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Abstract

Wind turbines are tall structures with heights exceeding 120m. They are usually
installed on high altitudes or isolated areas. In these areas, lightning activity
could be high and the installation conditions wind turbines are vulnerable to
lightning strikes. Furthermore, these areas do not have ideal soil conditions and
the efficiency of wind turbine lightning protection system (LPS) can be affected.
Additionally, the LPS shall be compatible with IEC61400-24 as minimum;
furthermore, the earthing system shall keep step and touch voltages within the
limits defined in IEEE80-2000. Considering the high amounts of wind turbines
installed annually and also the limited project time-schedules, it is needed to
have a typical LPS for wind turbines that complies with the relevant standards;
based on this, wind turbines are armoured against lightning strikes. In case of
non-effective LPS, damages can be caused in vital wind turbine components like
blades which can lead to downtime and loss of energy production. This paper
will present a typical LPS for wind turbines. This system can be applied in every
site condition up to a pre-defined level, provided that it respects local legislation
and can protect the structure in a reliable way. This proposal does not replace
the site specific design of LPS but can be used as basis for further adaption in
local conditions.
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l. Introduction

In recent years, there has been continuous development of wind turbines. Wind
turbines are increasing in installed power, size and thus in rotor diameter. This
development (apart from the positive effect it has on the industry because of low
energy costs) causes these structures to be vulnerable in lightning strikes. This is
caused by their installation areas, usually in high mountains or in isolated areas
where lightning activity is usually medium to high. Such areas are also of poor
soil conditions, usually rocky areas causing extra needs for -earthing
infrastructure of the wind turbines and of the whole wind farm earthing system.
The business activity of wind energy sector is annually getting higher; this is an
effect mainly driven by 2020 EU targets and also by the global commitment of
developed countries to reduce CO? emissions. The combination of high business
activity and non-ideal weather conditions for soil investigation leads to the need
of a typical Lightning Protection System of wind turbines (LPS). This paper
presents an earthing system which can be considered the basis for a wind turbine
earthing system and complies with the IEEE Std.80-2000. The implementation
of this system can ensure the equipment reliable protection and also the safety of
the personnel. The earthing system presented hereto is part of a wind turbine
LPS and is a generic one, not wind turbine related. It will be proven that this
system is compliant with IEEE St.80-2000 and IEC62305-1 standards while
with minor add-ons it can be extended to wind farm areas.

I1. Modelling of WTG typical earthing system

In recent years, there has been a continuous development of wind turbines. Wind
turbines are increasing in installed power, size and thus in rotor diameter.

As wind turbines increase their rated power, they become more vulnerable to
lightning strikes since they are increasing in height. Wind turbines are usually
placed on high altitudes and isolated locations as well as on flat countryside
areas. In these areas, there is usually a medium to high level of lightning activity
which directly affects wind turbines. These areas are usually of low quality soil
conditions with resistivity exceeding 500Qm. The earthing system part of wind
turbine LPS that is presented here applies for soil resistivity up to a specific soil
resistivity level that will be defined in the next section.
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The earthing system that is studied here is Type B and consists of horizontal
copper electrodes with diameter of 17mm and vertical ones of 20mm diameter.
The earthing system is installed at a depth of 2 m. The foundation was
considered to have resistivity of pfnd=50Qm. The surrounding soil resistivity of
the ground was considered to be ps1=500Qm and ps1=1000Qm while the
earthing system will be installed inside the wind turbine foundation as shown in
(Fig.1). The influence of the earthing interconnection wire positively affects the
performance of the wind turbine that has been hit by lightning strike.

The wind turbine earthing system was simulated in ATP-EMTP by using the
circuit-theory due to the simplicity, the capability to describe the soil ionization;
furthermore, it was simulated because this theory can take into account the
interference between the earthing electrodes. Because the aim of the present
work is to propose a typical earthing of a wind turbine LPS, the effect of the
tower which is steel for the large majority of the wind turbines will be
considered.

Interconnection wire,
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Fig. 1. Wind turbine earthing system

The formulas that have been considered are the following ones for the horizontal
earthing electrodes:

ie () 0E@)-) o
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For the vertical electrodes following equations are used:

_ 21,
¢ l= Z%IOga_i (6)
C =2ne logi—: (7
21
L= Z—;loga—i (8)

li= length of i section of earthing electrode
u0=permeability of air (vacuum)
e=dielectrilic permeability of the soil
p=soil resistivity

h=depth of electrode installation

ai=equivalent electrode radius considering ionization phenomenon

The earthing system has been simulated in ATP-EMTP and is shown in (Fig.2).
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Fig. 2. Wind turbine earthing system in ATP-EMTP

With the use of the previous formulas (1)-(8) and considering the soil ionization,
the model parameters in ATP-EMTP are calculated and the results are

summarized in Table 1.

Table 1. Model parameters for the WTG

WTG model parameters

(with soil ionization)

L(uH) [R(QY) C(nF) G-1(Q)
1=3m 3.33 15.68 0.92 2.39
[=6m 7,50 9,16 0,83 2.65
I=2m(ver.) [1.04 - 0.17 1.20

I11. Simulation results and extrapolation

The simulation model of a wind turbine typical earthing system is shown in (Fig.
2). The simulation of the lightning current that hits directly a wind turbine will
be implemented in the software by using Heidler current source of Ip=150kA
and two types of waveforms 1.2/50us and 19/485us. The simulation will be
executed for two different types of surrounding soil resistivity of ps1=500Qm

and ps2=1000Qm.
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A. Case 1: Ip=150kA — 1.2/50us, ps1=5002m

The first simulation was executed considering as lightning current Ip=150kA
and time parameters 1,2/50us simulating a lightning strike and soil resistivity of
500Qm. As shown in (Fig.3) and (Fig.4), the reported voltage levels at nodes
Al-A4 in the affected wind turbine are:

Al1=74kV, A2=5kV, A3=0.53kV, A4=0.18kV
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Fig. 3. Voltage at earthing grid node Al
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Fig. 4. Voltage at earthing grid nodes A2, A3, A4
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B. Case 2: Ip=150KkA-1,2/50us, psz=1000Q2m

In this case, the simulation was executed considering as lightning current
Ip=150kA and time parameters 1.2/50us simulating a lightning strike and soil
resistivity of 1000Qm. The results remain the same for nodes Al and A2 while
for nodes A3 and A4, they are depicted in (Fig. 5). For the specific case, the
reported voltage levels at nodes A1-A4 are:

Al=74kV, A2=5kV, A3=0.52kV, A4=0.17
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Fig. 5. Voltage at earthing grid nodes A3, A4

C. Case 3: Ip=150kA-19/485us, p2=5002m

In this case, the simulation was executed considering as lightning current
Ip=150kA and time parameters 19/485us and soil resistivity of 500Q2m. The
results are different for node Al (Fig. 6), while for nodes A2, A3 and A4, they
are depicted in (Fig. 7). For the specific case, the reported voltage levels at nodes
Al-A4 are:

A1=55kV, A2=4kV, A3=0.40kV, A4=0.17kV
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Fig. 6. Voltage at earthing grid nodes Al
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Fig. 7. Voltage at earthing grid nodes A2, A3, A4

D. Case 4: Ip=150kA-19/485us, ps=1000Qm

In this case, the simulation was executed considering as lightning current
Ip=150kA and time parameters 19/485us and soil resistivity of 1000Qm. The
results remain the same with case 3 for nodes Al and A2 (Fig. 8 and Fig. 9)
while for nodes A3 and A4 they are depicted in (Fig.10). For the specific case,
the reported voltage levels at nodes A1-A4 are:
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A1=55kV, A2=4kV, A3=0.43kV, A4=0.17kV
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Fig. 8. Voltage at earthing grid nodes Al
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Fig. 9. Voltage at earthing grid nodes A2
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Fig. 10. Voltage at earthing grid nodes A3 and A4

IV. Assessing the reliability of the LPS

In the previous section, the performance of the typical earthing system of a wind
turbine LPS was simulated with the use of ATP-EMTP. It was noticed that at the
point of attack it faced high voltages which can be approximately 54kV which
are significantly lowering some meters away. In order for the reliability of the
earthing system to be assessed, its effectiveness to protect the personnel against
step and touch voltages need to be verified. Step and touch volutages could be
phased during an electrical earth fault following the requirements of IEEE. For
this specific case, the following formulas exist:

Egtep 70 = (1000 + 6C5ps)0,157/,/ts
Etouc n,70 = (1000 + 1,5C;p)0,157 /[t
Em = (plgKiKm)/Lm

Es = (plgKiKs)/Ls

GPR =1gRg

Cs= surface layer derating factor

ps=surface material resistivity in Qm

(9)

(10)
(11)
(12)

(13)
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ts=fault clearance time

p=soil resistivity

Ig= fault current

Ki=irregularity factor

Km=geometric space factor

Lm=effective buried length of grounding system conductor
Ks=geometrical factor

Ls=effective buried conductor legth

Em=mesh voltage, the maximum touch voltage within a mesh of a ground grid
Estep,70=step voltage

Etouch,70=touch voltage

For the specific earthing design considering fault clearance time less than 0.5sec,
fault current of 1000A, ps1=500Qm without surface material and by using the
formulas (9)-(12) below, results appear for the maximum permitted limits for
step and touch voltages:

Egtep 70 = 888.13V

Etouc n70 = 388.56V

In order an earthing grid to be safe it is needed below conditions to be fulfilled:
Em < E,puch

Es < Egep

GPR < Eipycn

GPR < Egep

For the specific case the earthing system is not safe since the calculated values
are as below:

Em = 3927.88V
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Es = 3106.24V
GPR = 23948.32V

In order for the system to be considered safe, the fault conditions and the
earthing conditions need improvement. For that purpose, the improvement of
soil with surface material of ps=3000Qm with thickness 20cm, fault clearance
time of tf=0.08sec and fault current 1f=0.050kA was considered. Now, the
maximum permitted limits are:

Estep 70,051 = 9017.20V
Etouc h,70,p0s1 = 2670.61V

After the improvement in the soil conditions and changing the fault parameters
the new results are:

Em’,s = 294.93V
Es’yg = 204.68V
GPR',s = 1371,43V

Now all the conditions are fulfilled and the earthing system is safe. The same
conditions will be evaluated considering soil conditions of ps2=1000Qm. The
maximum permitted limits are:

Estep,70_p52 = 932306V
Etouc n,70,ps2 = 2747.07V

After the improvement in the soil conditions and changing the fault parameters
the new results are:

Em’,g, = 589.87V
Es’ys; = 409.36V

GPR',s, = 2742.86V
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Thus the modified earthing system design and electrical fault parameters fulfil
the requirements and is safe for the personnel (protecting against step and touch
voltages).

V. Conclusion

This paper presented a typical earthing system part of a wind turbine LPS with
hub height of 70 m and tower base of 7.5m diameter. This earthing system can
be considered the basis in order to be implemented for soil conditions up to
1000Qm since its reliable operation both for the equipment and personnel can be
secured. This system is designed with specific fault parameters regarding the
permitted fault current and clearance time while it was proved via simulation
results that it dissipates effectively the lightning current that is led by the wind
turbine internal LPS. This earthing system can be adapted in more severe soil
conditions by extending the surface and density of the earthing grid in order to
achieve site specific or local legislation compliance. In case the fault parameters
are different, a new design is required, as well as the re-assessment of the
earthing system effectiveness, while it needs to be improved accordingly.
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