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Abstract: When lightning current strikes the blade lightning arrester and travels through the down conductor and tower, it
forms a wave process that impacts the impulse grounding resistance and ground potential rise of the grounding device. To
study the transient characteristics of gravity grounding devices for offshore wind turbines under lightning strikes, a novel
comprehensive model of offshore wind turbines was developed. This model integrates the Method of Moments (MoM) and
Fourier transform, considering the complete path of lightning current from the wind turbine to the ground. The model includes
blades, tower, and grounding device. The study examines the effects of varying seawater depths, silt layer soil resistivities,
lightning current waveforms, and tower heights on the impulse characteristics of grounding devices during lightning strikes on
wind turbine blades. The influence mechanism is analyzed using wave process theory. Calculations indicate that when the
seawater depth is 0 m, the impulse grounding resistance significantly increases with the rise in soil resistivity of the silt layer.
As the seawater depth increases, the influence of silt layer soil resistivity on impulse grounding resistance diminishes signifi-
cantly. The shorter the lightning current wavefront time, the higher the potential rise of the grounding device. However, when
the wavefront time of the lightning current is long, the oscillation attenuation of the grounding device's potential rise is not
significant. The height of the wind turbine tower affects the oscillation frequency of the ground potential rise of the grounding
device, with the oscillation frequency being inversely proportional to the tower height.
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I. Introduction

With the continuous advancement of new energy technologies, offshore wind power has become one of the
hotspots in the global new energy sector [1-2]. Currently, in the context of vigorously developing offshore wind en-
ergy, the operating environment of wind turbines is becoming increasingly harsh, characterized by humid and rainy
maritime atmospheres and frequent thunderstorms. Additionally, the continuous increase in the individual capacity
of wind turbines and the overall height of the turbines significantly enhance their lightning-triggering capability,
thereby increasing the likelihood of lightning strikes on wind turbines [3]. During the transient process of lightning
current discharging from the top to the bottom of the entire wind turbine, a transient strong electromagnetic field is
generated inside the wind turbine tower. This can interfere with power lines, signal devices, monitoring, and control
systems, thereby threatening the safe and stable operation of the wind turbine. Furthermore, the transient potential at
various parts of the wind turbine can change due to the action of lightning current, causing potential rise phenomena
that may result in equipment malfunctions or insulation damage, potentially leading to severe consequences such as
personal injury. Therefore, the characteristics of the wind turbine grounding system are crucial factors in the study of
lightning electromagnetic effects and lightning protection for wind turbines.

Currently, numerous studies have been conducted on the grounding characteristics of onshore wind turbines
[4-11], but research on the grounding characteristics of offshore wind turbines is relatively scarce [12]. Due to the
unique nature of the marine environment, the rules applicable to onshore wind farms cannot be simply applied to the
grounding design of offshore wind farms [13-15]. In terms of operating environment, the differences between off-
shore and onshore wind farms are significant. Most offshore wind turbine foundations are located below sea level
most of the time, and seawater has a very strong dispersing capacity. Therefore, most offshore wind turbines use
their natural foundations as natural grounding electrodes.

In China, the construction and planning of offshore wind farms show a certain preference for intertidal zones.
The coastal areas of Jiangsu, Shanghai, and Shandong are concentrated areas for intertidal zone resources, particu-
larly north of the Yangtze River estuary, where the concentration of intertidal zone resources is high. Intertidal zone
wind power generation, with its advantages of being closer to power load centers and lower development costs,
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aligns with the basic national conditions of China [16]. Gravity grounding devices are generally used in offshore
intertidal zones, and gravity-based offshore wind turbine foundations have been successfully applied in the intertidal
wind farm in Rudong, Jiangsu, China [17].

The lightning impact characteristics of grounding devices are crucial for grounding scheme design and are also
one of the key research focuses in wind turbine lightning protection. Reference [4] studied the effects of wind tur-
bine blades and towers on the grounding system and transient characteristics of tower lightning strikes. Due to the
large total height of the blades and towers, lightning currents can form wave processes within them. At this point,
the current entering the ground differs significantly from the injected lightning current, which affects the actual
ground potential rise. Reference [18] used the method of moments to analyze the lightning overvoltage at the bottom
of wind turbine towers. The results showed that considering the steel bars in concrete can significantly reduce the
lightning impact grounding resistance of wind turbines and the potential rise at the bottom of the tower, with a more
pronounced effect in areas with high soil resistivity. The study also discussed the influence of the number and dis-
tribution of vertical piles in wind turbine foundations on the lightning impact grounding resistance and potential rise
at the bottom of the tower. Reference [19] systematically calculated the frequency domain characteristic parameters
and impact characteristic parameters of gravity foundations using CDEGS simulation software, discussing the ef-
fects of various conditions on the frequency domain grounding resistance and lightning impact grounding resistance,
and summarizing their laws. Reference [20] conducted a simulation study on offshore wind turbines using high-pile
pedestal foundations as natural grounding electrodes, considering tidal fluctuations and pedestal resistivity, and cal-
culating the frequency domain grounding resistance and lightning impact grounding resistance. The above
references provide detailed introductions to the research on wind turbine grounding devices, but there is little intro-
duction to the overall model including wind turbine blades, towers, and grounding devices, making it difficult to
consider wave processes and their analysis of lightning transient characteristics on grounding devices.

Based on the frequency domain moment method, the author establishes an equivalent model of wind turbine
lightning electromagnetic transients including wind turbine blades, towers, and grounding devices. The time-domain
responses of the ground potential rise and current of the wind turbine grounding device are obtained using the mo-
ment method and Fourier transform. The lightning transient characteristics of the wind turbine grounding system are
analyzed computationally. Considering that gravity-based foundations are generally used in coastal tidal zones, tidal
fluctuations and actual soil environments are taken into account. The influence of seawater depth, silt layer resistivi-
ty, tower height, and lightning current waveform on the lightning impact characteristics of wind turbine grounding
devices is discussed.

Il. Computational Model

When lightning strikes the lightning arrester on wind turbine blades, the lightning current is conducted through
the down conductor in the blades to the wind turbine tower and then transmitted to the ground through the ground-
ing device. Based on the frequency domain moment method, a computational analysis model has been established,
which includes three parts: the down conductor in the blades, the tower, and the grounding system.

The length of the down conductor in the wind turbine blades is approximately 50 meters. The height of the
tower is approximately 50-100 meters, with a top outer diameter of 2.5 meters and a bottom outer diameter of 4.2
meters. The schematic diagram of the steel structure of the gravity-based foundation is shown in Fig. 1. The outer
diameter of the gravity-based foundation is 12 meters, with a height of 3 meters, and the inner diameter is 5 meters,
with a height of 12 meters. Six partitions are uniformly installed between the inner and outer walls, each partition
being 4 meters high.

The gravity-based foundation in this study adopts a prefabricated circular cavity structure filled with concrete,
enabling it to withstand external loads such as the total weight of the wind turbine and tower, wind loads, and seis-
mic loads, and to remain stable under adverse sea conditions, preventing slipping and overturning. The concrete
covers the foundation steel structure, forming many tiny air holes inside. Due to the characteristics of concrete, the
air holes in the concrete can absorb the pore liquid in the surrounding soil when the concrete contacts the moist soil.
Therefore, groundwater and moisture content need to be considered, and the electrical conductivity of concrete is
related to the characteristics of the surrounding soil. Currently, in grounding device construction, the grounding re-
sistance of concrete is generally considered equivalent to the surrounding soil. In grounding calculations, concrete is
usually treated as equivalent to the surrounding soil. When establishing grounding device models, such as in refer-
ences [11, 19], concrete is regarded as the surrounding soil, and the difference between concrete in pile foundations
and the surrounding soil is ignored. When analyzing the grounding impedance characteristics of wind turbines, as in
references [22-23], the difference between concrete in pile foundations and the surrounding soil is also ignored, re-
sulting in theoretical calculation values that are close to the measured results. Similar treatment methods are also
adopted in reference [24]. In this study, the gravity-based foundation is located on the seabed, and concrete is treated

4021



J. Electrical Systems 20-7s (2024): 4020-4029

as equivalent to the surrounding soil in the model.
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Fig. 1. Top and front view of the grounding device

The tower base, serving as the natural grounding body for offshore wind turbines, needs to be modeled ac-
cording to actual conditions, taking into account terrain characteristics and external environmental factors. The
intertidal zone refers to the coastline between the average high tide and low tide levels. Due to the ebb and flow of
tides, the depth of seawater varies between 0 and 10 meters, and there is a large amount of sediment in the intertidal
zone. Therefore, soil is considered in three layers, namely the seawater layer, the sludge layer, and the sand and
gravel layer, as shown in Fig. 2.
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Fig. 2. Soil model

The seawater layer has a depth of 0-10m with a resistivity of 1Q-m, the sludge layer is 10m thick with a burial
depth of 2m and a resistivity ranging from 60 to 1500Q-m, and the sand and gravel layer has a resistivity of
1000Q-m.

In this study, a slender wire model is adopted [4], where metal conductors are represented by slender conduc-
tors. Due to the difficulty of using the moment method to analyze cylindrical structural models, multiple slender
conductors are used to equivalent metal surfaces. When modeling the wind turbine, it is necessary to consider the
shape and position of the blades, tower, and grounding device.

The down conductor of the blade is equivalent to a single slender conductor; the tower is represented by 12
slender conductors to construct a hollow frustum structure for equivalence; the grounding foundation base is equiv-
alent to 24 slender conductors each with a length of 6m; the outer wall of the base is represented by 72 slender
conductors; the inner wall is simulated by 12 slender conductors; 6 symmetrical partitions are placed between the
outer and inner walls, each partition being simulated by 8 slender conductors. The overall model of the wind turbine
is shown in Fig. 3.
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Fig. 3. Wind turbine overall model diagram
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When calculating the electromagnetic field distribution, the distribution of current across the conductor
cross-section is not considered, and the current is assumed to be concentrated at the center of the conductor, as
shown in Fig. 4(a). The axial current of the conductor is taken as a variable, and the current model of the triangular
function is used as the current basis function. At the surface of each straight conductor segment, the electric field
intensity inside and outside the conductor should satisfy the boundary conditions in Equation (1).

nx(E'+E°)=0 (1)
where n is the normal direction outside the surface of the cylindrical conductor; E'is the external electric field inten-

sity applied to the surface of the conductor; E® is the internal electric field intensity generated by the axial current of
the conductor itself.

E=—jwoAd-Veo (2)

where A represents the electromagnetic vector potential generated by the axial current; ¢ represents the electromag-

netic scalar potential; Q represents the angular frequency.
— jkr
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where e represents the axial direction of the line current in the cylindrical conductor; r represents the distance vector
between the source point and any observation point on the surface of the conductor, in units of m; 4, < respectively
represent the magnetic permeability and dielectric constant of the space where the conductor is located; k represents
the wave vector, in units of rad/m,

dl

(a) Any thin wire  (b) Division of wires
Fig. 4. Schematic diagram of thin wire

Furthermore, the external electric field strength E® at the midpoint of the conductor segment is equal to the po-
tential difference Uk per unit length along the axial current, hence:

E*=Z1()=U, (5

Assuming the entire conductor structure is segmented into N segments, as shown in Fig. 4(b), the following
system of linear algebraic equations can be obtained:

N
U =>7Z k=12 N ()
i=1

Where Zj is the mutual impedance between the ith and kth conductor segments (when i#k), or the
self-impedance of the kth segment (when i=k); the matrix form of Equation (6) is given by:

Zl =U 7

The current distribution on each conductor segment is approximated by trigonometric functions, and the cur-
rent is expressed as:

I(I)=A+Bsinkl+Ccoskl (8)

Where A, B, and C are undetermined coefficients.

At the junctions of conductors with different radii or at the intersections of multiple conductors, the linear
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charge density satisfies the relationship given in Equation (9).
o) Q
a 2
In(——) -
()7

©)

Where, a is the radius of the conductor, and Euler's constant, ¥ is 0.5772. Q is a value related to the total

charge in the region of the conductor intersection point and is the same for all conductors connected to this point.
The end effects of the conductors are neglected, and the current and charge at the endpoints of floating conductors,
where no current is injected, are assumed to be zero. By applying the continuity equations for both current and
charge at the intersection points, the total number of unknowns is equal to the number of conductor segments.

The external excitation source for the wind turbine adopts a current source, meaning the current at one end of
the conductor is a known quantity. Using equation (7), other unknown currents can be determined. Following the
above calculation process, the current distribution on each conductor segment at a specific frequency can be ob-
tained, thereby calculating the electric field strength at that frequency.

By combining the above calculation process with the fast Fourier transform, the lightning current waveform
undergoes Fourier transformation to determine the calculation frequency. The frequency domain response is then
calculated using the method of moments, and the time domain response is obtained using the inverse Fourier trans-
form. This allows for the calculation of the transient current and potential rise on the wind turbine grounding system
when struck by lightning, subsequently computing the impulse grounding resistance. The principle of the wind tur-
bine lightning transient process calculation is shown in Fig. 5.

Modeling the wind turbine as awhole
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Cormputing the time-domain response of a system using the
Fourier inverse transform

v

Calculate the shock resistance according to the definition of
shock resistance

Fig. 5. Schematic diagram of the transient process of a wind turbine
I11. Influence of Seawater Depth

Due to the use of natural grounding bodies as the foundation, the dispersion of lightning current primarily oc-
curs in the seawater layer. Therefore, the grounding characteristics of offshore wind turbines will vary with the tides
in the actual operation of offshore wind farms.

Considering a tower height of 80 meters and a silt layer resistivity of 60 Q-m, with a 2.6/50 s lightning cur-
rent waveform as the excitation source and a lightning current amplitude of 100 kA, the potential rise of the wind
turbine grounding system when the lightning strikes the tip of the turbine blade was calculated, as shown in Fig. 6
and Fig. 7. It can be seen that the transient potential rise waveform in the wind turbine grounding system exhibits a
significant oscillation process, which gradually attenuates over time. The wave process theory is used below to ana-
lyze the aforementioned process.

4024



J. Electrical Systems 20-7s (2024): 4020-4029

Grounding device potental rise/HY
Gmunding device potental msekV

i 1 0 s i ,
Teis Timefas

Fig. 6. The grounding device potential rises (Om insea-  Fig. 7. The grounding device potential rises (Om in sea-
water layer) water layer)

The down conductor of the wind turbine blade and the tower can be equivalently viewed as a transmission line
with a wave impedance Z while the grounding system is represented as a lumped parameter impedance Z .Typically,
there is a significant difference between the values of Z and Z,, resulting in a refraction and reflection process at
their junction. The total height of the down conductor and the tower is h, and the propagation speed of the lightning
current wave | along the tower is v=300 m/us.When the lightning current wave | reaches the junction of the tower
and the grounding device, a reflection and refraction phenomenon occurs. Part of the lightning current wave flows
into the seawater and the ground through the grounding system, while the other part reflects back up the tower. As-
suming the reflection coefficient is f(f=(Z.-2)/(Z.+Z2)), the current wave S fully reflects when it reaches the tip of
the blade, with a reflection coefficient of 1. Considering that Z>Z, under normal conditions,  is negative. Therefore,
the first reflected current wave reaches the base of the tower at t=3h/v with an amplitude of f1l. Since $:1<0, the first
reflected current wave (511) reduces the current flowing into the grounding device, thereby attenuating the ground
potential rise oscillation generated by the grounding device. The second reflected current wave reaches the base of
the tower at t=5h/v, when the second reflected current wave (f.l1) increases the current flowing into the grounding
device, enhancing the ground potential rise. This process continues accordingly, so when t=(2k+1)h/v, the current
wave I; on the grounding device is:

H =a(l+f+f,++4 )] (10)

When k is an odd-numbered term, gl is negative, primarily serving to weaken the ground potential rise. When k is
an even-numbered term, Sql is positive, primarily enhancing the ground potential rise. The ground potential rise on
the grounding device is repeatedly weakened or enhanced as the current reflection wave propagates. Therefore, the
current wave on the wind turbine tower oscillates with a period of 4h/v or an oscillation frequency of v/4h Generally,
the absolute value of Sl decreases as the reflection count k increases, resulting in a noticeable oscillatory decay
trend in the transient lightning current waveform on the grounding system. Moreover, the absolute value of the
odd-numbered terms; gl is larger than the corresponding even-numbered terms, i.e., a{Ba-1+B2)1<0(« is the refrac-
tion coefficient, #=22,/(Z.+Z2)), causing each oscillation cycle to decrease the potential rise on the grounding
device.

Comparing the results from Fig. 6 and Fig. 7, it can be observed that the amplitude of the ground potential rise
on the grounding device decreases as the depth of seawater increases, but the oscillatory phenomenon remains pro-
nounced. This is because with greater seawater depth, the grounding device experiences more significant dissipation
effects, resulting in a lower grounding resistance value and thus a reduced amplitude of the ground potential rise.
According to the theory of wave reflection and refraction, the oscillation becomes more pronounced under these
circumstances.

Fig. 8 illustrates the variation of the wind turbine grounding system's impulse ground resistance with seawater
depth. It can be seen from Fig. 8 that the impulse ground resistance rapidly decreases as the seawater depth increases
from 0 meters to 1 meter. As the seawater depth continues to increase, the impulse ground resistance gradually de-
creases, with a very slow reduction rate beyond 5 meters, ultimately reaching a stable state.
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From Fig. 8, it can be observed that the impulse ground resistance calculated from the wind turbine's overall
model shows minimal deviation from the results obtained using CDEGS in reference [18]. Moreover, both sets of
results exhibit consistent variation patterns, demonstrating the accuracy of the model proposed in this study.

IV. Impact of Mud Layer Soil Resistivity

The resistivity of the mud layer soil affects the transient characteristics of the grounding device by influencing
its equivalent aggregate parameter impedance, thereby affecting the transient process. Therefore, when studying the
influence of mud layer soil resistivity on the impulse characteristics of the grounding device, only the impulse re-
sistance is calculated. Taking a turbine tower height of 80m and a lightning current waveform of 2.6/50us as
examples, the ground potential rise and lightning current waveform are obtained when the lightning current strikes
the wind turbine blade tip discharge device. Different scenarios of impulse ground resistance are defined based on
the impulse resistance, as depicted in Fig. 9 and Fig. 10.
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Fig. 9. Effect of Resistivity of Silt Layer on Impulse Fig. 10. Effect of Resistivity of Silt Layer on Im-
Resistance at Different Seawater Depths (0-1m in Sea-  Pulse Resistance at Different Seawater Depths (3-10m in
water Layer) Seawater Layer)

Combining Fig. 9 and Fig. 10, it can be observed that the impulse ground resistance increases with the increase
in mud layer soil resistivity. However, the influence of mud layer soil resistivity on the impulse ground resistance
gradually diminishes with the increase in seawater depth. When the seawater depth is 0 meters, indicating no sea-
water intrusion into the grounding device, the impulse ground resistance significantly increases as the mud layer soil
resistivity increases (from 60Q-m to 1500Q-m), resulting in a notable increase in impulse ground resistance (from
3.64Q to 42.89Q). As the seawater depth gradually increases from 0.3m to 10m, the extent of the influence of mud
layer soil resistivity on the impulse ground resistance decreases. When the seawater depth reaches 10m, with the
mud layer soil resistivity increasing from 60Q-m to 1500Q-m, the impulse ground resistance only increases from
0.135Q to 0.139Q. The variation in impulse ground resistance with mud layer soil resistivity can be considered neg-
ligible at a seawater depth of 10m.
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V. Impact of Lightning Current Waveform

The transient characteristics of the wind turbine grounding system are not only influenced by the seawater
depth and mud layer resistivity but also by the waveform parameters of the lightning current. Below is a compara-
tive analysis of the transient ground potential rise of the wind turbine grounding system under different waveform
parameters of the lightning current excitation. Taking a tower height of 80m, blade length of 50m, mud layer soil
resistivity of 60Q-m, and seawater depths of 10m and Om, the transient ground potential rise of the wind turbine
grounding system is calculated under standard lightning current excitations with amplitudes of 100kA and wave-
forms of 1.2/50us, 2.6/50us, and 8/20us, respectively. The results are shown in Fig. 11 and Fig. 12.
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Fig. 11. Grounding potential rise under different light- Fig. 12. Grounding potential rise under different light-
ning current waveforms (10m in seawater layer) ning current waveforms (Om in seawater layer)

When the seawater depth is 10m (as shown in Fig. 11), the maximum ground potential rise amplitude of the
1.2/50us waveform (19.10 kV) is approximately four times that of the 8/20pus waveform (5.48 kV). When the sea-
water depth is Om (as shown in Fig. 12), the maximum ground potential rise amplitude of the 1.2/50us waveform
(434.81 kV) is approximately 300 kV higher than that of the 8/20us waveform (151.79 kV). The ground potential
rise amplitudes of the wind turbine grounding system show significant differentiation due to the high impedance
characteristics of the grounding system. When the front time of the lightning current waveform decreases, there is a
greater transient potential rise on the grounding system, as the transient impedance of the grounding system is higher,
leading to an increase in the energy of high-frequency current components.

From Fig. 11 and Fig. 12, it can be observed that when the lightning current waveform is 8/20us, with a sea-
water depth of 10m, the first peak of the ground potential rise on the grounding device is 5.48 kV (point A), and the
amplitude of the second peak is 4.97 kV (point B), with little difference between them. When the seawater depth is 0
m, the first peak of the ground potential rise on the grounding device is 140.26 kV (point C), and the amplitude of
the second peak is 151.79 kV (point D), with the second peak of the ground potential rise on the grounding device
being slightly higher than the first peak. This contradicts the general rule of low potential rise oscillation decay men-
tioned earlier. The analysis of the reasons is as follows:

After the lightning strikes the top of the wind turbine blades, when the lightning current i flows from the bot-
tom of the tower to the grounding device, the ground potential rise U on the grounding device can be approximately
represented as:

U, :Lﬂ+ir (1)
dt

L represents the self-inductance of the grounding device conductor, while r denotes the resistance of the surrounding
soil. The voltage generated as the lightning current flows through L and r superimposes on the grounding device,
thereby causing the ground potential to rise. The inductance L remains relatively constant when the size and material
of the grounding device remain unchanged. As the soil resistivity increases, r also increases, leading to a higher val-
ue of Ue.

When the duration of the lightning current is relatively long (8/20us), as shown in Fig. 12, the amplitude of the
first peak of the ground potential rise (140.26 kV) is lower than that of the second peak (151.79 kV). This is because
the waveform time of the lightning current (8us) is much longer than the durations of the first peak (1.25us) and the
second peak (2.95us). During the waveform time, the lightning current, i is in a rapid growth phase, and the value of
L(di/dt) can be considered constant. When the seawater depth is Om, the high resistivity of the dispersion layer
(60Q-m) leads to an increase in the value of ir  resulting in the second peak of the ground potential rise (151.79kV)
being higher than the first peak (140.26kV), as indicated by points C and D in Fig. 12. When the seawater depth is
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10m, the low resistivity of the dispersion layer (1€2-m, mainly seawater) results in little change in the value of Thus,
the difference between the amplitudes of the first peak (5.48kV) and the second peak (4.97kV) of the ground poten-
tial rise is not significant, as shown by points A and B in Fig. 11.

V1. The Influence of Tower Height

When the wind turbine blades are struck by lightning, the process of lightning current flowing from the tower
to the ground through the grounding device undergoes changes due to the presence of reflection and refraction pro-
cesses at the junction between the tower and the grounding device. Consequently, this will alter the transient ground
potential rise generated on the grounding device. The reflection and refraction time of lightning current at the junc-
tion between the tower and the grounding system will vary with changes in the height of the wind turbine tower,
thereby causing changes in the oscillation frequency of the transient potential rise waveform in the grounding sys-
tem. Using a lightning current waveform with an amplitude of 100 kA and a duration of 2.6/50us, and assuming a
soil resistivity of 60Q-m, the transient ground potential rise of the wind turbine grounding system is calculated for
tower heights of 50m, 80m, and 100m, as shown in Fig. 13 and Fig. 14.
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Fig. 13. Grounding potential rise at different tower Fig. 14. Grounding potential rise at different tower
heights heights
(10m in seawater layer) (Om in seawater layer)

From Fig. 13 and Fig. 14, it can be observed that the oscillation frequency of the transient ground potential rise
waveform on the wind turbine grounding system varies significantly with different tower heights, while there is a
minor difference in the amplitude of the ground potential rise on the grounding system. When the sea depth is 10m
(Fig. 13), the oscillation frequencies for tower heights of 50m, 80m, and 100m are 0.741MHz, 0.633MHz, and
0.601MHz respectively. When the sea depth is Om (Fig. 14), the oscillation frequencies for tower heights of 50m,
80m, and 100m are 0.698MHz, 0.591MHz, and 0.546MHz respectively. The variation in tower height leads to
changes in the reflection period of lightning current waves on the tower, which is due to the principles of wave
propagation theory. Different tower heights result in different reflection periods of lightning current waves on the
tower, thereby causing variations in the oscillation frequency of the transient ground potential rise on the grounding
system. As the tower height increases, the reflection period of the lightning current wave on the tower increases,
leading to a decrease in the oscillation frequency of the ground potential rise on the grounding system. At the same
time, the amplitude of the ground potential rise on the grounding system slightly increases with increasing tower
height, but the effect is minimal.

VII. Conclusion

In summary, based on the frequency-domain moment method, an equivalent model of the gravity-type ground-
ing device for offshore wind turbines has been established, and the effects of different scenarios on the transient
process of the grounding device have been analyzed. The following conclusions have been drawn:

(1) The depth of seawater is the primary influencing factor on the impulse resistance of the grounding device.
When the tower height is 80m, the resistivity of the mud layer is 60 Q-m, and the excitation source adopts a 2.6/50
ps lightning current waveform, the impulse resistance decreases from 3.64 Q to 0.18 Q as the seawater depth in-
creases from Om to 5m. When the seawater depth increases from 5m to 10m, the impulse resistance decreases from
0.18 Q to 0.13 Q, and the decreasing trend of the impulse resistance becomes more gradual.

(2) The impedance of the equivalent aggregated parameters of the grounding device is jointly affected by the
resistivity of the mud layer and the depth of seawater, thereby influencing the transient process of lightning current.
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Specifically, the smaller the impulse resistance, the smaller the amplitude of the ground potential rise on the
grounding device, but the more pronounced the oscillation decay.

(3) The leading edge time of the lightning current has a significant impact on the amplitude of the ground po-
tential rise on the grounding device. The shorter the leading edge time of the lightning current, the greater the
amplitude of the ground potential rise on the grounding device. However, when the leading edge time is long, the
oscillation decay of the ground potential rise on the grounding device is not significant. This phenomenon is also
noteworthy for lightning protection.

(4) The tower height of the wind turbine affects the oscillation frequency of the ground potential rise on the
grounding device. The higher the tower, the lower the oscillation frequency of the ground potential rise on the
grounding device. When the tower height increases from 50m to 100m, the oscillation frequency decreases from
0.741 MHz to 0.602 MHz.
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