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Impulse Analysis of Isolated and Interconnected
WTGSs under Lightning Discharges

O. Kherif, S. Chiheb, M. Teguar and A. Mekhaldi

Abstract—Most of the malfunctions of electrical systems inside wind turbine, including the control ones, are related to the ground

potential rise of the grounding system resulting from lightning discharge. Indeed, the performance of such systems mainly depends on

the lightning current wave propagation characteristics. Large grounding system performance against lightning discharge depends on

the current wave propagation characteristics through the grounding system. It is in this light that the paper proposes to analyse and

discuss the impulse behaviour of Wind Turbine Grounding System (WTGS). The interconnection effect on the lightning response of

WTGS has been investigated for various values of soil resistivities. Also, the paper discusses the feed point effect for typical small wind

farm. It is found that the soil resistivity has a significant influence affecting the transient response of WTGS while the interconnection

facilitates the flow of the current into the ground. For interconnected systems, it is shown that the injection at the middle wind turbines

gives the lower ground potential rise, thus, more suitable results than the other ones. It is suggested that the wind turbines of the

middle should be more taller than the other, especially for those installed in areas characterizing by high values of soil resistivity.

Index Terms—Wind turbine, Grounding, Lightning protection, Transient response, Transmission line approach.

✦

1 INTRODUCTION

NOWADAYS, wind turbines are considered as the most
important source of renewable energy. Such energy

systems, whose essential purpose is to ensure a continuous
supply, must be equipped with powerful means of protec-
tion. The necessity of preinspections cannot be neglected,
and a good design of the protection plan can protect in-
dividuals near such systems and minimize the undesirable
outage, down-time and loss of revenue.

Practically, wind turbines with tall structures are in-
stalled across large areas characterising by highest wind
density [1]. Their locations are suspected to be the tar-
get of lightning discharge, considered as the major threat
which could cause significant damages [2]. Most of the
malfunctions of the electrical and/or control systems in-
side wind turbines are caused by Ground Potential Rise
(GPR) due to lightning discharge [3].Therefore, the WTGS
should be adequately designed to avoid excessive voltage
surges and excessive potential gradients. At the moment
of failure or impact of lightning, fault currents should
flow to the ground. The impulse characteristics might be
used to determine the transient behaviour of grounding
systems subjected to lightning discharge. Understanding
these characteristics allows estimating the ground potential
rise of the WTGS to examine the lightning performance of
such systems. Several techniques should be considered for
the conception of efficient grounding systems of the wind
turbines, where the purpose is to decrease the step voltage,
touch voltage, and the equivalent grounding impedance [4].

In the literature, the appropriate modelling of WTGS
was the subject of many researchers (e.g., [5]–[7]). The
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main objective is to estimate the total wind farm ground
impedance using different techniques. In addition, various
geometric arrangements of WTGS have been selected to
be experimentally or numerically studied. Indeed, many
numerical models can be found in the literature, which
have been developed to analyse the transient behaviour
of grounding systems under lightning strikes including the
circuit approach (e.g., [8]), the transmission line theory (e.g.,
[9]–[13]) and the electromagnetic field approach (e.g., [14]).
Hybrid approaches have also been elaborated (e.g., [15]).

The wind turbine protection against lightning discharges
is mainly covered by the IEC 61400-24 standard [3], where
different tests have been described. The main purpose of
these tests is to verify the performance of the WTGS against
lightning currents and evaluate damages. The IEC 61400-
24 suggests the interconnection of the WTGS through hor-
izontal electrodes to achieve low steady state grounding
resistance. The WTGS interconnection is discussed in other
works, es- pecially for resistive soils (e.g., [16]–[18]). So also,
the effect of interconnection on the lightning surge response
of wind turbine grounding has been investigated (e.g., [13],
[19], [20]).

In wind farm, turbines with rotating blades can have
dynamic height, changing according to the position of the
blade versus time. In moderate weather, multiple upward
leaders can occur on tall objects by a close Cloud-to-Ground
lightning strike [21]. In this case, the upward leaders attract
the lightning and the discharge might be realised in random
manner through the highest turbine. Better understanding
of this phenomenon and its effect might be a key factor
in the determination of thelightning performance of WTGS.
Obviously, there is a need for more results that takes into
consideration the influence of the injection point on the
lightning response of WTGS in wind farm.

Based on the transmission line approach, this paper
proses to discuss the transient response of isolated and
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interconnected grounding systems of wind turbines. The
results produced in time domain consisting on the transient
potential evolution, where the influence of the soil parame-
ters has been taken into account. Different magnitudes and
frequencies of impulse currents have been also considered,
related to the first and subsequent lightning strikes. In
addition, the paper provides a means of estimating the
temporal variations of the WTGS potential of interconnected
system and the feed point effect have been investigated.
The obtained results and discussions could be useful in the
design of effective grounding systems,in wind farms.

2 GROUNDING STRUCTURE AND PROBLEM DE-

SCRIPTION

2.1 Grounding System Structure

Fig. 1 depicts the considered WTGS, corresponding to a
typical arrangement of wind turbines located in Kutubdia,
onshore wind farm of Bangladesh [19]. This farm contains
the total of 50 turbines, where the power of each wind
turbine is about 20kW. The grounding system is constituted
by a combination of two squared-shape grids reinforced
by four vertical rods. This system is horizontally buried
at 2m depth in uniform non-magnetic soil characterized
by resistivity ρsoil and relative permittivity ǫr . The inner
grid has a side L1 = 6m and the second (outer) one has
a side L2 = 12m. The four rods of HR = 10m length
are installed in the outer grid corner points. The same
structure of grounding system has already been used by
many researchers (e.g., [5], [20]).

In the interconnected WTGSs, two identical grounding
systems or more are linearly arranged. The distance between
two wind turbines is D = 100m. This later has been chosen
according to the diameter of wind turbine blades; i.e., equal
to or longer than three times the diameter of wind turbine
blades as sated in [20]. Fig. 2 illustrates a small wind turbine
farm contained three elementary circuits, corresponding to
the studied system in this investigation.

Even, for the same grounding system configuration, the
impedance value largely varies according to the position of
the injection point on the grounding system [22]. Similarly to
the WTGS, the location of feed point of the injected current
might have a great influence on the transient characteristic
of the interconnected WTGSs. Indeed, the analysis of the
injection point effect (i.e., the wind turbine subjected to
the lightning discharge current) on the transient response

Fig. 1. Representation of a single WT and its grounding system.

of grounding systems has been investigated for the three-
interconnected wind turbines. For this case, the impulse
current has been injected firstly to one of the WTGS situated
at the extremities (i.e., on (A) or (C)), then on the wind
turbine (B).

2.2 Grounding System Model

The squared-shape grounding grids, selected here, are
constituted from arrangements of vertical and horizontal
ground electrodes. Basing on the transmission line ap-
proach, the system is divided into ”N” number of elemen-
tary ground electrodes, of length l, arranged according to
the global grounding grid structure. Thereafter, each ele-
mentary electrode forming the global system is subdivided
into ”n” number of segments. Now, each segment has a
length ∆l = l/n, which should be less than one tenth of the
minimum wavelength of the highest frequency component
of the injected current to ensure high accuracy [10]. The
infinitesimally short segment improves the accuracy at the
expense of the running time which increases significantly.

According to [10], ∆l = 10cm was found to be satisfac-
tory. Each elementary ground electrode is then represented
by a distributed parameter, lossy transmission line formed
by cascading the conductor segments as shown in Fig. 3.

The transmission line approach method has been applied
to systems of r ≪ 2l and 4h ≪ l , where r is the conductor
radius and h is the burial depth. These conditions are
satisfied in this investigation. Hereafter, each elementary
electrode is studied separately taking into account the con-
nection point between elementary electrodes. For the sake

Fig. 2. Representation of a single WT and its grounding system.

Fig. 3. Equivalent circuit of the each conductor segment of ∆l length.
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of simplicity of the general solution, the mutual coupling
effects (inductive, capacitive and resistive) has been ignored
in this investigation.

An impulse current exciting the elementary grounding
conductor at its sending end generates travelling waves
propagating along the conductor. The transient behaviour
of each conductor segment can be governed by the fol-
lowing transmission line equations (i.e., the telegrapher’s
equations) [10]:

V (xi, t)− V (xi+1, t) = ∆R I(xi, t) + ∆L
∂I

∂t
(xi, t) (1)

I(xi, t)− I(xi+1, t) = ∆G V (xi, t) + ∆C
∂V

∂t
(xi, t) (2)

in which, ∆R, ∆L, ∆G, and ∆C are, respectively, the resis-
tance, the inductance, the conductance, and the capacitance
of ground conductor segment of ∆l length.

The distributed parameters depend on the segment lo-
cation, the dimension and the properties of the conductors
as well as on the soil electrical characteristics. The series
resistance of each segment of ∆l length can be calculated
as function of the conductor radius r and resistivity ρ cond.
using Ohm’s formula:

∆R =
ρcond.∆l

2πr2
(3)

Assuming that the current along the axis of the conduc-
tor segment is uniform and that the soil is non-magnetic
material (its permeability µ = µ0), the inductance ∆L can
be calculated using Neumann’s law, which states that:

∆Lij =
µ0

4π

{

∫

∆li

∫

∆lj

1

rij
~dli ~dlj

}

(4)

Since the mutual components are neglected, the self-
inductance of each conductor segment of ∆l length and
buried at h-depth can be calculated for horizontal and
vertical electrode segments, respectively, as follows [10]:

∆L =
µ0∆l

4π

{

log

(

l

r

)

+ log

(

l

2h

)}

(5)

∆L =
µ0∆l

4π

{

log

(

4l

r

)

− 1

}

(6)

According to [10], the self-capacitance and the self-
conductance of each conductor segment of ∆l length could
be calculated, respectively, by:

∆C =
2π ǫsoil ∆l

{

log
(

l
r

)

+ log
(

l
2h

)} (7)

∆G =
2π∆l

ρsoil
{

log
(

l
r

)

+ log
(

l
2h

)} (8)

or horizontal electrodes as well as for vertical conductor
segments using:

∆C =
2π ǫsoil ∆l

{

log
(

2l
r

)

− 1
} (9)

∆G =
2π∆l

ρsoil
{

log
(

2l
r

)

− 1
} (10)

The unknown time dependent electrical quantities,
Vi(xi, t) and Ii(xi, t), depend on the location ”xi” of the

segment regarding the axis of the elementary conductor.
The solution of the telegrapher’s equations is performed
iteratively in the modal domain, where a system of n cou-
pled segments is represented by n independent single-phase
lines (n segments) by means of a similarity transformation.
The validation of the above model (TLM) is achieved, previ-
ously in [13], by performing comparison with the lightning
response of isolated WTGS using NEC-4 (Numerical Elec-
tromagnetics Code) reported in [20]. The lightning response
concerns the transient potential computed for a test current
of 0.25/250µs impulse shape.

3 ISOLATED WTGS RESULTS

In order to study the transient behaviour of isolated WTGS,
the system of Fig. 1 has been considered. Such systems are
subjected to two lightning current waveforms, which are
related to the first and subsequent strikes:

• The first strike lightning impulse current has a peak
value Ip = 30kA, a rise time T1 = 5µs, and an impulse
duration T2 = 50µs ;

• The subsequent strike current is characterized by 12kA
peak value and 0.5/50µs impulse shape.

The previous parameters of the injected currents, appro-
priately reproduce the observed concave of typical recorded
lightning current impulses, used in various published works
e.g., [23]–[25]). Therefore, these currents are reproduced by
means of a usual double exponential time expression as
follows [26]:

I(t) = I0(exp(−a t)− exp(−b t)) (11)

where,










a = 0.69
T2

b = 2.2
T2

I0 =
Ip

{1+( a
b )(log(

a
b ))}

The transient ground potential rise is calculated at the
center point of the modelled grounding system subjected to
lightning impulse current shown in Fig. 4.

Clearly, the first current has a slow rise time with a high
magnitude peak regarding the subsequent one, which is a
fast rise time impulse with relatively a low magnitude peak.

3.1 Transient potential of WTGS

Fig. 5 shows examples traces of the WTGS ground potential
rise (GPR) at the injection point obtained for soils with

Fig. 4. Current waveform for the first and subsequent lightning strikes.
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Fig. 5. GPR at the injected point of grounding system subjected to the
first lightning strike for various resistivities.

low resistivities of 10, 100, 500Ωm and high ones of 1, 5
and 10kΩm. The corresponding results in this figure are
obtained for the first lightning strike injection.

From this figure, the soil resistivity has a significant
influence on the transient response of WTGS. The lower the
resistivity of the soil in Fig. 5a, the lower magnitude GPR
is. Indeed, the increase in the resistivity of the ground as
shown in Fig. 5b leads to an increase in the peak values of
the current and potential waves.

Since the grounding impedance mostly depends on the
front time of the injection current, the ground potential rise
has been also computed for the subsequent lightning strike.
The current waveform is characterized by a fast rise time
regarding the first lightning strike current. Fig. 6 illustrates
the results computed for different values of soil resistivity
ranging between 10Ωm and 10kΩm. Figs. 6a and 6b show
the WTGS ground potential rise computed for soil with low
resistivities of 10, 100, 500Ωm and high ones of 1, 5 and
10kΩm, respectively. This figure shows that the current front
time has an important influence on the transient response of
WTGS. Considerable undulations appear following to the
injection of this fast impulse current. This may be due to
existence to the reactive (inductive-capacitive) effect while
the current has a large gradient for the subsequent lightning
strike.It should be emphasized that above characteristics
are related to the fast transient period only, from the initial
instant until the GPR curve reaches its peak. After that, in
the slow transient period, the performance of the ground
electrodes is characterized by low frequency grounding
resistance.

3.2 Transient impedance of WTGS

For designing of any grounding system, the steady-state
grounding resistance should be considered. Such resistance

Fig. 6. GPR at the injected point of grounding system subjected to the
subsequent strike current for various soil resistivities.

is computed for the case of low or industrial frequencies,
in which the grounding system can be modelled as a re-
sistance. However, the performance of grounding system at
high frequency is different and it would be determined by
the grounding impedance parameter, defined by the ratio
potential on current [10]. Fig. 7 shows the time variation of
the transient impedance during the first 10µs of application
of the impulse current. The results correspond to soil with
10, 100, 500, 1k, 5k and 10kΩm resistivities and relative
permittivity ranging between 80 and 10. For a given soil
resistivity, the transient impedance falls abruptly from the
same high initial surge value, reaches a minimum value, and
increases before tending to a constant limit. The first phase
corresponds to the rising wave front and describes the high-
frequency behaviour of the grounding system. This phase
lasts about 1µs, which slightly decreases with the increase of
the soil resistivity. The second phase presents a progressive
change, which might be associated with the low-frequency
resistance of grounding system. It reflects the grounding
system behaviour during the slow period corresponding to
wave tail of the impulse current.

The steady-state grounding resistance of the modelled
grounding system is about 30Ω computed for 500Ωm soil
resistivity [20]. For soil resistivity value less than 500Ωm,
the transient impedance is lower than that computed for the
steady-state one (30Ω). In this case, there is no risk for the
wind turbine system since the low impedance facilitates the
flow the fault current into the ground. For high values of
soil resistivity (1kΩm and more), the transient impedance
is higher than the steady-state one due to inductive be-
haviour of the grounding system. Such findings are more
significant as the resistivity of soil becomes important. It is
worth noting that the same ascertainments are found for the
subsequent strike.
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Fig. 7. GPR at the injected point of grounding system for various resis-
tivities.

4 INTERCONNECTION EFFECT

In this section, we have interested to study the WTGS in-
terconnection effect on the transient response of grounding
system in wind farm. Such grounding system has been
buried in soil with different resistivities ranging between
10Ωm and 10kΩm. An impulse current, with a standard
waveform [27], of 1.2/50µs impulse shape and 50kA peak
has been adopted as the injected current into the grounding
system. Identical WTGSs have been selected to be intercon-
nected (placed end to end as shown in Fig. 2) by horizontal
electrodes of 100m long.

Fig. 8 shows the obtained results consisting in the tran-
sient response at the feed point associated to isolated, two
and three interconnected WTGS. The results of the isolated
WTGS serve as reference of comparison. Figs. 8a and 8b are,
respectively, related to the results computed for low and
high values of soil resistivity.

From Fig. 8, the potential magnitudes increase with the
soil resistivity; the higher the value of soil resistivity, the
greater the magnitude of the potential peak. In addition,
undulations have been observed in the case of soil resistivity
superior or equal to 500Ωm. However, the potential waves
are damped faster in the soil resistivity inferior to 500Ωm in
Fig. 8a.

Generally, the transient potential magnitude decreases
with the increase of the number of elementary circuits of
grounding system. In fact, the transient potential magni-
tude is higher inthe isolated WTGS than in interconnected
ones. This decrease is slight in the case of low soil (10
and 500Ωm) as shown in Fig. 8a and visible elsewhere
(resistivities between 1 and 10kΩm) as illustrated in Fig. 8b.
For instance, the reduction in both interconnected systems
is up to 25% for 500Ωm soil resistivity against 75% and 81%
for the highest value of soil resistivity for two and three

Fig. 8. GPR at the injected point of grounding system for various resis-
tivities.

interconnected WTGS, respectively. This implies that the
dissipation of the current in the low soil resistivity is rather
carried out using only a single circuit of grounding system
(isolated WTGS) where the lightning current is injected. The
interconnection is not very effective to reduce the maximum
voltage rise of grounding system for low soil resistivities.

5 INJECTION POINT EFFECT

A small wind farm of three-interconnected WTGS has been
selected. Such system has been buried in soil with differ-
ent resistivities ranging between 10Ωm and 10kΩm. The
injected current is characterized by 1.2/50µs impulse shape
and 50kA peak, corresponding to a standard waveform [27].

This impulse current is injected on only one of the three
interconnected WTGS. Fig. 9 shows the transient response
of the studied system concerning the GRP at the feed point.
The characteristics show the obtained results for several soil
resistivities; Figs. 9a and 9b correspond to low and high soil
resistivity values, respectively.

From Fig. 9, the GPR is decreased and the dissipation
of the current becomes practically faster for the injection
at WT-B comparing to the obtained results for the injection
in the extensibility. The gap between them increases with
the soil resistivity. A considerable decrease in the amplitude
reaches the order of 25% for 500Ωm soil resistivity and up
to60% for very high soil resistivity. Moreover, for 10kΩm soil
resistivity, oscillations appear. They might be imputed to the
reflection of the current signal Indeed, the current cannot be
dispersed easily during the propagation. Similar oscillations
were observed by [28] when the soil conductivity is poor.

6 DISCUSSION

The use of grounding systems of various geometries and
arrangements is essential to ensure the safety of people
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Fig. 9. GPR at different injected point of three-interconnected WTPGS
for various soil resistivities.

and equipment. The grounding systems are designed to
provide a low impedance path for fault or transient currents
flowing into the ground. The steady-state grounding resis-
tance should be considered for designing of any grounding
system in industrial or low-frequency applications. How-
ever, under transient high frequency and impulse currents,
the response of grounding systems is significantly different
from that under steady state low frequency currents. The
reason is that, under transient conditions, their behaviour
is affected by numerous factors such as the magnitude and
the shape of the impulse current as well as the soil electrical
parameters.

In the present investigation, the transient behaviour of
typical wind turbine grounding system has been analysed
using the transmission line theory. The influence of the
soil resistivity, ranging from 10Ωm to 10kΩm, on transient
behaviour was examined for isolated WTGS. The results
show that the soil resistivity has a significant influence on
the transient response of WTGS. The lower the resistivity of
the soil, the lower the GPR magnitude. Since the grounding
impedance mostly depends on the front time of injection
current, the GPR has been computed for the subsequent
lightning strike. Such current waveform is characterized by
a fast rise time regarding the first lightning strike current.
The results show an important influence on the transient
response of WTGS due to the fast rise time impulse cur-
rent. This later causes considerable undulations on the GPR
waveform regarding those computed for the first strike. This
may be due to the inductive effect, which appears while the
lightning current has a large gradient.

In addition, the increase in the resistivity of the ground
leads to an increase in the peak values of the potential waves
for both first and subsequent lightning impulse currents
Such high-magnitudes of GPR could be the probable cause

of the malfunctions of the electrical and/or control sys-
tems inside wind turbines. This finding is very important,
especially, when grounding systems of the wind turbines
are installed in rocky terrain. To achieve better transient
response with low magnitude of GPR, certain number of
additional electrodes should be added, reinforcing the ac-
tual grounding system. Such proposition has been already
reported in the literature (e.g., [19], [20]). The interconnec-
tion between WTGS in wind farm, object of this section, is
a practice among others to reinforce the grounding systems.
Such interconnection is beneficial to reduce the GPR peak
when lightning current hits a wind turbine.

In this work, a small wind farm of three-interconnected
WTGS has been selected to study the influence of the
injection point on the transient response of interconnected
WTGS. The impulse current has been adopted to be injected
on only one of the three-interconnected WTGS. The GPR
magnitude is decreased for the injection at the middle wind
turbine (B) for which the current dissipation is more faster
compared to GPR obtained for the injection at the WT
located at the extremity. The gap between them increases
with the soil resistivity, which implies that the difference is
accentuated when the groundingsystem is installed at the
soil of the highest resistivity. Such findings are an indicator
that might be helpful in improving the lightning protec-
tion system in wind farm. It is also a useful to introduce
some practical criteria for engineering applications to design
ground systems against lightning. It is recommended that
the wind turbines of the middle should be more taller than
the other, especially for those installed in areas with high
value of soil resistivity.

7 CONCLUSION

The transient response of WTGS in wind farm has been
analysed and the effect of the soil electrical resistivity has
been studied. For isolated WTGS, the results show that the
soil resistivity is a very influential factor in the transient
response of grounding system. The increase in the soil re-
sistivity leads to increase of the potential peak accompanied
by some fluctuations. To minimise the potential magnitude
and further dissipate the current, the interconnection is
recommended for high resistive soils. The results show that
the interconnection of WTGS leads to a decrease of the
system impedance and facilitates the flow of the current
into the ground. The feed point effect on the transient
response of grounding system has been also discussed for a
typical small wind farm. The results show that a low GPR
magnitude has been obtained for the injection at the middle
wind turbine. Indeed, it is suggested that the wind turbines
of the middle should be more taller than the other, especially
for those installed in areas with high values of soil resistivity.
The results would be helpful to accurate lightning protection
in wind farms.
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