs time to half
value. The FFTSES module of CDEGS is used to identify the frequency
spectrum of the lightning discharge current wave. Amongst the computed
frequencies, 5 kHz, 1 MHz, and 4.52 MHz are selected for this analysis, as
1 MHz represents the dominant frequency when the time-domain wave-
form is near its peak value and 4.52 MHz represents the dominant fre-
quency of the time-domain waveform closest to the upper limit of the fre-
quency range in which the frequency dependent soil parameters are valid.
5 kHz represents the dominant frequency when the time-domain wave-
form is near 50% of its peak value during the fall time, as illustrated in
Fig 5.3. The simulations for this analysis were performed in the frequency
domain using FFTSES and HIFREQ modules of the CDEGS software pack-
age [152].

The perspective view of the WTG grounding system model used for
the simulations is shown in Figure 2.9 in Section 2.5.3. The grounding sys-
tem evaluation parameters for this analysis are low-frequency resistance,
impulse coefficient, peak potential magnitude, and the step voltages. The
permissible limits for step voltages cannot be compared against the stan-
dard as there is no fault clearance time [194] associated with lightning dis-
charge currents. The grounding system designs for different soil resistivity
values, soil stratification models, electrode configuration and frequency
dependent soil parameters are analysed in this work.
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f50%_peak=5 kHzfpeak=1 MHz

(A
)

Figure 5.3: Representation of frequencies of lightning discharge current.

5.3.1 Earth electrode configurations

Figures 5.4 to 5.6 depict various earth electrodes for WTG grounding,
which can be used individually or in combination to design a compli-
ant earthing system. The back bone of a type-B earthing system, recom-
mended by the IEC 61400-24 standard is the ring electrode, which is de-
signed around the foundation of the WTG and connected to the tower base
through the rebar. The mean radius of the ring electrode is approximately
the radius of the wind turbine tower base. These electrodes are buried in
the ground about one to two meters deep.

Horizontal and vertical electrodes are also commonly used; IEC 61400-
24 recommends the number of horizontal and vertical electrodes should
be equal to the number of down conductors, with a minimum of two elec-
trodes. The four cross and eight cross electrode configurations, shown in
Figures 5.4 & 5.5, are connected through vertical electrodes and are also
used for earthing system designs. Finally, an earthing grid with horizon-
tal and vertical electrodes buried below ground and connected through
vertical electrodes is shown in Figure 5.6.
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Figure 5.4: Perspective view of WTG commonly used earthing electrode
structures (not to scale).

Figure 5.5: Perspective view of WTG earthing system with eight cross elec-
trodes (not to scale).
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Figure 5.6: Perspective view of WTG earthing system with grid electrodes
(not to scale).

5.3.2 Frequency dependent soil parameters

Table 5.3 demonstrates the frequency dependence of soil resistivity val-
ues calculated by using the method described in Section 3.3. The effective
value of the soil resistivity reduces with increase in frequency. As an ex-
ample, soil with resistivity of 10k Ωm at 100 Hz has resistivity of only
1120 Ωm at 1 MHz.

Table 5.4 depicts the frequency dependent relative permittivity values
for the soil. At low frequencies, the value of relative permittivity can be
as high as 192.2, which increases the capacitive behaviour of the earthing
system.

5.3.2.1 Effectiveness of the WTG earthing system for various LPLs

In the first scenario, the grounding system designs for various lightning
protection levels according to IEC 61400-24 are compared. The length of
the electrodes is determined from Figure 2.10 in Section 2.5.3 according to
the low-frequency soil resistivity value. As the mean radius of the ring
electrode is bounded by the wind turbine tower foundation, additional
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Table 5.3: Frequency Dependent Soil Resistivity
Soil Resistivity

at 100 Hz
[Ω.m]

Frequency [Hz]
Frequency Dependent

Soil Resistivity
[Ωm]

100 5000 99.14
100 1000000 78.44
100 4000000 59.63
1000 5000 955.53
1000 1000000 403.84
1000 4000000 215.75
2000 5000 1856.68
2000 1000000 579.96
2000 4000000 284.52

10000 5000 8000.48
10000 1000000 1120.10
10000 4000000 487.29

Table 5.4: Frequency Dependent Relative Permittivity
Frequency (Hz) 5000 1000000 4000000

Relative Permittivity 192.20 31.56 18.68
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electrodes are needed for high soil resistivity sites. However, the mini-
mum lengths can not guarantee low impedance for the WTG grounding
system. Hence, this work considers different electrode configurations with
varied lengths to calculate the impedance. Moreover, this work evaluates
the high-frequency impedance in the second scenario for all the electrode
configurations.

The low-frequency resistance of the WTG grounding system increases
with increase in soil resistivity as shown in Figure 5.7. It can be observed
that the low-frequency resistance is constant up to 500 Ωm soil resistiv-
ity for all LPLs. This is due to the same length of earth electrode re-
quirement up to 500 Ωm soil resistivity. However, the resistance increases
from 1000 Ωm due to the change in electrode lengths for various LPL. For
3000 Ωm soil resistivity, the resistance of LPL-3 designed WTG grounding
system is twice that of LPL-1.
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Figure 5.7: WTG grounding resistance for different lightning protection
levels.

The impulse coefficient is as high as 10 for low soil resistivity values
and drops to less than 2 for soil resistivities beyond 1000 Ωm, as depicted
in Figure 5.8. The high impulse coefficients at low soil resistivity are due
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to the high impedance values at higher frequencies and relatively small
resistance values at low frequencies. An impulse coefficient value of 1
represents resistive behaviour, less than 1 represents capacitive behaviour,
and greater than 1 represents inductive behaviour of the grounding sys-
tem. The higher impulse coefficient at low soil resistivity values indicates
the inductive response of the grounding system at high frequencies. How-
ever, the low values of impulse coefficient at higher soil resistivity values
indicate poor behaviour of the grounding system at low frequencies.
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Figure 5.8: Impulse coefficient of the WTG grounding system for first short
negative lightning discharge current parameters.

The potential distribution around the WTG foundation is observed to
be equipotential for all the LPLs at low frequencies, as depicted in Fig-
ure 5.9. However, at higher frequencies, the potential profile experiences
a significant change within a small area with high potential spikes, as il-
lustrated in Figure 5.10. The peaks are due to greater current dissipation
at the impulse injection points and the connection point of the staircase to
the WTG grounding grid.

It is critical to evaluate the peak potential magnitude and the step volt-
ages at the WTG grounding system and the area surrounding the WTG
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Figure 5.9: Potential distribution of the WTG grounding system at 5 kHz
for soil resistivity of 100 Ωm, LPL-1.
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Figure 5.10: Potential distribution of the WTG grounding system at 1 MHz
for soil resistivity of 100 Ωm, LPL-1.
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foundation. As depicted in Figure 5.11, the peak potential magnitude in-
creases with increase in soil resistivity for all LPLs. Interestingly, the peak
potential for the grounding system designed for LPL-1 is higher than LPL-
2 and LPL-3. Although a unit current injected into the WTG grounding
system results in lower potential magnitude for LPL-2 and LPL-3 com-
pared to LPL-1, it is the high peak current magnitude of LPL-1 that results
in higher potential magnitudes. However, the potential values at higher
frequencies are much more significant than low-frequency magnitudes not
only due to high lightning discharge current magnitudes but also due to
high-frequency inductive components. The predominant factor responsi-
ble for high potential profiles is high-frequency components of the light-
ning discharge current [35].
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Figure 5.11: Peak potential magnitude at various lightning protection lev-
els.

Now, the maximum possible step voltages are evaluated for all the
LPLs, as depicted in Figure 5.12. The low step voltages at low-frequency
are due to the equal distribution of electric field and current density
throughout the WTG grounding grid. It is important to observe that at
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lower frequencies lower step voltages are noted for high soil resistivity
values due to longer electrodes making an equal potential distribution.
However, at high frequencies, the current density and electric field are
mostly concentrated at the current injection point. Moreover, the current
density is higher for WTG earth electrodes compared to the rebar. Hence,
larger step voltages are observed at high frequencies.
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Figure 5.12: Step voltage for various lightning protection levels.

It is interesting to note the behaviour of a WTG grounding system de-
signed to LPL-2 or LPL-3 which is subjected to a lightning discharge cur-
rent that would normally only be experienced by a LPL-1 system. The
low-frequency resistance of the LPL-2 WTG grounding system is 42.5 Ω

compared to 32.2 Ω for the LPL-1 grounding system at a soil resistivity
of 3000 Ωm. Moreover, the low-frequency resistance further increases to
59.8 Ω for LPL-3. The high-frequency impedance has no change for all the
LPLs, due to the negligible effect of electrode length at higher frequen-
cies. However, the impulse coefficient is higher for LPL-1 compared to
LPL-2 and 3. This impaired performance is due to the compromise of low-
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frequency effectiveness of the grounding system. Further, the grounding
system designed for LPL-2 and struck by LPL-1 parameters experiences
a peak potential of 2125.55 kV against 1594 kV for LPL-2 parameters at
5 kHz. At 1 MHz, the potential magnitudes are 4611.77 kV and 3458.81 kV.
The increase in the potential for LPL-3 design experiencing LPL-1 stroke
is higher than that of LPL-2. At 5 kHz, the potentials are 2988.63 kV and
1494.31 kV, and at 1 MHz, the potential magnitudes are 640.29 kV and
2820.13 kV.

5.3.2.2 Effectiveness of the WTG earthing system for various electrode
configurations

In the second scenario, the performance of grounding systems for various
electrode configurations is considered. The electrode configurations are:
ring, horizontal, vertical, ring-horizontal, ring-vertical and grid type.

All the electrode configurations discussed above are analysed for soil
resistivity values of 100 Ωm, 1000 Ωm, 2000 Ωm, and 10k Ωm. The analysis
is carried out for both frequency independent and frequency dependent
soil parameters. For frequency independent soil parameters, the soil re-
sistivity value at 100 Hz and a relative permittivity of 1 are used for all
the frequencies. However, the soil parameters are frequency dependent
and have an influential effect on the WTG impedance. Hence the effect
of frequency dependency on WTG impedance and phase angle are also
studied.

Figures 5.13 to 5.20 illustrate the evaluated WTG grounding impedance
and the phase angle for soil resistivity values of 100 Ωm, 1000 Ωm,
2000 Ωm, and 10 kΩm at 5 kHz, 1 MHz, and 4.52 MHz. The computation
of the impedance and phase angles for fixed and frequency dependent soil
parameters are compared.

The WTG earth impedance and phase angle for 100 Ωm uniform soil
resistivity are depicted in Figure 5.13. For 100 Ωm soil resistivity value,
the recommended minimum length of the electrode according IEC 61400-
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24 [17] is 5 m, which is fulfilled by the ring earth electrode alone. At 5 kHz,
the low-frequency resistance is 2 Ω for fixed soil resistivity. However, the
soil parameters vary with frequency, and for the frequency dependent soil,
the resistance is 1.98 Ω.

There is a very minimal reduction in resistance value at 5 kHz, with fre-
quency dependent soil parameters. It can be observed from Figure 5.13(b)
that the phase angle changes from 3.2° to 2.9° with frequency dependency,
indicating a reduction in the inductive component. This is due to the high
relative permittivity at low frequencies, which increases the capacitive re-
actance. At higher frequencies of 1 MHZ and 4.52 MHz, the impedance in-
creases to 18.61 Ω and 28.43 Ω. This increase in impedance has two causes:
firstly, an increase in inductive reactance, and secondly, increased resis-
tance because of the skin effect.

Figures 5.14 & 5.15 demonstrate the results for 1000 Ωm soil resistivity.
According IEC 61400-24, the minimum electrode length required is 20 m.
The mean radius of the ring electrode is less than 20 m and hence different
electrode arrangements are designed to fulfil the 20 m electrode length.

The first arrangement comprises two ring electrodes buried at different
depths with both the rings interconnected. Next, two horizontal electrodes
are implemented, each with an individual length of 20 m for 1000 Ωm soil
resistivity. Then, two 10 m vertical electrodes are connected to the WTG
earthing grid. In the next case, one ring electrode along with two hori-
zontal electrodes are connected to the WTG grounding system. Finally,
an earthing arrangement of a ring electrode and two vertical electrodes is
implemented.

From the calculated impedance values, it is observed that an earth-
ing system with two horizontal electrodes provides low resistance value
at 5 kHz, with a value of 17.24 Ω and 16.45 Ω for frequency independent
and dependent soil parameters, respectively. The electrode configuration
with two ring electrodes provides low impedance at 1 MHz and 4.52 MHz.
The combinations of ring with horizontal and ring with vertical provides
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Figure 5.13: Impedance and phase angle of the WTG earthing system for
ρ = 100 Ωm.
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Figure 5.14: Impedance and phase angle of the WTG earthing system with
ring electrodes for ρ = 1000 Ωm.
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low impedance for all the frequencies of interest. Moreover, frequency de-
pendent soil parameters provide a low impedance for all the cases except
horizontal and vertical electrodes at 4.52 MHz.
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(b) Two horizontal electrodes.
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(c) Ring and vertical electrodes.
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(d) Ring and horizontal electrodes.

Figure 5.15: Impedance of the WTG earthing system with different elec-
trodes for ρ = 1000 Ωm.

For soil resistivity of 2000 Ωm a minimum electrode length of 50 m is
needed. Various electrode arrangements, depicted in Figures 5.4 & 5.5,
are designed for this case. The computed impedance and phase angles
are depicted in Figures 5.16 to 5.18. However, none of the electrode con-
figurations guarantees an impedance value of less than 10 Ω for all the
frequencies. An electrode configuration consisting of one ring electrode
and two horizontal electrodes each of 200 m length is implemented to get
10 Ω resistance at 5 kHz. However, the impedance value does not vary
after a particular length for high frequencies.

Figures 5.19 & 5.20 show the results for the case of 10 kΩm soil resis-
tivity. The impedance values are larger with frequency independent soil
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Figure 5.16: Impedance and phase angle of the WTG earthing system with
five ring electrodes for ρ = 2000 Ωm.
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(a) Two vertical electrodes (25 m).
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(b) Two horizontal electrodes (50 m).
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(c) Ring and vertical electrodes (20 m).
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(d) Ring and horizontal electrodes (40 m).
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(e) Ring and horizontal electrodes (120 m).

Figure 5.17: Impedance of the WTG earthing system for different elec-
trodes for ρ = 2000 Ωm.
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Figure 5.18: Impedance of the WTG earthing system for ρ = 2000 Ωm for
various electrode configurations.
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parameters reaching up to 138 Ω. However, with frequency dependent soil
parameters, the impedance values are reduced drastically. The combina-
tion with ring and horizontal electrodes provides low impedance path of
78.74 Ω, 15.44 Ω, and 23.30 Ω at 5 kHz, 1 MHz, and 4.25 MHz respectively.
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Figure 5.19: Impedance and phase angle of the WTG earthing system with
vertical electrodes for ρ = 10 kΩm.

This analysis shows that it is very difficult to achieve a low impedance
of 10 Ω at all frequencies. The electrode configuration with ring & horizon-
tal and ring & vertical electrodes provide the lowest impedance amongst
all the electrode configurations considered. However, the ring and vertical
electrodes configuration is not practically feasible as it is difficult to drill
deep bores for the vertical electrodes. For high soil resistivity sites, the
grounding system with a ring electrode configuration is not feasible due to
the requirement of multiple ring electrodes. For example, a WTG site with
3000 Ωm resistivity of the soil requires an electrode of length 80 m. A WTG
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Figure 5.20: Impedance of the WTG earthing system with different elec-
trodes for ρ = 10 kΩm.

foundation with a radius of 10 m needs eight ring electrodes. The num-
ber ring electrodes must be installed either radially or vertically. However,
electrical fields of the individual ring electrodes interfere with surround-
ing electrodes if not space properly. Hence, the ring electrodes should be
installed in a way that should not interfere with the electric fields of the
ring electrodes.

The analysis of WTG earthing impedance of various electrode config-
urations leads to particular consideration of selected electrodes for low-
frequency resistance and impulse coefficient analysis. As illustrated in
Figure 5.21, the low-frequency resistance is lowest for the grounding sys-
tem with horizontal electrodes. The next best electrode configuration is the
ring-horizontal electrode. Besides, the low-frequency resistance is further
reduced with increase in the length of the horizontal electrode, as observed
for a combination of ring and 120 m horizontal electrode for 2000 Ωm soil
resistivity. The low-frequency resistance of high soil resistivity sites is very
high. This is mainly due to the increased resistivity and lack of electrode
length to dissipate the lightning discharge currents.
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 10k m

Figure 5.21: Comparison of low frequency resistance for various electrode
configurations for uniform soil resistivities.

However, the impulse efficiency of the grounding system is different
from the low-frequency performance. As depicted in Figure 5.22, the im-
pulse coefficient at 100 Ωm is very high compared to high soil resistivity
sites. This is due to the high impedance of the grounding system at higher
frequencies and small values of low-frequency resistance. At higher soil
resistivities, the ring electrode and its combination with other electrodes
have better impulse coefficients due to the better performance of ring elec-
trodes at high frequencies. The performance degradation of the horizontal
electrode configuration from the impulse coefficient view point is mainly
due to its better performance at lower frequencies.

5.3.2.3 Effectiveness of the WTG earthing system for various soil mod-
els

In the final scenario, the effectiveness of the WTG grounding system for
various soil models for different electrode configurations is compared. A
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Figure 5.22: Comparison of impulse coefficient for various electrode con-
figurations for various uniform soil resistivities.

set of measured soil resistivity values were modeled to various soil struc-
tures, viz. uniform, horizontal two-layer, and horizontal three-layer soil
structures in [34] are used for this analysis. As shown in Figure 5.23, the
low-frequency resistance is lowest for horizontal earth electrodes irrespec-
tive of the soil structure. Also, it is noted that the horizontal three-layer soil
model has the least low-frequency resistance amongst all the soil models.

As illustrated in Figure 5.24, the impulse coefficient is best for the elec-
trode configuration consisting of a ring electrode. This is due to the better
performance of the ring electrodes at high frequencies. The impulse coef-
ficients are better for the uniform soil model compared to horizontal two
& three layer soil structures. This is due to the performance impairment
of the uniform soil model at low frequencies.

The potential gradient developed due to the lightning impulse cur-
rent is smallest for horizontal electrodes for all the soil models at low-
frequencies. Moreover, the potential is lowest for the horizontal three-
layer soil model amongst all the soil structures. The high-frequency po-
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Figure 5.23: Comparison of low-frequency resistance for various electrode
configurations with various soil models
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Figure 5.24: Comparison of impulse coefficient for various electrode con-
figurations with various soil models and frequency dependent soil param-
eters.
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tential magnitude is minimum for the electrode configuration comprising
of ring-horizontal electrode configuration, as depicted in Figure 5.25.
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Figure 5.25: Peak potenial for various electrode configurations and soil
models.

The step voltages have a minimum value for horizontal electrodes at
low frequencies irrespective of the soil model. Also, a minimum amount
of step voltage is observed for horizontal three-layer soil structure at low
frequencies. However, at high frequencies, the electrode configuration of
ring-horizontal electrodes offers the least step voltage, as illustrated in Fig-
ure 5.26.

The horizontal electrode configuration provides a low resistance
grounding system at low-frequencies due to the uniform electric field dis-
tribution leading to equipotential surface throughout the grounding grid.
At higher frequencies the current dissipation is higher at the impulse in-
jection point. Moreover, the potential rise at the ring electrodes is higher
compared to other electrodes. The same phenomenon is observed regard-
less of soil structure or LPL. Hence, a ring electrode in combination with
a horizontal electrode is the preferred electrode configuration for all soil
structures and LPLs.

The results also show that the length of the horizontal electrode should
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Figure 5.26: Step voltage for various electrode configurations and soil
models.

be longer than recommended in IEC 61400-24. The calculated soil resis-
tivity changes using frequency dependent soil parameters, which in turn
reduces the wind turbine impedance at higher frequencies. This effect is
strong for wind turbines installed at high soil resistivity locations, with
a reduction of up to 85% at 1 MHz for 10 kΩm soil resistivity. It can be
concluded that WTG earthing impedance is over-estimated when the fre-
quency dependent nature of the soil resistivity is ignored.

The effectiveness of a WTG lightning protection system depends
mainly on two factors: the choice of WTG site and a well-designed
grounding system. The assessment of WTG site for lightning probability
and low soil resistivity is vital in the wind farm optimization for energy
yield and safety. The WTG grounding system designed with an accurate
soil resistivity measurement and soil modeling along with an electrode
configuration of the ring and horizontal electrodes ensures an effective
grounding system. The increase in the length of horizontal electrodes be-
yond an effective length does not affect the high-frequency impedance.
However, it improves the low-frequency resistance, which is also the
steady state impedance of the grounding system.
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5.4 Chapter summary

This chapter presented a procedure for assessing the effectiveness of WTG
lightning protection system. The installation of WTGs at low probability of
lightning incidence and the design of effective grounding systems are the
parameters controllable by the wind farm designers. This chapter explains
that the effectiveness of the grounding system can be improved by proper
design of earth electrodes, soil stratification, and low resistivity soil sites.
Following are the main contributions of this chapter:

1. This research provides a framework to evaluate the effectiveness of
WTG LPS

2. The impulse coefficient is not the only parameter to assess the effec-
tiveness of a LPS but to consider the low-frequency resistance and
the potential distribution

3. The electrode configuration with ring and horizontal electrodes is
the most effective for WTG LPS

4. Accurate soil stratification is important in effective LPS

5. The design of the WTG grounding system for LPL-1 parameters is
recommended
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Chapter 6

A Proposed Method for
Calculating Earth Electrode
Length for a Wind Turbine
Generator Earthing System

This chapter proposes a novel method to calculate the minimum length of
an earth electrode for a WTG grounding system by considering the elec-
trode dimensions and burial depth. A method to calculate the minimum
length of an earth electrode for a WTG grounding system based on a two-
layer soil model is also proposed. This methodology can be used to calcu-
late the electrode length for a required value of grounding resistance. The
proposed method is tested for various WTG sites and compared with the
traditional practices.

6.1 Introduction

WTG grounding systems commonly serve two purposes: power system
fault protection and lightning protection [137]. However, grounding sys-

135
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tem behaviour is different for lightning discharge currents compared to
fault currents due to the high-frequency components present in light-
ning discharge currents [142]. At higher frequencies the reactive compo-
nent of the impedance is dominant compared to the low-frequency resis-
tance. Hence, protection of WTGs from lightning strikes takes priority
over power system faults when designing WTG grounding systems.

The grounding grid impedance, potential gradients within a WTG
earthing system, and the minimum electrode length required to achieve a
resistance of less than 10 Ω are dependent on the soil resistivity [17], [167].
Hence, the soil resistivity measurement and the interpretation of those val-
ues to determine the soil structure are critical in selecting the length of
the earth electrode. In practice, soil resistivity varies with temperature,
moisture, mineral content and compactness [173] as well as frequency. It
is important to consider this frequency dependency while designing the
earthing system owing to the high frequency components of the lightning
discharge currents.

Another important factor in the design of a WTG grounding system is
the soil structure, which is determined using soil models based on resis-
tivity measurements. The current practice in WTG grounding design is to
use a uniform soil resistivity model [17], [140]. The IEC 61400-24 standard
assumes uniform soil resistivity, as depicted in Figure 2.10 of Section 2.5.3.
However, soil resistivity in reality is not uniform, but varies both in the
horizontal and vertical directions.

Although there are many soil models described in the literature, the
most commonly used models in the industry are uniform and horizontal
multi-layer [173]. A uniform soil model assigns a fixed resistivity value to
the entire WTG foundation area. Soil that exhibits inhomogeneous prop-
erties can be modelled as horizontal multi-layers with varying layer depth
and resistivity [173]. Hence, for the design of a WTG grounding system,
soil is commonly modelled as a horizontal two-layer or three-layer struc-
ture, depending on the WTG site.
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Unfortunately, the existing literature lacks a method to design a WTG
grounding system based on a horizontal multi-layer soil structure. More-
over, there are no recommendations made in the standard to calculate
the electrode length for horizontal multi-layer soil models. The conven-
tional methods do not consider the dimensions and burial depth of the
earth electrodes while determining the length of the earth electrodes ei-
ther. The conventional method of the grounding system design is based on
the IEC 62305 standard designed originally for the lightning protection of
buildings. The foundations of buildings have longer radius compared to
WTG foundation and hence can have longer ring earth electrodes, which
is a significant component of type-B earthing system. The adoption of this
method for the WTGs need modifications, and this thesis aims to address
some of the challenges.

6.2 Soil Models

The electrical potential distribution in soil depends on the electrical cur-
rents flowing into the soil through the earthing electrodes. These electrical
currents and consequent potential variation are based on the resistivity of
the soil [197]. Therefore, the modelling of the soil resistivity is critical for
power system fault and lightning protection grounding system studies.

The techniques used for soil resistivity measurements are similar for
most of the earthing system designs [195]. However, the interpretation of
the measured data varies significantly, which is an important step in the
soil modelling process. The interpretation of soil resistivity measurements
essentially depends on the following factors [195]:

1. The accuracy and extent of the measurements

2. The method used

3. The complexity of the mathematics involved; and
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4. The purpose of the measurements

A uniform soil model has a single soil resistivity value for the entire
earth mass with an infinite soil depth, as shown in Figure 6.1 [152].

Figure 6.1: Uniform soil model [152].

A horizontal two-layer soil model depicted in Figure 6.2 [152], consists
of two layers of different soil resistivity and a finite thickness of a top layer
and the bottom layer extending to infinity. Similarly, a horizontal multi-
layer soil model consists of several layers with a varying soil resistivity
for each layer, as depicted in 6.3 [198]. A more detailed description of soil
models is discussed in Chapter 4.

6.3 Equivalent soil resistivity model

Using a multi-layer soil model is more realistic than a uniform soil model
due to the inherent variation in soil structure and composition. How-
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Figure 6.2: Horizontal two-layer soil model [152].

Figure 6.3: Horizontal multi-layer soil model [198].
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ever, the validity of this representation is dependent on the accuracy of
soil resistivity measurements [199]. Moreover, the soil resistivity varies
significantly with temperature, moisture and the mineral content of the
soil [173]. Therefore, it would be practical to approximate the equivalent
soil resistivity of a two-layer soil model. Damitrios et al. [199] proposed an
expression for the conductivity of soil based on a two-layer model, given
by Equation (6.1):

ρeq =
1

σ1

[(√
σ1 +

√
σ2
)

+
(√

σ1 −
√
σ2
)
e−2d

√
πfµ1σ1(√

σ1 +
√
σ2
)
−
(√

σ1 −
√
σ2
)
e−2d

√
πfµ1σ1

]2
(6.1)

where ρeq is the equivalent soil resistivity, σ1 is the conductivity of the first
layer, σ2 is the conductivity of second layer, µ1 is the permeability of first
layer, d is the thickness of the first layer and f is the frequency.

6.4 Proposed method

6.4.1 Proposed Method for Calculating Earth Electrode

Length using a Uniform soil Resistivity Model

The required low resistance of a WTG earthing system can be achieved
by an accurate design of the length, diameter and burial depth of earth-
ing electrodes [17]. The conventional earthing system recommended by
IEC 61400-24 is designed initially for buildings having long foundations
where longer ring electrodes are possible [200]. However, WTGs typically
have foundations with shorter mean radius and might need additional
electrodes for higher values of soil resistivity.

The mean radius of the ring earth electrode (re) must be higher than
the minimum length of the electrode l1 based on Figure 2.10. However, if
the required length of the electrode is greater than the radius of the ring
electrode (r), additional horizontal and vertical electrodes are connected.
The required length of these additional electrodes can be calculated from
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Equations in (6.2) and (6.3) [17].

lr = l1 − re (6.2)

lv =
(l1 − re)

2
(6.3)

where l1 is the minimum length of the earth electrode, lr is the length of
the radial electrode, lv is the length of the vertical electrode, and re is the
mean radius of the ring earth electrode.

In the conventional approach based on the IEC 61400-24 standard, the
length of the earth electrode is dependent only on the soil resistivity; how-
ever, the current dissipation in an earthing system is dependent on the
dimensions and the burial depth of the earth electrodes. Hence, the elec-
trode dimensions and its burial depth are critical to the performance of a
WTG earthing system.

The calculation of the ring electrode resistance is important in deriv-
ing the formula for the WTG earth electrodes. As depicted in Figure 6.4,
the centre of the ring electrode is assumed to be at the origin of the coor-
dinates. The resistance of a ring electrode can be calculated using Equa-

Φ 

x X

Wire Ring

Figure 6.4: Coordinates for buried ring of wire [146].

tion (6.4), proposed by Sunde [146]. However, the calculation of resis-
tance using this formula does not consider the structural foundation of
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the WTG. The WTG foundation consists of metallic components which can
share the lightning discharge currents when connected to the grounding
system.

R =
ρ

2π2re
ln

8re√
2ad

(6.4)

here, a is the radius of cross section of the ring earth electrode, d is the
burial depth of the ring, re is the mean radius of the ring, R is the equiva-
lent earth resistance of the ring, and ρ is the soil resistivity.

Yasuda et al. [168] proposed a modified formula for calculating the
WTG earthing resistance, given by Equation (6.5):

R
′
=

ρ

2απ2re
ln

8βre√
2ad

(6.5)

where R′ is the equivalent earth resistance of WTG, and α and β are im-
provement constants, determined using the method described in [168].

The proposed method is based on the equivalent resistance of the WTG
earthing system given by (6.5). The mean radius of the ring earth electrode
can be evaluated by rearranging Equation (6.5), to give Equation (6.6).

re = −0.5
ρ

R′απ2
W

(
−0.3535533906

R
′
απ2
√
ad

ρβ

)
(6.6)

here W is the lambart W function.
Finally, the length of the ring electrode is evaluated by l = 2πre. It

is important to note that the calculated length of the ring earth electrode
may not be possible to implement for all WTG earthing systems because
of the fixed size of the WTG foundation. We denote the radius of this
foundation rf , and the equivalent length of an electrode having this radius
to be x = 2πrf , with x < l. In such cases, the shortfall of the electrode
length is made up by proposed radial or vertical electrodes according to
Equations (6.7) and (6.8).

lrp = l − x (6.7)

lvp =
l − x

2
(6.8)
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where lrp is the proposed length of the horizontal electrode, lvp is the pro-
posed length of the vertical electrode, and x is the equivalent length of the
WTG ring electrode.

6.4.2 Proposed method for calculating the length of the

earth electrode for a horizontal two-layer soil resis-

tivity model

The selection of the minimum length of the earth electrode for a horizontal
two-layer soil model is ambiguous as the resistivity of the soil is different
for the two layers. The foundation and the earthing system of a WTG
can extend to the bottom layer of the earth. Moreover, the variation in
resistivity of the soil is observed to be significant, which might lead to
overestimation or underestimation of the electrode length. Besides, there
is a strong dependency on the layer influence on the earthing system [195].
Hence, there is a need for a procedure to calculate the electrode length
based on a multi-layer soil structure.

This research introduces a new methodology to calculate the electrode
length for a horizontal two-layer soil structure. The proposed method is
illustrated in the flowchart depicted in Figure 6.5:

The method starts with the measurement of soil resistivity at the in-
tended WTG installation site. The site modelled as a horizontal two-layer
soil structure using the measured soil resistivity values. The next step is to
calculate the equivalent soil resistivity of the two-layer soil structure using
Equation (6.1). The required mean radius of the ring electrode is calculated
by Equation (6.6), which is derived from the formula for equivalent earth
resistance of the WTG proposed by Yasuda et al. [168].

If the required mean radius of the electrode is greater than the actual
radius of the WTG ground electrode (rf ), additional horizontal or vertical
electrodes are designed to meet the requirement. If the additional elec-
trodes are required, then the minimum number of horizontal or vertical
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Measure the soil 

resistivity

Model soil structure 

(Two-layer)

Input required WTG 

resistance  in equation (6.6)

Input electrode dimension, 

burial depth and other 

constants in equation (6.6)

Approximate two-layer soil to 

equivalent soil model using equation 

(6.1) and input to equation (6.6)

Calculate re using 
equation (6.6)

If  re > r

End

Calculate lrp and lvp using 

equations (6.7) & (6.8)

Yes

No

Figure 6.5: Proposed method for calculating earth electrode length for
two-layer soil structure.
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electrodes should not be less than two [17]. The resistance of a ring elec-
trode in the form of a square is slightly more than the straight wire elec-
trode [146]. Hence, the equivalent length of the ring electrode should be
converted to a straight wire for designing the horizontal and vertical elec-
trodes. Finally, the length of the additional radial and vertical electrodes
are calculated using Equations 6.7 and 6.8.

6.5 Results and discussion

Simulations are performed using the RESAP, FFTSES and HIFREQ mod-
ules of the CDEGS (Current Distribution, Electromagnetic fields, Ground-
ing and Soil structure analysis) software package [152]. The RESAP mod-
ule is utilised to model the soil, FFTSES is used to obtain the frequency
spectrum of the time domain lightning discharge current wave form, and
the HIFREQ module is employed to calculate the ground potential rise at
different frequencies of interest.

The transient behaviour of the WTG earthing system subjected to light-
ning strikes is investigated using the proposed method of designing earth
electrodes. The effectiveness of the earthing system is determined by
the current dissipating capacity of the grounding system. The design
of the grounding electrodes dictate the behaviour of the grounding sys-
tem. Based on Figure 2.10, an empirical formula given by Equation 6.9
can be deduced for calculating the minimum length of the earth electrode
for lightning protection level-1. However, it can be observed from Equa-
tion 6.9 that the design of the minimum length of the earth electrodes is
only dependent on the resistivity of the soil.

l1 = max

(
−1000 + 3× ρ

100
, 5m

)
(6.9)

where l1 is the minimum length of the earth electrode in m, and ρ is the
soil resistivity in Ωm.
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This research considers the required minimum value of the resistance,
dimensions of the earth electrode and the burial depth of the electrode
in calculating the minimum length of the electrode. Table 6.1 depicts the
mean radius of the ring earth electrode to achieve the WTG resistance val-
ues of 10 Ω and 5 Ω based on the calculations performed using the pro-
posed method. The electrode lengths for burial depths of 0.5 m and 2 m
and soil resistivity values of 500 Ωm, 1500 Ωm and 3000 Ωm are shown in
Table 6.1. It can be observed that, to achieve a resistance of 10 Ω with a soil
resistivity of 500 Ωm and an electrode depth of 0.5 m, the minimum length
of electrode required is 11.84 m. Whereas an electrode length of 87.51 m
is required when the resistivity of the soil is 3000 Ωm. By changing the
electrode burial depth to 2 m, the required length of the electrode drops
slightly to 10.76 m and 81.2 m for 500 Ωm and 3000 Ωm, respectively. To
achieve the WTG resistance of 5 Ω, the minimum electrode lengths have
increased about two folds, as illustrated in Table 6.1.

Table 6.1: Mean radius of earth electrode re (m).

Resistance (Ω)
Electrode Burying

Depth (m)
Soil Resistivity

(Ωm)
Mean Radius of

Ring Electrode (m)
10 0.5 500 11.847
10 0.5 1500 40.6005
10 0.5 3000 87.5101
10 2 500 10.7671
10 2 1500 37.418
10 2 3000 81.201
5 0.5 500 25.8284
5 0.5 1500 87.5101
5 0.5 3000 187.545
5 2 500 23.6941
5 2 1500 81.201
5 2 3000 175.02
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6.5.1 Frequency dependency of electrode length

The importance of the frequency dependency of the resistivity of the soil
is depicted in Figure 6.6. The increases in frequency decreases the effective
resistivity of the soil. The resistivity of the soil drops to about 325 Ωm at
4 MHz from 3000 Ωm at 100 Hz. Hence the effective length of the earth
electrodes required at higher frequencies reduces significantly.
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Figure 6.6: Frequency dependent soil resistivity evaluated based on the
frequency-dependent soil parameters equations.

The WTG grounding electrode lengths calculated according to the stan-
dard IEC 61400-24 for frequency independent and dependent soil resis-
tivity are depicted in Figure 6.7. For the resistivity values of the soil up
to 500 Ωm, an electrode length of 5 m is recommended by the standard
method. Based on our studies, it is noted that the resistivity of the soil
reduces to 60 Ωm and 150 Ωm at 4 MHz for 100 Ωm and 500 Ωm at 100 Hz,
and hence an electrode length of 5 m is valid for the soil resistivities under
500 Ωm. However, for a soil resistivity of 3000 Ωm at 100 Hz an electrode
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length of 80 m is required, whereas at 4 MHz the soil resistivity is about
325 Ωm, thus, an effective electrode length of 5 m is found to be sufficient.
A similar pattern is observed for the other soil resistivity values ranging
from 100 Ωm to 3000 Ωm. The soil resistivity value drops below 500 Ωm
at 4 MHz for all the resistivity values from 100 Ωm to 3000 Ωm, hence,
an effective length of 5 m is sufficient at higher frequencies. For an earth
resistivity of 10 kΩm at 100 Hz an electrode length of 290 m is required,
however, the effective electrode length of 5 m is sufficient at 4 MHz as the
soil resistivity drops to 487 Ωm.

The proposed method is applied to calculate the electrode lengths for
two resistance values and different electrode parameters where the vari-
ation in electrode lengths are significant in some cases compared to the
traditional method. Figure 6.8 shows the calculated electrode lengths for
achieving a resistance of 10 Ω when an electrode is assumed to be buried
at a depth of 0.5 m below the earth surface. As depicted in Figure 6.8(a), an
electrode length of 1.8 m is required for soil resistivity of 100 Ωm at 100 Hz.
As the soil resistivity reduces with an increase in frequency, an electrode
length of 0.95 m is found to be sufficient at 4 MHz. For soil resistivity of
500 Ωm, an electrode length of 11.8 m is required to achieve a resistance
value of 10 Ω at 100 Hz, as illustrated in Figure 6.8(b), in contrast to a 5 m
electrode length used in the conventional method. Also, at 4 MHz, an ac-
tive electrode length of 3 m is required for the earth resistivity of 500 Ωm.
For soil resistivity of 3000 Ωm, an electrode length of 87.5 m is required at
100 Hz and 7 m at 4 MHz compared to a length of 80 m for all frequencies
using the conventional method.

In the next scenario, the burial depth of the electrodes is changed to
2 m from the surface of the earth for calculating electrode lengths, as de-
picted in Figure 6.9. It can be seen that the required electrode lengths have
reduced for all resistivity values of the soil when burying the electrodes
deeper into the earth. The required length of the electrode is reduced from
87.5 m to 81.2 m at 100 Hz when the electrode depth is changed from 0.5 m
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(a) 100 Ωm

(b) 500 Ωm

(c) 3000 Ωm

Figure 6.7: Frequency dependent WTG earth electrode length according to
IEC 61400-24.
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(a) 100 Ωm

(b) 500 Ωm

(c) 3000 Ωm

Figure 6.8: WTG earth electrode length for 10 Ω resistance for 0.5 m buried
depth with the proposed method.
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to 2 m. This is due to a more uniform electrical field distribution that exists
around the electrodes.

In the next case, the electrode lengths are evaluated for achieving a
resistance of 5 Ω. As illustrated in Figure 6.10, at a frequency of 100 Hz, an
electrode length of 4.1 m is required for 100 Ωm, and an electrode length
of 26 m is required at 500 Ωm against lengths of 1.8 m and 11.8 m for 10 Ω.
For earth resistivity of 3000 Ωm, an electrode length of 187.5 m is needed
at 100 Hz and 16 m at 4 MHz.

In the final case, the electrode lengths are calculated to achieve a re-
sistance of 5 Ω with an electrode buried depth of 2 m. Although at lower
soil resistivity values the reduction in electrode length is smaller, about
2 m for 500 Ωm compared to a burial a depth of 0.5 m, a reduction of ap-
proximately 13 m is observed at higher soil resistivity value of 3000 Ωm,
as depicted in Fig 6.11.

With the frequency independent soil resistivity, the effective length of
the electrode is constant at all frequencies. However, the actual resistivity
changes with frequency. It can be observed from results of this research
that the earth resistivity of 3000 Ωm at 100 Hz drops to 329 Ωm at 4 MHz.
Hence, the effective length of an electrode required at a higher frequency
is shorter than that required at lower frequencies.

According to IEC 61400-24, electrode lengths greater than 80 m have
very little influence on the WTG impedance value at high frequencies. On
the contrary, the standard recommends to achieve resistance less than 10 Ω

at a frequency different from the lower order harmonics of the power fre-
quency. Hence, in order to achieve a low resistance at low frequencies
for higher soil resistivity WTG sites, longer length of electrodes can be
applied. This is evident from Table 6.1, an electrode length of 187 m is
recommended to achieve a resistance 5 Ω for 3000 Ωm earth resistivity.
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(a) 100 Ωm

(b) 500 Ωm

(c) 3000 Ωm

Figure 6.9: WTG earth electrode length for 10 Ω resistance for 2 m buried
depth with the proposed method.
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(a) 100 Ωm

(b) 500 Ωm

(c) 3000 Ωm

Figure 6.10: WTG earth electrode length for 5 Ω resistance for 0.5 m buried
depth with the proposed method.
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(a) 100 Ωm

(b) 500 Ωm

(c) 3000 Ωm

Figure 6.11: WTG earth electrode length for 5 Ω resistance for 2 m buried
depth with the proposed method.
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6.5.2 Case Study: Three proposed wind sites in Australia

The proposed method is implemented for three WTG sites, where a soil re-
sistivity measurement campaign was conducted by a collaborator [34] in
two traverse directions. The measured soil resistivity values are stratified
as horizontal two-layer and uniform soil resistivity models. In this work,
WTG-1-T1 represents the traverse-1 soil resistivity values for the wind tur-
bine site-1. WTG-1-T2 is traverse-2 soil resistivity measurements for wind
turbine site-1. WTG-1-T1&T2 represents the soil structure model for the
combined soil resistivity values of traverse one and two for wind turbine
site-1.

In addition, the proposed method makes use of an equivalent soil re-
sistivity for calculating the electrode length. The equivalent soil resistivity
values are calculated at two different lightning discharge current frequen-
cies of 5 kHz and 1 MHz. These frequencies are essential for first negative
stroke lightning discharge current, as 1 MHz represents the dominant fre-
quency at peak of the lighting discharge current waveform, and 5 kHz
represents the half value at the wave tail.

Finally, the wind turbine earthing impedance is calculated by design-
ing the electrode lengths with four scenarios for each traverse of the
WTGs, as described in Table 6.2. In the first case, the soil is modelled with
uniform resistivity, and the electrode length is calculated according to the
uniform soil resistivity value. The second scenario is based on the two-
layer soil model, and the electrode length is designed based on the soil
resistivity of the top layer of the two-layer model. In the third scenario,
the electrode length is calculated based on the bottom layer resistivity of
the two-layer soil model. In the first three cases, the electrode length is
calculated based on the traditional method provided in IEC 61400-24. The
proposed method is implemented in the final case to calculate the elec-
trode length.

Table 6.3 depicts the soil structures for each of the WTG sites measured
in two traverses, T1 and T2, and the combination of T1 & T2. In this work,
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Table 6.2: Simulation scenarios
Scenario-1 Uniform soil resistivity model

Scenario-2
Soil resistivity selected from the top layer

of the horizontal two-layer soil model

Scenario-3
Soil resistivity selected from the bottom layer

of the horizontal two-layer soil model
Scenario-4 Proposed method

measured soil resistivity values in two traverses are modelled separately,
as T1, T2, and the combination of T1 & T2, to represent the soil structure
more realistically.

It can be observed from Table 6.3 that the earth resistivity varies from
880 Ωm to 1006 Ωm for uniform soil structure of WTG-1 in different tra-
verses. The variation in top layer soil resistivity of WTG-1 for two-layer
soil structure ranges from 758 Ω.m to 2593 Ωm, and the bottom layer resis-
tivity varies from 759 Ω.m to 1175 Ωm. In addition, the top layer thickness
differs significantly from 0.37 m to 28.89 m. In such a situation, with the
electrode depth at 0.5 m, the earth electrodes are always in the bottom
layer. However, the wind turbine foundation rebar and other metal com-
ponents extend from the surface of the earth through the top layer to the
bottom layer. The diversified earth resistivity and layer thickness makes
the calculation of electrode length difficult. Hence, this research utilises
the equivalent soil resistivity for calculating the electrode length.

The next step in the design of the WTG earthing system is calculating
the electrode lengths which depend on the soil resistivity value, electrode
dimensions and the electrode burial depth. For the case of a horizontal
two-layer structure, it is difficult to choose the soil resistivity of the two
layers in the calculation, as the variation in soil resistivity and the top
layer depths are diverse. Thus, the method described in IEC-61400 24
is not practical for calculating earth electrode length for a two-layer soil
structure.



6.5. Results and discussion 157

Ta
bl

e
6.

3:
So

il
R

es
is

ti
vi

ty
V

al
ue

s
U

ni
fo

rm
So

il
M

od
el

Tw
o

La
ye

r
So

il
M

od
el

So
il

R
es

is
ti

vi
ty

(Ω
m

)
To

p
La

ye
r

So
il

R
es

is
ti

vi
ty

(Ω
m

)
To

p
La

ye
r

T
hi

ck
ne

ss
(m

)
Bo

tt
om

La
ye

r
So

il
R

es
is

ti
vi

ty
(Ω

m
)

Bo
tt

om
La

ye
r

T
hi

ck
ne

ss
(m

)
Eq

ui
va

le
nt

So
il

R
es

is
ti

vi
ty

(Ω
m

)a
t5

kH
z

Eq
ui

va
le

nt
So

il
R

es
is

ti
vi

ty
(Ω

m
)a

t1
M

H
z

W
TG

-1
-T

1
88

0.
23

25
93

.0
5

0.
37

75
9.

15
∞

76
1.

18
78

7.
89

W
TG

-1
-T

2
10

06
.7

4
84

8.
27

28
.9

0
12

28
.5

3
∞

11
22

.2
8

85
4.

37
W

TG
-1

-T
1

&
T2

94
1.

36
75

8.
57

28
.5

0
11

75
.5

8
∞

10
51

.9
7

76
4.

01
W

TG
-2

-T
1

12
78

.1
4

19
91

.0
6

1.
06

10
36

.3
2

∞
10

40
.9

2
11

00
.1

6
W

TG
-2

-T
2

12
98

.9
3

21
55

.9
5

0.
81

10
44

.5
7

∞
10

48
.3

7
10

97
.7

3
W

TG
-2

-T
1

&
T2

12
87

.1
4

19
22

.1
0

1.
12

10
27

.2
3

∞
10

31
.9

3
10

92
.3

2
W

TG
-3

-T
1

16
33

.7
8

92
55

.5
0.

49
11

42
∞

11
46

.0
5

11
99

.7
1

W
TG

-3
-T

2
16

16
.3

7
46

53
.4

5
0.

35
13

62
.8

9
∞

13
65

.4
9

13
99

.6
5

W
TG

-3
-T

1
&

T2
16

25
.0

5
69

54
.4

8
0.

36
12

46
.3

6
∞

12
49

.2
8

12
87

.9
4



158 Chapter 6. A Proposed Method for Calculating Electrode Length

Table 6.4 presents the calculated electrode lengths for the four scenarios
considered in this research. The minimum length of the electrode required
for WTG-1-T1 assuming a uniform soil resistivity model is about 16.41 m.
The electrode length required for the same WTG when the length of the
electrode is calculated based on the top layer of the horizontal two-layer
soil model is about 67.79 m. The electrode length calculated based on the
bottom layer of the horizontal two-layer soil model is about 12.77 m. These
variations are for the WTG in the same traverse. However, the electrode
lengths calculated with the soil resistivity values of traverse-2 are 20.2 m,
15.45 m, and 26.86 m, respectively for three scenarios. Moreover, the elec-
trode lengths for soil resistivity values of combined traverse-1 and 2 are
18.24 m, 12.76 m, and 25.27 m. The fluctuation in electrode length is large,
ranging from 16 m to 68 m for the same WTG.

The conventional method considers the mean radius of the ring elec-
trode and the length of the electrode as the same quantity. However, there
is a difference in the calculated earthing impedance with a ring earth elec-
trode and horizontal or vertical electrodes. Hence, the conversion of the
mean radius of an electrode to equivalent horizontal length is essential for
a WTG earthing system.

Table 6.4 also shows the electrode lengths calculated with the proposed
method at 5 kHz and 1 MHz frequencies. The mean radius of the ring
electrode required at 5 kHz for WTG-1-T1 is 18.2 m. However, the actual
radius of the ring electrode is 10 m, and hence the horizontal electrode
length of 51.58 m, calculated using equation 6.7 can be used to fulfil the
electrode length.

It can be observed that the recommended minimum electrode length
for WTG-1-T1 varies from 12 m to 68 m for WTG-1-T1 depending on how
soil resistivity is modelled, whereas with the proposed method the length
is 18 m. The variation is greater for a high soil resistivity site such as WTG-
3-T1, which ranges from 24 m to 80 m. The proposed method gives an
electrode length of 29 m for WTG-3-T1.
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Table 6.5: WTG Earthing Impedance
WTG WTG Earthing Impedance (Ω)

Uniform
soil

(5 kHz)

Top layer
of two layer

(5 kHz)

Bottom layer
of two layer

(5 kHz)

Proposed
method
(5 kHz)

Proposed
method
(1 MHz)

WTG-1-T1 17.07 9.13 15.26 9.51 22.02
WTG-1-T2 18.97 17.42 15.77 9.09 22.04

WTG-1-T1 & T2 18.04 15.92 14.54 9.13 22.00
WTG-2-T1 22.25 15.95 20.42 9.14 21.87
WTG-2-T2 22.37 14.29 19.97 9.15 21.88

WTG-2-T1 & T2 22.28 16.23 20.28 9.17 21.88
WTG-3-T1 25.32 12.63 21.29 9.06 21.73
WTG-3-T2 25.18 14.87 23.35 8.97 21.36

WTG-3-T1 & T2 25.19 13.65 22.34 9.01 21.57

The impedance of the WTG earthing system for all the scenarios is de-
picted in Table 6.5. The grounding impedance of WTG-1-T1 with electrode
length based on uniform soil resistivity is 17.07 Ω, 9.13 Ω with the electrode
length based on top layer resistivity of the two-layer model and 15.26 Ω

with electrode length based on the bottom layer soil resistivity of the two-
layer structure, at a frequency of 5 kHz. However, the WTG grounding
impedance with the proposed method are 9.51 Ω and 22.02 Ω at 5 kHz
and 1 MHz, respectively.

The ground impedance values of WTG-2-T1 are 22.25 Ω, 15.95 Ω, and
20.42 Ω based on the electrode lengths calculated with uniform and, top
and bottom layer resistivity of the two-layer soil structure, at 5 kHz. The
impedance value reduces to 9.14 Ω with the proposed method. It can be
observed from the results that WTG grounding impedance of less than
10 Ω at low frequencies is achieved for all the WTG sites, whereas with the
traditional method the impedance values remain more than 10 Ω except
for one of the cases.
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6.5.3 Potential Distribution

This section explains the potential distribution of the WTG grounding sys-
tem at a frequency of 5 kHz for an earthing design based on all the scenar-
ios for WTG-3-T1. It is observed that the WTG potential profile exhibits an
equipotential surface for the low frequencies with a variation in the peak
potential rise value. Figure 6.12 depicts the potential profile for the case of
an earthing design based on a uniform soil model.

Figure 6.12: Potential distribution for the electrode design based on uni-
form soil resistivity.

The variation in potential distribution ranges from 782.03 kV to
1266.39 kV. The potential rise of the grounding grid for an earthing sys-
tem design based on the top and bottom layer resistivities for a two-layer
soil are shown in Figures 6.13 and 6.14. It can be observed that the poten-
tial value ranges from 405.19 kV to 632.08 kV and 617.41 kV to 1064.98 kV,
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Figure 6.13: Potential distribution for the electrode design based on top
layer soil resistivity of the two-layer soil model.
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Figure 6.14: Potential distribution for the electrode design based on bot-
tom layer soil resistivity of the two-layer soil model.
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Figure 6.15: Potential distribution for the electrode design based on the
proposed method.
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for the electrodes design based on the top and bottom layer resistivites,
respectively. However, the proposed method limits the potential rise to
a minimum value amongst all the cases with potential rise ranging from
304.7 kV to 453.32 kv, as depicted in Figure 6.15.

6.6 Chapter summary

This research proposes a novel method to calculate the minimum length
of an earth electrode for uniform and two-layer based soil models. The
grounding impedance achieved when electrode lengths are calculated us-
ing the proposed method is compared to grounding impedance values cal-
culated using the conventional method. This comparison shows that the
proposed method is an improvement on the current convention. In par-
ticular, the proposed method gives a grounding impedance value of less
than 10 Ω at low frequencies for all soil resistivity values. This results in a
reduction in the potential rise of up to 64% compared to the peak potential
value in the conventional method. Finally, the smallest difference between
the minimum and maximum values of the potential rise is also indicated
with the proposed method.

The benefits offered by the proposed method mean that it can be em-
ployed to calculate electrode lengths for the required resistance values
based on soil resistivity, electrode dimensions, and burial depth. Such a
design may serve as a starting point for an engineer wishing to design a
WTG earthing system.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

To achieve this challenging task, five objectives were defined for this re-
search. The research in this thesis presents an analysis and design of im-
proved grounding system for lightning discharge currents. It start with
the analysis of soil resistivity modelling for a wind turbine grounding
system considering the relevant parameters. Research into developing
a framework to assess effectiveness of WTG lightning protection system
was performed. This analysis also looked into the effect of various light-
ning protection level and lightning discharge current parameters on WTG
grounding system. In addition, a study on various electrode configura-
tions to achieve the research objectives was performed. Finally, a method
was proposed to improve the design of earth electrodes of a WTG ground-
ing system.

This thesis incorporates the following major contributions:

1. This thesis discusses a detailed analysis of wind turbine earthing
impedance considering several factors. Firstly, the analysis of soil
modelling of the measured soil resistivity values is performed.
Secondly, the effect of frequency dependent soil parameters on
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the WTG earthing impedance is quantified. Next, the effects of
rebar and horizontal electrodes on the WTG earthing impedance
are evaluated. Also, the effect of earth electrodes in various soil
layers of a horizontal two-layer soil model is performed. Finally, the
distribution of potential around the WTG foundation at various fre-
quencies for different designs of grounding system when lightning
strikes on a WTG is analysed. The findings of this research have
been peer-reviewed and published in:

2. This research developed a framework for assessing the effectiveness
of WTG lightning protection system. The installation of WTGs at
low probability of lightning incidence and the design of effective
grounding systems are the parameters controllable by the wind
farm designers. This work explains that the effectiveness of the
grounding system can be improved by proper design of earth elec-
trodes, soil stratification, and low resistivity soil sites. In addition,
the impact on the grounding system for different parameters of
lightning protection level and lightning current is analysed and
concluded that designing a LPL-1 is effective and consideration of
the sub-sequent lightning discharge current parameters is important
because of the higher frequencies compared to first strokes. The
findings of this research have been peer-reviewed and published in:
Publication is submitted to IEEE Transactions on Industry Applica-
tions and is accepted for publication:

3. This research proposes a novel method to calculate the minimum
length of an earth electrode for a two-layer based soil model.
The grounding impedance achieved when electrode lengths are
calculated using the proposed method is compared to grounding
impedance values calculated using the conventional method. This
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comparison shows that the proposed method is an improvement on
the current convention. In particular, the proposed method gives a
grounding impedance value of less than 10 Ω at low frequencies for
all soil resistivity values. This results in a reduction in the potential
rise of up to 64% compared to the peak potential value in the con-
ventional method. Moreover, the benefits offered by our proposed
method mean that it can be employed to calculate electrode lengths
for the required resistance values based on soil resistivity, electrode
dimensions, and buried depth. Such a design may serve as a starting
point for an engineer wishing to design a WTG earthing system. The
findings of this research have been peer-reviewed and published in:

4. The analysis of designing a grounding system to various lightning
discharge current and lightning protection level parameters to
select the appropriate design parameters is presented. This analysis
guides the wind farm designers in selecting correct parameters for
the grounding system design. The analysis of various lightning cur-
rent waveforms identifies the frequency components and their effect
on the WTG earthing system. It is observed that the high-frequency
components are more dominant in determining the potential rise
and impedance, which are more dominant in subsequent lightning
strokes. The findings of this research have been peer-reviewed and
published in:

5. Finally, through modelling and analysis of various earth electrodes
for a WTG earthing system based on uniform and horizontal soil
models, this thesis proposes an optimum electrode configuration to
achieve a low impedance for the wind turbine earthing impedance.
WTG earthing impedances for various lightning discharge currents
and associated high frequencies are compared, and recommenda-
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tions are made for an improved earthing system. The findings of
this research have been peer-reviewed and published in:

These conclusions will help inform the design of future WTG ground-
ing systems to facilitate the continued worldwide adoption of WTGs as a
source of clean and sustainable power.

7.2 Future Work

During the course of this research, various opportunities were identified
that could be used to further enhance the WTG lightning protection sys-
tem. These are mentioned below:

• One of the next steps in this research is to expand the analysis de-
veloped here to consider an LPS for an entire wind farm. This poses
a challenge as individual wind turbines in a wind farm have vari-
ous soil resistivity and lightning incidence probability. The intercon-
nected wind turbine can have both positive and negative effects. The
positive side is, the interconnected wind turbines through a conduc-
tor can reduce the low-frequency resistance. However, the intercon-
nection may transfer over-voltages in the wind farm even when a
single WTG is struck by lightning.

• This research proposed a method to calculate the minimum length
of the earth electrodes. However, a generalised approach for all the
soil models can be considered as for future work. Future iterations
should also incorporate step and touch voltage requirements along-
side maximum allowable resistance values into the electrode length
calculations, further simplifying the overall design process.

• The analysis and design of WTG grounding system in this thesis con-
sidered the complete rebar of the WTG foundation. However, the
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consideration of concrete in the foundation poses new challenges as
the resistivity may vary for different scenarios. Hence, the consider-
ation of complete concrete can be considered.

• This research considered measured soil resistivity for the design and
analysis of WTG grounding system. The measurement of soil resis-
tivity after the installation of WTGs can help the designers to apply
a correction factor.

• The permissible levels of step and touch voltages are available at
power frequency and hence the WTG grounding designs can be ver-
ified for limits. There is a need for a standard to verify the step and
touch voltages at higher frequencies.

• Finally, practical testing of the WTG earthing system, according to
this thesis, can be performed for a better understanding of the WTG
earthing system for lightning discharge currents.

In summary, this thesis explored the state of the art in WTG LPS de-
sign and identified several improvements that could be implemented to
make WTGs safer and more reliable. Adoption of these recommendations
by industry groups, manufacturers and operators will facilitate the contin-
ued growth of wind energy as an efficient, reliable, and environmentally
friendly means of power generation.
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