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Bare versus Insulated Conductors for Improving the
Lightning Response of Interconnected Wind Turbine
Grounding Systems

R. Alipio, A. De Conti, N. Duarte, and M. T. Correia de Barros

Abstract-- This paper investigates the lightning response of a
pair of interconnected wind turbine grounding systems assuming
their connection to be performed by a bare or insulated
underground conductor. Typical first and subsequent stroke
current waveforms are injected at one of the grounding systems
and the transient response is studied for different soil resistivities
considering frequency-dependent soil parameters. The ground
potential rise (GPR) at the current injection point and the
voltages transferred to the adjacent grounding system are
calculated. GPR peak reductions are obtained using either a bare
or insulated conductor, but the former is more effective. It is
shown that when the wind turbine grounding systems are
interconnected by a bare conductor, the GPR peak reduction is
essentially due to the interconnecting wire. On the other hand,
when the interconnection is made through an insulated
conductor, the GPR reduction is related to the current that is
partly diverted to the adjacent tower, especially for high
resistivity soils. For an insulated interconnecting conductor and
first lightning return-stroke currents, the adjacent grounding
system also contributes to the GPR peak decrease.

Keywords: wind turbines, lightning transients, grounding, bare
conductor, insulated conductor.

. INTRODUCTION

IND energy is one of the fastest growing renewable

energy technologies [1]. Due to economic and technical
reasons, modern wind turbines (WTSs) are preferably installed
in high-wind sites such as coastal areas, hilltops or mountain
ridges [2], [3]. Such locations are likely to have high lightning
occurrence. Also, the heights of wind turbines have been
constantly increasing over the years and as a result they have
become more vulnerable to lightning [2], [4]. According with
[3], up to 50% of all events related to lightning strikes in wind
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farms cause damage to control systems and sensitive
electronic equipment. These aspects make the design of a
proper lightning protection system, which includes the
grounding system, of high importance.

To limit the ground potential rise (GPR) due to lightning
strikes to wind turbines, a suitable low-impedance earth
termination system is needed. The main factor that contributes
to the reduction of the grounding impedance is the increase of
the area covered by the grounding electrodes. For such, IEC
standard TR61400-24 recommends the interconnection of the
grounding systems of each individual wind turbine of the farm
[2]. This leads to a strong reduction of the dc grounding
resistance seen by each individual wind turbine, but may not
lead to a similar improvement in their lightning performance.

Much work has been done lately on the lightning response
of wind turbines [5]-[10], including investigations on the
interconnection of adjacent wind turbine grounding systems
[11]-[14]. A common conclusion is that the GPR reduction
observed in a pair of interconnected wind turbine grounding
systems struck by lightning is essentially due to the effect of
the interconnecting conductor, if it is bare. In this case, the
adjacent WT would only modify the late-time response of the
GPR because the effective length of the interconnecting
conductor is usually shorter than the typical distance between
wind turbines. However, as suggested in [13], in some cases it
may be preferable to perform the connection using an
insulated conductor. This would contribute to mitigate
electromagnetic compatibility issues and reduce step voltages,
thus improving the safety of equipment and personnel.
Nevertheless, no results were presented in [13] considering
this idea. For this reason, it is important to assess and compare
the lightning performance of wind turbine grounding systems
connected through bare or insulated conductors. This paper
aims to clarify this issue by presenting simulation results
obtained with an approach based on the combined use of a
numerical electromagnetic model with transmission line
theory, considering frequency-dependent soil parameters.

This paper is organized as follows. Section Il presents the
simulated system. Modeling details are presented in Section
I11. Results and analyses are presented in Section IV, followed
by conclusions in Section V.

Il. GROUNDING SYSTEM GEOMETRY

The geometry of each wind turbine grounding system
considered in this paper is shown in Fig. 1(a). It consists of
five conducting rings and eight bonding conductors, all part of



the tower foundation. Two grounding systems like this are
connected through a bare or insulated conductor buried at 0.5
m depth, as shown in Fig. 1(b). The bare conductors are
assumed perfectly conducting with 7-mm radius and the
insulated conductor has inner and outer radius of 5.8 mm and
7.6 mm, respectively, and insulation constant dielectric of 2.3.
Three different lengths L of interconnecting conductor are
assumed in this paper, namely 100 m, 200 m and 300, in order
to cover from small to large wind farms.
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Fig. 1. (a) Single wind turbine grounding system (upper view), and (b)

interconnected wind turbine grounding systems (lateral view).

I1l. MODELING GUIDELINES

A. Frequency Dependence of Soil Electrical
Parameters
Several experimentally-obtained formulas for modeling the

frequency dependence of soil parameters have been proposed
in the literature. In this paper, the Alipio-Visacro model [15] is
considered, which is based on the measured frequency
response of 65 different types of soils with low-frequency
resistivity values (p,) ranging from 60 to 18,000 Qm. This
model satisfies causality and is recommended by CIGRE [16]
for lightning-related studies. It states that soil resistivity,
pg(f), and permittivity, &,(f), can be calculated at a given
frequency f (Hz) by using:

pg(f) = po{l +4.7x107%x p8-73 X f0.54}_1
gg(f) = 9-580 X 10% x 08-27 X f—0.46 +12¢,

@m) (1)
(Fim) (2)

where g, is the vacuum permittivity and o, = 1/p, is the
low-frequency soil conductivity.

B. Lightning Current Waveforms

In order to consider both fast- and slow-front lightning
currents, typical first and subsequent stroke current waveforms
are used in the simulations. These waveforms, which are
shown in Fig. 2, are modeled as the sum of Heidler’s functions
as detailed in [17]. They reproduce the median parameters of
downward negative lightning measured at Mount San
Salvatore [18]. The first-stroke current is characterized by a
peak value of 31 kA and a virtual front time (calculated as the

time between 30% and 90% of its peak value, divided by 0.6
[17]) of 3.8 ps, whereas the subsequent stroke current has a
peak value of 12 kA and a virtual front time of 0.67 ps. The
time-to-half-peak is 75 ps for first stroke currents, and 50 ps
for subsequent strokes.
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Fig. 2. Return-stroke currents used in the simulations.

C. Wind Farm Grounding System

In this paper, a nodal-type formulation similar to the one
proposed in [19] is used to simulate the wind farm grounding
system shown in Fig. 1 in the frequency domain. The final
solution of the model is expressed as

Ye-U=1I; 3)

where U is the vector of nodal voltages, Ir is the vector of
injected currents, and Y is the global grounding admittance
matrix, which expresses both the electromagnetic coupling
between the grounding system elements and the circuit
connectivity. Taking as reference Fig. 1, matrix Y describes
each grounding system and their interconnecting conductor.

The wind turbine grounding systems and the bare
interconnecting conductor were modeled as cylindrical
conductors using the hybrid electromagnetic model (HEM),
which solves Maxwell's equations numerically via the vector
and scalar potentials using the thin wire approximation [20].
On the other hand, the insulated conductor was modeled using
transmission line theory. The per-unit-length parameter
calculation was performed as in [21], except that the earth
return impedance expression of Sunde [22] was considered to
include ground displacement currents, as well as the variation
of py and g, with frequency. The ground admittance is
determined from the earth return impedance and the ground
propagation constant as in [23]. The resulting model is shown
in [24] to represent the transient response of underground
conductors in good agreement with the rigorous full-wave
finite-difference time-domain (FDTD) method. Details about
the per-unit-length parameter calculation are given in
Appendix. The insulated conductor is then represented by the
nodal admittance matrix [25]

Y,(1+ A2)(1 — 42)~!
—2V,A(1 — A¥)!

—2Y,A(1 — A%)!

Yins = [ V.14 A1 — a2yt @

where Y. is the characteristic admittance and A is the
propagation function, calculated as

Y, =.Y/Z ()
A= exp(—fm) (6)



In (5) and (6), ¢ is the conductor length, and Z and Y
are respectively the per-unit-length impedance and admittance
of the insulated conductor (see Appendix). Y;,s can be easily
accommodated in the global admittance matrix Y, allowing
the simulation of the system shown in Fig. 1(b) assuming the
interconnecting conductor to be insulated.

In this paper, a harmonic current of 1 A is injected at the
center of one of the WT grounding systems as shown in
Fig. 1(a) and the system of equations (3) is solved at a set of
frequencies in order to determine the voltage U,(jw) at the
k-th system node. If k is the current injection node, the
grounding impedance is then calculated as

Z(jw) = *02 7)
Finally, the time domain voltage u,(t) at the k-th system
node can be calculated as

u(t) = 3H{UR () I[i(O]} (8)

where § and I~ denote the Fourier and inverse Fourier
transforms, respectively.

IV. RESULTS

This section presents simulation results of the lightning
response of the interconnected wind turbine grounding
systems of Fig. 1, both in frequency and time domains,
comparing their performance for different connection types.

A. Propagation Characteristics of the Interconnecting
Conductors

Fig. 3 shows the attenuation constant o associated with the
bare and insulated conductors for two values of soil resistivity
(300 &m and 3000 m). This parameter, calculated as the real
part of VZY [25], increases with increasing frequency. Also,
its value is greater for low-resistivity soils and for the bare
conductor. This means that if a bare conductor is used to
connect the wind turbine grounding systems, only part of the
interconnecting conductor will be effectively seen by the
propagating current, which will be strongly drained to soil
near the current injection point. This is expressed by the
effective length concept that is useful in the transient analysis
of grounding systems. For the insulated conductor, the current
is not directly drained to the soil. However, part of it is used to
charge the capacitance associated with the insulation. Along
with ground and conductor losses, this contributes to
increasing the attenuation in the high-frequency range.

Fig. 4 shows the phase velocity v,, associated with the
bare and insulated conductors, calculated as the angular
frequency w divided by the imaginary part of +/ZY. This
parameter is greater for the insulated conductor than for the
bare conductor in the whole frequency range, but the
differences are more significant up to tens of kHz, where v,,
associated with the insulated conductor is nearly insensitive to
the soil resistivity. At higher frequencies, this behavior
changes and the propagation velocity associated with the
insulated conductor starts to increase  with increasing soil
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Fig. 3. Attenuation constant associated with the bare and insulated
conductors that connect the grounding systems, for 300 Qm and 3000 Qm
soils.
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Fig. 4. Phase velocity associated with the bare and insulated conductors that
connect the grounding systems, for 300 Qm and 3000 Qm soils.

resistivity, similarly as observed with the bare wire in the
whole frequency range. The dependence of v,, on the soil
resistivity can be explained by the fact that the
electromagnetic properties of soil gradually approach that of a
perfect dielectric as the soil conductivity is reduced. If either
the soil resistivity or the frequency approaches infinity, the
velocity associated with the bare conductor reaches the upper
limit given by c/.[e.q, where c is the speed of light and &,
is the soil relative permittivity. For the insulated conductor,
the equivalent permittivity is reduced due to the influence of
the insulation, which usually has a relative permittivity lower
than that of the soil, and this upper limit is increased.

Overall, the reduced attenuation and the higher propagation
velocity associated with the insulated conductor in the
frequency range associated with lightning currents are likely
to increase the influence of the adjacent grounding system on
the transient behavior of the wind turbine struck by lightning.
This happens because reflected waves coming from the
adjacent grounding system are expected to have greater
magnitudes and to arrive faster at the current injection point
than for a bare conductor. This is confirmed in the transient
analysis presented in section IV-C.

B. Harmonic Grounding Impedance

Fig. 5 shows the harmonic grounding impedance calculated
by (7) for four different values of soil resistivity (100, 300,
1000 and 3000 ©Qm) and three different grounding
configurations. The case labeled as “single WT” is used as
reference and corresponds to the grounding system of a single
wind turbine. The other two cases, labeled as “2 WTs (bare
conductor)” and “2 WTs (insulated conductor)”, correspond to
the configuration shown in Fig. 1(b), in which the adjacent



wind turbine grounding system is also included, and the two
grounding systems are connected either through a 100-m or
300-m bare or insulated conductor.

The harmonic grounding impedance is seen to depend on
soil resistivity, frequency range, interconnection type and
length of the interconnecting conductor. As expected, the
adjacent grounding system leads to a significant reduction of
the harmonic impedance in the low-frequency range, which
can be seen by comparing the curves corresponding to the
interconnected grounding system with those labeled as “single
WT”. The reduction is stronger if the interconnection is
performed by a bare conductor since the conductor itself
contributes to the current injected into the soil. In this case, the
low-frequency impedance is reduced by 69% and 81%,
respectively for the 100-m and 300-m interconnecting
conductor, regardless of the soil resistivity. For the insulated
conductor, this reduction is limited to 50%.

As the frequency increases, the effect of the adjacent tower
becomes gradually negligible and the grounding impedance
corresponding to the interconnected systems shows a behavior
that is similar to that of the single wind turbine. This
similarity, which is observed regardless of the interconnection
type, indicates that above several hundreds of kHz the
equivalent grounding impedance is practically determined by
the frequency response of the wind turbine struck by lightning.
The critical frequency at which this occurs is higher for the
interconnection through a bare conductor, especially for low-
resistivity soils. This is related to the contribution of the bare
conductor to the current injected into the soil, which remains
significant even at frequencies in which the adjacent
grounding system no longer contributes to reducing the
grounding impedance. It is also seen that the frequency at
which the curves associated with the two interconnected WTs
start to move towards that associated with a single turbine is
lower for the longer distance between the turbines, for both
bare and insulated interconnecting conductors. The current
injected into the soil by the bare conductor also explains the
impedance differences observed in the upper frequency limit,
in which the impedance magnitude is reduced compared to
that of a single wind turbine. In the case of the insulated
conductor, the impedance reduction observed in the upper
frequency limit is related to the current required to charge the
insulation capacitance.

A. Ground Potential Rise (GPR)

Figs. 6, 7 and 8 show the GPR at the current injection point
caused by the first stroke current of Fig. 2 assuming the
interconnection between the adjacent wind turbine grounding
systems to be performed by a bare or insulated conductor for
100, 300, 1000 and 3000-Qm soils, respectively for distances
between WTs of 100 m, 200 m and 300 m. For comparison
purposes, the transient performance of a single wind turbine
grounding system is also included in the figure.

It is observed in Fig. 6 that the interconnection of the
grounding systems leads to a GPR reduction that is dependent
on soil resistivity, type of interconnecting conductor and
distance between WTs. If the interconnection is made through
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Fig. 5. Harmonic grounding impedance: (a) 100 OQm, (b) 300 Qm,
(c) 1000 Om, and (d) 3000 Om. Two distances are assumed between WTSs:
100 m and 300 m.

a bare conductor, two main reasons lead to the GPR reduction.
First, the conductor itself contributes to the current injection
into the soil up to its effective length. In the investigated
conditions, this is the main cause of reduction of the GPR
peak, which is in line with the conclusions of [13] and [14].
Larger reductions are observed for higher resistivity soils
because the effective length is longer in these cases [26].
Second, the adjacent grounding system reduces the low-
frequency grounding impedance seen at the current injection
point, which modifies the GPR tail.



If the interconnection is made through an insulated
conductor, the conductor itself no longer contributes to the
current injection into the soil. Therefore, the GPR reduction
mechanism is not the same as in the case of a bare conductor.
One of the mechanisms leading to the GPR reduction is the
current division path provided by the insulated conductor. This
effect is stronger for high-resistivity soils because in this case
a larger fraction of the injected current is initially diverted to
the insulated conductor. Also, part of the current that is
diverted to the insulated conductor is used to charge the
insulation capacitance. Such charging process enhances the
capacitive effect of the whole grounding system and improves
its performance especially for high-resistivity soils. A second
effect that contributes to the GPR reduction is the influence of
the adjacent grounding system, which is stronger than for the
bare conductor. This stems from the fact that the propagating
waves travel faster and are less attenuated for an insulated
conductor than for a bare conductor, as shown in section V-
A. Therefore, the reflected voltage wave coming from the
adjacent grounding system reaches the wind turbine struck by
lightning before the GPR peak has been reached, especially
for shorter distances between adjacent WTs. Also, the
transient waves that propagate along the insulated conductor
are less attenuated, which enhances the effect of the adjacent
grounding. As expected, the adjacent grounding is also
responsible for a reduction of the GPR tail similarly as
observed if the interconnecting conductor is bare.

Table | summarizes the GPR peak reductions obtained
using either a bare or insulated interconnecting conductor for
the first stroke current, in comparison with the single wind
turbine. Both types of interconnection lead to a GPR peak
reduction, although the bare conductor is more efficient. It is
seen that increasing the interconnecting bare conductor from
100 m to 300 m does not lead to an additional decrease in the
GPR peak, regardless of the soil resistivity. This occurs
because even for the higher resistivity soil of 3000 Qm, the
effective length considering first stroke currents are expected
to be no longer than 100 m [27]. Thus, although the increase
of the bare conductor leads to additional reductions of the
GPR tail at later times, its peak is not modified. For the
interconnecting insulated conductor, a decrease in the
percentage reduction of the GPR peak is observed with the
increase of the distance between the WTs, mainly for the
lower resistivity soils. This stems from the fact that, by
increasing this distance, the favorable effect of the reflection
coming from the adjacent WT is more attenuated and takes
longer to travel forth and back, reaching the struck tower
closer to the GPR peak occurrence. The reduction of the effect
of the adjacent turbine with the increase of the insulated
conductor length is more pronounced for lower resistivity
soils, since in this case the wave is more attenuated and
propagates more slowly. Also, the most significant loss of
efficiency in the GPR peak reduction occurs when the
separation between the WTs increases from 100 m to 200 m.
For a separation increase from 200 m to 300 m the effect of
the adjacent turbine is already too limited. Finally, it is noted
that the differences between the GPR reductions obtained

using bare or insulated conductors tend to decrease with
increasing the soil resistivity. This occurs because for higher
resistivity soils a large portion of the injected current is
diverted to the adjacent tower through the insulated conductor,
thus improving its efficiency in decreasing the GPR peak.
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Fig. 6. GPR at the current injection point in response to first strokes,
assuming the interconnection by a bare or insulated conductor and 100 m
between WTs, for different soil resistivity values: (a) 100 Qm, (b) 300 Om,
(c) 1000 m, and (d) 3000 m. The GPR of a single grounding system is also
included for comparison.
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TABLE | — GPR PEAK REDUCTIONS FOR FIRST STROKE CURRENTS ASSUMING
BARE (Apgre) OR INSULATED (A5, ) CONDUCTORS, AND DIFFERENT
DISTANCES BETWEEN WTS.

L=100 m L =200 m L =300 m
(me; Abare Ainsu Abare Ainsu Abare Ainsu
(%) (%) (%) (%) (%) *0)
100 27.8 8.7 27.8 4.6 21.8 3.9
300 38.6 19.5 38.6 11.1 38.6 9.9
1000 51.7 37.5 51.7 26.9 51.7 25.1
3000 62.9 53.3 62.9 47.4 62.9 45.5

The previous analysis is now repeated considering the
subsequent stroke current of Fig. 2. The results are shown in
Figs. 9, 10 and 11, respectively for distances between WTs of
100 m, 200 m and 300 m. Considering the results obtained for
the bare conductor, once again the GPR reduction is basically
due to the current that is injected into to the soil. Reductions of
12.5% 22.7%, 32.0% and 43.7% are observed in the GPR
peaks for the 100, 300, 1000 and 3000-Qm soils, respectively,
regardless of the length of the interconnecting bare conductor.
These reductions are not as large as those previously observed
for first stroke currents because the effective length of the bare
conductor is shorter for subsequent strokes due to their higher
frequency content [26]. Again, no further reductions in the
GPR peak are observed with the increase in the length of the
bare interconnection conductor since the effective length for
the considered soil resistivities is shorter than 100 m for
subsequent strokes [27]. In fact, the effective length for the
3000-m soil is around 50 m.

Now considering the results shown in Figs. 9, 10 and 11 for
the interconnection made through an insulated conductor,
reductions of 4.1% 8.8%, 21.1% and 36.6% are observed in
the GPR peak for the 100, 300, 1000 and 3000-Q2m soils,
respectively, in comparison with the single wind turbine.
Differently from the case of first stroke currents, such
reductions do not depend on the distance between WTs. As
opposed to the behavior observed for a bare conductor, if an
insulated conductor is used the adjacent grounding system is
likely to have an influence not only on the GPR tail at the
lightning-struck tower, but also on the first few microseconds
of the transient, mainly for shorter distances between WTs.
However, due to the short front-time of the subsequent stroke
current and the distance between the wind turbines, the
adjacent grounding system is not able to reduce the GPR peak.
Thus, for subsequent strokes, the current division path
provided by the insulated conductor is the main factor that
contributes to the GPR peak reduction. This explains why,
unlike the first strokes, the reduction in the GPR peak does not
change with the variation in the distance between the WTs.
However, it should be emphasized that the shorter this
distance, the stronger the influence of the adjacent turbine on
reducing the GPR immediately after its peak has been reached.
This can be clearly seen comparing, for a given soil resistivity,
the red dotted curves of Figs. 9, 10 and 11.

Table Il summarizes the GPR peak reductions obtained for
the bare and insulated interconnecting conductors assuming
the subsequent stroke current. This table does not differentiate
with respect to the distance between the WTs since for the
subsequent strokes because such distance has no influence on

the percentage reductions in the GPR. Similar to the case of
first strokes, the bare conductor is more efficient than the
insulated conductor, although the effectiveness of the later
tends to improve with increasing the soil resistivity.

Finally, it is worth mentioning that the use of insulated
conductors to interconnect WTs grounding systems in a wind
farm is a solution normally adopted in specific cases, for
instance, to mitigate problems related to interferences in
sensitive equipment placed near the interconnecting conductor
or to reduce step voltages along the wind farm. Such cables,
however, can be subjected to severe lightning surges, as
shown in this section, especially in wind farms installed on
poor conducting soils. Thus, in the cable design special
attention should be given to the insulation requirements to
prevent its damage. Eventually, surge arresters at the cable
ends may be necessary.
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TABLE Il — GPR PEAK REDUCTIONS FOR SUBSEQUENT STROKE CURRENTS
ASSUMING BARE (A} 4re) OR INSULATED (A;y,5,,) CONDUCTORS.

p ('Qm) Abare (%) Ainsu (%)
100 125 4.1
300 22.7 8.8
1000 32.0 211

3000 43.7 36.6

V. CONCLUSIONS

This paper assesses the lightning response of two wind
turbine grounding systems interconnected through a bare or
insulated conductor. Simulations were performed combining
an accurate electromagnetic model with transmission line
theory, considering frequency-dependent soil parameters. The
main conclusions of the paper are summarized below.

e The interconnection between the grounding systems
reduces the low-frequency grounding impedance by a
factor of two if this connection is performed by an
insulated conductor. This reduction is greater if a bare
conductor is used because more current is injected into
the soil. As the frequency increases, the effect of the
adjacent grounding system becomes gradually negligible
and the impedance value tends to the one of the single
wind turbine grounding system. The frequency at which
this occurs is higher for bare conductors and high-
resistivity soils.

e When the grounding systems are connected through a
bare conductor, the GPR peak reduction is essentially due
to the interconnecting conductor, and the adjacent
grounding system is responsible only for a decrease of the
GPR tail.

e When the grounding systems are connected through an
insulated conductor, the GPR peak reduction is basically
due to the current that is partly diverted to the adjacent
tower and partly drained to charge the insulation
capacitance. For first stroke currents, the adjacent
grounding system also contributes to the GPR peak
decrease, mainly for shorter distances between wind
turbines.

VI. APPENDIX

The per-unit-length impedance Z and admittance Y of a
perfectly-conducting underground conductor covered by an
insulating layer are given by [23]

Z=Z,+Z, (Al)
_ JwCxYy
T jwC+Yy (A2)

In (Al), Z, = jwL is the external impedance due to the
magnetic field within the insulation and Z, is the ground
return impedance. In (A2), C is the insulation capacitance and
Y, is the ground admittance. The per-unit-length inductance
and capacitance due to the insulation are calculated using [23]

(A3)
(A4)

where a and b are respectively the inner and outer insulation
radius, €;,s is the insulation permittivity, and u, is vacuum
permeability. In this paper, a = 5.8 mm, b = 7.6 mm, and
€ins = 2.3€g.

The ground return impedance is computed using Sunde’s
expression, which is given by [22]

[ Ko(vgro) —Ko(2vgh) + ]
2 foooexp(— Jwg)cos(lro)dl
[Al+ |A2+7]

where y, = \/jwuo(pgl + jwey) is the ground propagation

_ Jjwno
g 21

(A5)

constant, r, = b, h is the burial depth of the conductor, and
Ko(-) is Bessel’s function of second kind and order zero.
The ground admittance is obtained from [23]

2
v, ~2 (A6).
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