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This paper introduces an investigation into the influence of a hill presence on the
electromagnetic (EM) field generated by a lightning strike to a wind tower (WT) blade.
The simulation method involves the three-dimensional finite-differences time-domain
(3D-FDTD) considering a perfectly conducting ground. The first part compares the
results computed in the presence and in the absence of the hill. After that, we examine
the influence of the distance between the observation points and the hill on the EM field
components. We then present a comparison between three cases of the WT location on
the hill. At the end of this study, the obtained results show that the presence of the hill
causes a reduction in both the vertical electric and azimuthal magnetic field magnitudes,
and it increases the time of arrival (ToA) of these waves. However, the rise time is
slightly affected (difference of 0.1 ps). Furthermore, the wave shape, rise time, and the
ToA are affected by the change in distance. The change in the WT locations affects the
initial peak of the EM field components. The 3D-FDTD approach yields efficient results
of lightning EM fields. In future studies, we plan to consider more complex geometries

that are closer to reality, particularly by taking into account soil conductivity.

1. INTRODUCTION

Wind turbine towers (WTT) are characterized by their high
altitude and pointed blades (appearance of high electric fields
at the pointed electrode); these two conditions make wind
towers (WT) exposed to lightning strikes. Thus, the interaction
between lightning and WTs results in the propagation of a
current along the WT and along the lightning channel.
Furthermore, the current propagation generates an
electromagnetic (EM) field, which can be coupled to electric,
electronic, and telecommunication systems. The coupling
phenomenon can affect the proper functioning or cause the
complete shutdown of these systems.

Thus, to quantify the lightning EM disturbances on the
different systems, it is essential to adopt numerical methods
such as the finite-difference time-domain (FDTD) method [1],
the Method of Moments (MoM) [2], and the Finite-Element
Method (FEM) [3]. In this context, several papers have been
published, aiming to study lightning strikes on WTs and their
effects on systems installed on these WTs or on those located
at close or far distances from them. Among these works, Wang
and Zhang [4] developed a numerical method for determining
the transient electric field inside WTs struck by lightning. This
method is based on the use of a coupled Resistor, Inductor, and
Capacitor (RLC) network to model the tower and the
computation of the network lightning transient responses by
solving its equivalent circuit. The validity of the proposed
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method has been confirmed by comparing the obtained results
with simulation results. Nagao et al. [5] used the FDTD
method to calculate the transient current distributions within
the grounding systems of a wind-turbine-generator (WTQG)
tower struck by lightning and its neighboring WTG tower.
They then calculated, using the same method, the transient
electric field inside these towers. Relevant conclusions were
reached in this study, particularly regarding the reduction of
the electric field. Yamamoto et al. [6] carried out analytical
and experimental investigations of magnetic-field transitions
in a WT nacelle. The authors used the FDTD method for the
analytical studies and a reduced-scale WT generator model for
the experimental investigation. Wang and Zhang [7] presented
an efficient algorithm for computing the effects of magnetic
transients in a WT tower struck by lightning. The obtained
results made it possible to identify potential hazards and to
design appropriate lightning protection systems. Ahmed and
Ishii [8] analyzed the lightning surge response of
interconnected WT grounding systems using both the
Numerical Electromagnetic Code (NEC-4), based on the
MoM, and a Virtual Surge Test Lab (VSTL) employing the
FDTD method. The results obtained using the NEC code and
the VSTL were then compared to assess the usefulness of these
two methods for the transient analysis of large grounding
systems. Rizk et al. [9] used the FDTD method to compute the
earth potential rise (EPR) and the transient grounding
resistance (TGR) in order to investigate the grounding system
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of the lightning protection system associated with wind power
generation systems. Several grounding system configurations
were investigated using the FDTD method, which is well
suited for modeling the three-dimensional geometric
complexity of the structure under study.

Rizk et al. [10] studied, using the 3D-FDTD method, the
impact of ground conductivity, relative permittivity, the
position of the struck WTT, and the lightning current rise time
on the lightning EM fields impinging on the underground
cable sheath. The results clearly demonstrated the influence of
soil conductivity, ground permittivity, and the position of the
struck WTT on the lightning current flowing through the cable
sheath and its associated electric field. The study [11] used the
same method to calculate, for different ground configurations,
the lightning-induced voltages (LIVs) appearing on a three-
phase overhead line due to strokes to a nearby grounded WTT.
The influence of ground permittivity on the peak values of the
LIVs was also examined in this study. Araneo and Celozzi [12]
proposed a hybrid approach to analyze the transient behavior
of WT earthing systems under lightning strikes. The hybrid
approach combines circuit theory with the MoM in the
frequency domain. The results obtained provided a better
understanding of the nature of the early-time transient
response of the grounding systems under consideration and
enabled the development of useful design guidelines.

Pham [13] addressed the effects of lightning-induced
overvoltages on WTs and mixed overhead-cable lines using
the Electromagnetic Transients Program (EMTP). Sun et al.
[14] presented a surge analysis of lightning strikes on overhead
lines in a wind farm. In this study, mathematical models of the
different system components were implemented in the EMTP
environment to obtain relevant results and insights. Nam et al.
[15] analyzed, using the Electromagnetic Transient
Program/Alternative Transients Program (EMTP/ATP),
several factors affecting lightning overvoltages when lightning
strikes a WT blade in a wind farm. Based on this analysis, the
authors established guidelines for selecting an effective WT
protection system. Upward lightning (UL) at WTs was
investigated by Stucke et al. [16] using direct UL
measurements conducted at instrumented towers. Their study
aimed to evaluate the effectiveness of upward lightning
detection by lightning location systems (LLSs). Cai et al. [17]
proposed introducing an impedance discontinuity within the
turbine into the electric-field calculation model for WT return
strokes. The results demonstrated that models assuming
constant reflection coefficients are inaccurate, whereas
adopting variable reflection coefficient values yields a more
accurate agreement. Da Silva et al. [18] examined the
performance of a wind farm turbine grounding system
(WTGS) interconnected by an overhead ground wire (OHGW)
and compared it with a traditional WTGS interconnected by
underground bare cables for soils with low-frequency
resistivities. The full-wave EM software XGSLab was used to
model the wind farm, and the transient responses were
calculated using the Partial Element Equivalent Circuit
(PEEC) method. The study showed that the transient responses
increase with increasing soil resistivity. Moreover, the WTGS
interconnected by an OHGW generates higher transient
currents and ground potential rise (GPR) at adjacent transition
poles, whose function is to directly connect the power cables
to the medium-voltage distribution line, than those obtained
with the traditional WTGS interconnected by underground
bare cables.

Indeed, all previous studies [4-18] were carried out
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assuming flat ground conditions. However, in reality, wind
farms are often located in regions characterized by complex
topography where WTs are installed on hills. The presence of
such geographical reliefs can significantly affect the
propagation of EM disturbances radiated by lightning strikes
to WTs. This effect is related to the elevation, shape, and
relative position of the WTs on the hills. Moreover, all studies
employing the FDTD method for modeling purposes are based
on the Yee algorithm [1]. When applied to three-dimensional
problems, this algorithm requires the implementation of
complex boundary conditions, such as perfectly matched
layers (PMLs) [19].

Against this background, the novelty of the present work
lies in studying, analyzing, and evaluating for the first time the
influence of hills on the EM field components generated by
lightning strikes to WT. To the best of the authors’ knowledge,
this is the first study in which a three-dimensional FDTD
method with uniaxial perfectly matched layer (UPML)
boundary conditions, based on the Taflove formulation [20-
22], is applied to model this problem geometry. The Taflove
formulation enables the simultaneous computation of EM field
components and the implementation of UPML boundary
conditions, which results in a significant reduction in
computational time.

In this investigation, three different WT positions and two
observation points are considered. To achieve this objective,
the transmission line (TL) model [23], extended to account for
a tall strike object [24], is employed to describe the current
distribution along the lightning channel and within the WT. A
comparative analysis of the results obtained in the presence
and absence of a hill is then performed to draw meaningful
conclusions. The EM field components are computed at two
different distances from the hill foot. Three parameters are
considered in this comparative study: the magnitudes of the
EM field components, the rise time, and the time of arrival
(ToA). The numerical code developed for this purpose was
validated in study [22].

2. METHODOLOGY AND MODELING
2.1 Geometry

In order to achieve the main objective described previously
in the Introduction section, the geometry illustrated in Figure
1 is adopted. As shown in Figure 1(a), a WTT is placed at the
top of a hill. The WTT has a total height of 155 m, including
three blades, each with a length of 60 m. As illustrated in
Figures 1(b) and 1(c), the considered hill is characterized by a
trapezoidal profile in the y-z plane. The top of the hill has a
rectangular shape with a length of 800 m and a width of 96 m
in the x-y plane. The base of the hill is also rectangular, with
dimensions of 800 m x 440 m in the x-y plane. The height of
the hill is 200 m, and its slope angle is 30°. Indeed, the ground
depth beneath the base of the hill is 300 m. The WT is struck
by lightning with a channel height of 850 m, measured
between the tip of the WT blade and the cloud. The
computational domain accommodating the previously
described system has dimensions of 800 m x 1360 m x 1505
m along the x-, y-, and z-axes, respectively. The observation
points, at which the EM field components are computed, are
located at horizontal distances of 50 m and 500 m from the
foot of the hill along the y-axis direction.
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Figure 1. Geometry adopted for the computation of the lightning electromagnetic field

2.2 Modeling

The EM field components were calculated using the 3D-
FDTD method based on the Taflove formulation. This method
requires discretization of the entire computational domain into
cubic or parallelepiped cells. In this study, a cell size of 5 m x
4.8 m x 5 m was adopted. The discretization step along the y-
axis (4.8 m) was selected to ensure a hill slope angle of 30°.
The time step was set to 3 ns in accordance with the Courant-
Friedrichs-Lewy (CFL) stability condition [25], and the total
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observation time was 10 pus. UPML boundary conditions were
applied at the six faces of the computational domain to
eliminate unwanted reflections from the domain boundaries.
Since the distance between the observation points and the WT
does not exceed one kilometer, the soil was assumed to be
perfectly conducting (i.e., having infinite conductivity). This
assumption has been validated in several previous studies [26-
28].

The adopted 3D-FDTD method based on the Taflove
formulation is expressed by Egs. (1(a-d)) as follows:
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Similar expressions can be derived for the remaining
electric and magnetic field components along the y- and z-
axes.
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where,

d: The PML area thickness.

x: A positive integer corresponding to the layer number
(0<x<d).

In Egs. (1a) and (1b), D} and E} represent the electric
density and the electric field intensity along the x- axis and at

the step of time n, respectively. The parameters By *1/2 and

Hy *1/2 represent the magnetic flux density and the magnetic
field intensity, respectively, as given in Egs. (1c) and (1d).
These quantities are also defined along the x-axis but at the
half time step, since each magnetic field component is located
between two electric field components and vice versa. The
indices i, j, and k denote the spatial position indices. By
defining the multiplicative coefficients of the electric and
magnetic field components and their corresponding flux
densities, a unified treatment of these quantities can be
achieved in both the interior computational domain and the
PML region. Moreover, the parameters ¢ and K, associated
with the computational domain, depend on the nature of the
medium. For example, in free space, their values are 0 =0 and
K =1, whereas in the PML region these parameters are
assumed to follow a polynomially graded profile, as given by
Egs. (2) and (3).

In this study, the source of EM disturbances is represented
by the lightning current. The mathematical modeling of the
latter can be carried out in two steps. The first step consists of
specifying the injected current at the top of the WT, which
corresponds to the attachment point between the lightning
channel and the WT. The second step concerns the
spatiotemporal distribution of the lightning current along the
WT and the lightning channel.

The injected current at the top of the WT is modeled as the
sum of two Heidler functions [29], representing a subsequent
return stroke, as expressed in Eq. (7). All numerical
parameters used in this simulation are listed in Table 1.
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where, io1 and ip, denote the current amplitudes, 71, and 74,
are the front time constants, 7,; and 7,, are the decay time
constants, and 7, and n, are the exponents.
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The spatial and temporal distribution of the lightning
current along the WT and the lightning channel is modeled
using the TL model [23], extended to account for the presence
of a tall object, as developed by Baba and Rakov [24]. The
mathematical expressions of this model are given in Egs. (8)
and (9), where pj,; and py,,, denote the reflection coefficients
of the current wave at the bottom and at the top of the WT,
respectively, as defined in Egs. (10) and (11).
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where, “n” is an index representing the number of reflections
occurring between the top and the bottom of the tall object; “c”
is the speed of light speed (3 x 108 m/s); “v” is the lightning
current propagation speed along the lightning channel (v=1.5
x 108 m/s); and /. denotes the lightning short-circuit current.
In addition, Z; is the characteristic impedance of the lightning
channel, Z,, is the ground impedance, and Z,,, is the tower
impedance. The reflection coefficients (pvot, Prop) are set to Puot
=1 and pp = —0.5; these values were also adopted by Baba
and Rakov [24].

Table 1. Channel-base current parameters

i02(KA) T3 (18) T2 (15) i m
6.5 2.1 230 2 2

i1 (KA) 745 (15) T35 (15)
10.5 0.25 2.5




3. RESULTS AND DISCUSSION
3.1 Lightning current

Figure 2 illustrates the injected current used as a source at
the top of the WT blade, which represents a pointed location
capable of attracting the lightning leader. The current
waveform is computed using Eq. (7) and the parameters listed
in Table 1. It can be observed that the resulting current exhibits
a pulse-shaped waveform, with a peak magnitude of 12 kA
reached at 0.7 us, which corresponds to the current rise time.

The propagation of the current wave along the WT and the
lightning channel has been simulated and analyzed. The
spatiotemporal current distribution along the WT is computed
using Eq. (8), whereas the current distribution along the
lightning channel is obtained using Eq. (9).

Figure 3 illustrates the space-time variations of the lightning
current wave. According to these results, the maximum current
value is observed at the bottom of the WT, as it corresponds to
the superposition of the incident and reflected waves at ground
level. The results also show that the current waveforms
computed at the top of the WT and at heights of 250 m, 500
m, and 750 m above the turbine top exhibit identical shapes
and amplitudes. This behavior is attributable to the use of the
TL model, in which the current propagates along the lightning
channel without attenuation or distortion. All current pulses
exhibit multiple oscillations caused by multiple reflections of
the current wave between the upper and lower points of the
WT. However, these oscillations are damped as the simulation
time progresses, since they are associated with transient
phenomena. The rise time of all current pulse is 0.7 ps.
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Figure 2. Waveform of the uncontaminated current used in
the computations
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Figure 3. Waveforms of the contaminated current used in the
computations

3.2 Electromagnetic field components
Three case studies related to the EM field computation are

carried out. The first case investigates the influence of the
presence of hills on the EM field components. The second case
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examines the effect of the WT location relative to the hill on
the EM field waveforms and their magnitudes. The third case
addresses the influence of the distance between the
observation points and the hill on the EM field components.

3.2.1 Influence of hill presence on the electromagnetic field

Figure 4 presents the time variations of the vertical electric
field “E.”. The results compare two cases: the presence of the
hill and the absence of the hill. This comparison is performed
to assess the influence of the hill on the propagation of the EM
field generated by lightning strikes to the WT. The EM field is
evaluated at an observation point located 500 m from the
bottom side of the hill, as shown in Figure 1. Table 2
summarizes the comparison between the two cases,
considering three parameters: the peak magnitude, the rise
time, and the ToA.

According to the results plotted in Figure 4 and the
numerical values reported in Table 2, the initial peak of the
vertical electric field E. is significantly affected by the
presence of the hill. Specifically, the initial peak decreases
from 1.1 kV/m in the absence of the hill to 0.55 kV/m when
the hill is present. In contrast, the rise time is only slightly
influenced by the ground geometry in both cases (flat ground
and ground with a hill). In the presence of the hill, E. reaches
its maximum value at 1.1 us, whereas in the absence of the
hill, the maximum occurs at 1.0 ps.

1500 = Presence of hil
|= = Absenceofhil
L
E 1000 r 1 \‘
‘:e; I o . N
i ! “ ! ~
W 500 ! ’
I
1
1
0
0 2 4 6 8 10
Time (ps)

Figure 4. Vertical electric field £. waveforms at a distance of
500 m from the hill

Note: The solid line represents the case with the hill present, whereas the
dashed line corresponds to the case without the hill.

Table 2. Effect of the presence of a hill on the initial peak
magnitude, rise time, and time of arrival (ToA) of E.

Parameters Presence of Hill Absence of Hill
Ezmax (kV/m) 0.55 1.1
Rise time (us) 1.1 1
ToA (us) 2.95 2.77

Furthermore, the summarized results in Table 2 indicate that
the ToA is influenced by changes in the ground structure.
Specifically, the ToA in the presence of the hill reaches 2.95
us, which is longer than the value obtained in the absence of
the hill (2.77 ps). In both computed electric field waveforms,
multiple peaks are observed, resulting from multiple
reflections of the lightning current wave between the upper
point of the WT blade and the base of the WT. In addition, all
computed electric field values are positive. Overall, the
simulated vertical electric field is significantly affected by the
presence of the hill in terms of peak magnitude and ToA,
whereas the rise time is only slightly influenced by the change
in ground geometry from flat terrain to hilly terrain.

The simulation results for the azimuthal magnetic field are



presented in Figure 5. In this figure, the case with the hill
present is represented by a solid blue line, whereas the case
without the hill is depicted by a dashed red line. Table 3
summarizes the comparison of the parameters obtained for
each case considered in this study.

The results presented in Figure 5 and Table 3 allow the
following conclusions to be drawn:

*The peak magnitude of the azimuthal magnetic field is
significantly affected by the ground structure. It reaches 1.65
A/m in the presence of the hill and 2.73 A/m in the absence of
the hill.

*The rise time is only slightly influenced, being equal to 1.0
ps when the hill is present and 1.1 ps in the absence of the hill.

*A difference of 0.18 ps is observed in the ToA between the
two cases. The ToA is 2.95 ps in the presence of the hill and
2.77 ps in its absence.

*Both azimuthal magnetic field waveforms exhibit multiple
oscillations, caused by reflections of the lightning current
wave between the top of the WT blade and the base of the WT.

3 . +
- = Presence of hill
251 1\ = = Absenceofhil
— 2+ 1 ' b} 4
g‘ 1 1] LS L T
L15¢
>
I 1t
05
0 I
0 2

Time (us)

Figure 5. Azimuthal magnetic field waveforms at a distance
of 500 m from the hill

Note: The solid line represents the case with the hill present, whereas the
dashed line corresponds to the case without the hill.

Table 3. Effect of the presence of a hill on the initial peak
magnitude, rise time, and time of arrival (ToA) of Hx

Parameters Presence of Hill Absence of Hill
HY max (A/m) 1.65 2.73
Rise time (ps) 1.1 1
ToA (us) 2.95 2.77

The differences observed in the parameter values are mainly
attributed to variations in the distance between the WT and the
observation points. This distance is 720 m in the absence of
the hill and 747 m when the hill is present. In addition, the
differences are related to the elevation of the WT relative to
the flat ground, which is 0 m in the absence of the hill and 200
m in the presence of the hill. These elevation differences
modify the propagation paths of the EM field waves, thereby
directly influencing the parameters considered in the
comparative analysis.

3.2.2 Effect of the distance between the hill and the
observation points

The vertical electric field and the azimuthal magnetic field
are simulated at two horizontal distances from the base of the
hill, namely 50 m and 500 m. Figure 6 shows the resulting
vertical electric field waveforms, where the dashed red line
corresponds to the results obtained at 50 m, while the solid
blue line represents those computed at 500 m.

The numerical comparison of the parameters obtained at the
two considered distances is presented in Table 4.

940

800

600

400 F

Ez (V//m)

200

Time (us)

Figure 6. Vertical electric field E. waveforms computed at

two distances from the hill
Note: The solid line represents the case at 500 m, whereas the dashed line
corresponds to the case at 50 m.

Table 4. Effect of the distance from the hill on the initial
peak magnitude, rise time, and time of arrival (ToA) of E.

Parameters 50 m 500 m
Rise time (ps) 1.48 1
ToA (ps) 2 2.95

According to the results plotted in Figure 6 and the
numerical values reported in Table 4, the vertical electric field
waveform is significantly affected by the change in distance
from 50 m to 500 m. The waveform computed at 50 m exhibits
a pulse shape with a peak magnitude of 0.73 kV/m, reached at
a rise time of 1.48 ps, and a ToA of 2.0 ps. This pulse is
directly damped without the appearance of oscillations. In
contrast, the electric field waveform, calculated at a distance
of 500 m, clearly exhibits oscillations. In this case, the peak
magnitude is 0.55 kV/m, occurring at a rise time of 1.0 ps, and
the electric field reaches the observation point (at 500 m) at a
ToA of 2.95 ps.

2 T T T T

1571

Hx (A/m)

05

Time (us)

Figure 7. Azimuthal magnetic field waveforms computed at

two distances from the hill
Note: The solid line represents the case at 500 m, whereas the dashed line
corresponds to the case at 50 m.

Table 5. Influence of the distance from the hill on the initial
peak magnitude, rise time, and time of arrival (ToA) of H.

Parameters 50 m 500 m
Rise time (us) 1.44 1
ToA (us) 2 2.95

Figure 7 presents the computed azimuthal magnetic field
results at horizontal distances of 50 m and 500 m from the
bottom of the hill. Table 5 provides a numerical comparison
between the two cases considered in this part of the study.

For the case of the magnetic field computed at an



observation point located 50 m from the hill base (represented
by the dashed red line), the waveform exhibits a pulse shape
with a peak magnitude of 1.78 A/m, arise time of 1.44 us, and
a ToA of 2.0 us. After reaching its peak, the pulse decays
exponentially and exhibits small oscillations at approximately
4.5 pus and 6.5 ps. In contrast, for the second case
corresponding to the magnetic field computed at an
observation point located 500 m from the hill base, the
waveform displays an oscillatory pulse shape. The first peak
reaches a magnitude of 1.65 A/m, with a rise time of 1.0 us,
and the signal arrives at the observation point after 2.95 us
(ToA).

In conclusion, the EM field components, namely the vertical
electric field and the azimuthal magnetic field, are
significantly affected by the change in distance between the
observation point and the bottom of the hill from 50 m to 500
m.

The physical origin of the observed differences between the
EM field components computed at the two considered
distances from the hill (50 m and 500 m) is related to the
relative positions of the observation points. The first
observation point, located at a short distance of 50 m from the
bottom of the hill, is weakly affected by multiple reflections of
the lightning current wave between the top and the base of the
WT. In contrast, the second observation point, situated at a
distance of 500 m, is more exposed to interaction phenomena
between the lightning channel and the WT. As a result,
multiple oscillations appear in the corresponding field
waveforms. These oscillations are caused by multiple
reflections of the lightning current wave between the top of the
WT and the bottom of the hill (Table 5).

3.2.3 Influence of the wind tower location on the hill

The investigation of the effect of the WT position on the
EM field components constitutes the final part of this study.
For this purpose, three cases are considered. In the first case,
the WT is placed at the top of the hill. In the second case, the
WT is located at the midpoint of the inclined surface of the
hill.

Furthermore, although WTs are rarely installed at the base
of hills, this configuration is considered here solely for
comparative purposes. It should be noted that, in all three
cases, the WT is located at a distance of 400 m from the front
boundary of the computational domain. Moreover, two
observation points are considered in this investigation: the first
is located at a horizontal distance of 50 m from the bottom of
the hill, and the second at a distance of 500 m from the hill
bottom.
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Figure 8. Vertical electric field £z waveforms computed at
50 m from the hill for three wind turbine (WT) positions on
the hill
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Table 6. Influence of the wind turbine (WT) location on the
initial peak magnitude, rise time, and time of arrival (ToA) of

E:
Parameters  Top of Hill Middle of Hill Bottom of Hill
E- max (kV/m) 0.73 1.32 -53
Rise time (ps) 1.48 1.2 0.96
ToA (ps) 2 1.05 0.6

Figure 8 shows the computed vertical electric field at the
first observation point (50 m) for the three considered WT
positions on the hill. The solid blue line represents the case
where the WT is located at the top of the hill. The red dashed
line corresponds to the WT positioned at the midpoint of the
inclined surface, while the green dotted line represents the case
where the WT is placed at the bottom of the hill.

Table 6 presents the numerical results of the vertical electric
field component, including the maximum value of the first
peak, the rise time, and the ToA.

The comparison between the plotted waveforms and the
numerical results corresponding to the three investigated cases
leads to the following observations:

*WT located at the top of the hill: The computed vertical
electric field exhibits a pulse waveform with a maximum
magnitude of 0.73 kV/m, a rise time of 1.48 ps, and a ToA of
2 ps. The pulse increases from zero to its maximum value and
then decreases exponentially until it returns to zero.

*WT located at the middle of the inclined surface of the hill:
In this case, the electric field waveform rises from zero to a
maximum value of 1.32 kV/m, with a rise time of 1.2 pus and a
ToA of 1.05 ps. After reaching its peak, the field decays
exponentially toward zero.

*WT located at the bottom of the hill: The electric field
waveform is characterized by a polarity reversal, changing
from negative to positive values. This behavior is attributed to
the reflection of the EM field wave at the hill wall, which is
located at a very short distance from the observation point. The
dominant peak occurs in the negative polarity, with a
maximum magnitude of —5.3 kV/m and a rise time of 0.96 ps.
Subsequently, the field increases to reach zero at 2.66 us, then
continues increasing to attain a positive value of 1.9 kV/m.
Afterward, oscillations appear in the waveform. The ToA in
this case is 0.6 ps.

Figure 9 shows the computed vertical electric field
component at a horizontal distance of 500 m from the bottom
of the hill. Table 7 presents a comparison of the numerical
values of the vertical electric field for the different WT
positions.
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Figure 9. Vertical electric field £z waveforms computed at a
horizontal distance of 500m from the hill for the three
considered wind turbine (WT) positions on the hill



Table 7. Effect of the wind turbine (WT) location on the
initial peak magnitude, rise time, and time of arrival (ToA) of

Ez
Parameters  Top of Hill Middle of Hill Bottom of Hill
Rise time (ps) 1 1 1.1
ToA (us) 2.95 2.1 1.7

It should be noted that, for all WT locations, the electric
field remains positive, with no polarity reversal. The
magnitude and rise time of the first peak obtained for the WT
located at the top, middle, and bottom of the hill are,
respectively, 0.55 kV/m at 1 ps, 0.6 kV/m at 1 ps, and 1.05
kV/m at 1.1 ps. Furthermore, the maximum electric field
values observed for these three cases are 0.55 kV/m at 4 ps,
0.9 kV/m at 5.25 ps, and 1.16 kV/m at 6.8 us, respectively.
The corresponding ToA are 2.95 us for the WT located at the
hilltop, 2.1 ps for the WT positioned at the middle of the
inclined surface, and 1.7 ps for the WT placed at the bottom
of the hill.

These results indicate that the maximum amplitude of the
first peak decreases when moving from the case where the WT
is located at the bottom of the hill to the case where it is placed
at the top, with intermediate values for the WT positioned on
the inclined surface. Conversely, the ToA increases from the
bottom to the top position of the hill. The rise time is only
slightly affected by the change in the WT position relative to
the hill. The observed differences in the electric field
parameters are mainly attributed to the variation in the direct
distance between the observation point and the different WT
locations on the hill.

The azimuthal magnetic field is also investigated for the
three WT positions on the hill and for two horizontal distances
from the bottom of the hill (50 m and 500 m). Figure 10 shows
the temporal variations of the azimuthal magnetic field
component H,, while Table 8§ summarizes the numerical
values of the maximum magnitude of the initial peak, the rise
time, and the ToA of H, obtained for the three cases.
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Figure 10. Azimuthal magnetic field H, waveforms
computed at 50 m from the hill for three wind turbine (WT)
positions on the hill

Table 8. Influence of the wind turbine (WT) location on the
maximum magnitude of the initial peak, the rise time, and the

Thus, at the observation point located 50 m from the bottom
of the hill, the first peak reaches a maximum magnitude of 1.78
A/m, with a rise time of 1.44 ps and a ToA of 1.88 ps, for the
case where the WT is installed at the top of the hill. For the
WT positioned at the middle of the inclined surface of the hill,
the first peak is characterized by a maximum amplitude of 3.27
A/m, arise time of 1.67 us, and a ToA of 1 us. When the WT
is installed at the bottom of the hill, the first peak reaches 32.9
A/m, with a rise time of 0.97 us and a ToA of 0.6 ps.

It should be noted that the highest amplitude of the
azimuthal magnetic field is obtained for the WT located at the
bottom of the hill, as this configuration corresponds to the
shortest distance between the WT and the observation point.
Moreover, the maximum amplitude of the first peak, the rise
time, and the ToA are significantly affected by the WT
position on the hill.

Figure 11 shows the simulation results of the azimuthal
magnetic field H, calculated at a horizontal distance of 500 m
from the bottom of the hill. The corresponding numerical
results are reported in Table 9. According to these results, it is
clearly observed that the waveforms, the maximum magnitude
of the initial peak, and the ToA are significantly affected by
the change in the WT position on the hill. However, the rise
time is not influenced by the WT location.

For the first case, where the WT is located at the top of the
hill, the maximum magnitude of the initial peak is 1.65 A/m,
the rise time is 1 ps, and the ToA is 2.95 pus. When the WT is
placed at the middle of the inclined surface of the hill, the
initial peak reaches a maximum value of 1.73 A/m, with a rise
time of 1 us and a ToA of 2.1 ps. In the last case,
corresponding to the WT installed at the bottom of the hill, the
initial peak exhibits a maximum magnitude of 2.75 A/m, the
rise time remains equal to 1 ps, and the ToA decreases to 1.7
us.

Therefore, for an observation distance of 500 m from the
bottom of the hill, the highest initial peak magnitude of H, is
obtained when the WT is located at the bottom of the hill, as
this configuration corresponds to the shortest distance between
the WT and the observation point.
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Figure 11. Azimuthal magnetic field H, waveforms
computed at 500 m from the hill for three wind turbine (WT)
positions on the hill

Table 9. Influence of the WT location on the maximum
magnitude of the initial peak, the rise time, and the time of

time of arrival (ToA) of H; arrival (ToA) of H,
Parameters  Top of Hill | Middle of Hill Bottom of Hill Parameters  Top of Hill Middle of Hill Bottom of Hill
Hy max (A/m) 1.78 3.27 329 Hyx max (A/m) 1.65 1.73 2.75
Rise time (ps) 1.44 1.67 0.97 Rise time (us) 1 1 1
ToA (us) 1.88 1 0.6 ToA (us) 2.95 2.1 1.7
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4. CONCLUSION

In this paper, the 3D-FDTD method, combined with the TL
model extended to include a tall object, has been implemented
to investigate the EM fields generated by lightning strikes to a
WT blade in the presence of a hill. The main objective was to
extract relevant information regarding the key parameters of
the resulting EM fields. To this end, several comparative
analyses were conducted.

The obtained results demonstrate the effectiveness of the
proposed approach based on the Taflove formulation of the
3D-FDTD method. This numerical method enables the
investigation of the influence of geographical reliefs on the
propagation of lightning-induced EM fields. The
quantification of the EM field components facilitates the
evaluation of their coupling with various systems, thereby
contributing to the design of appropriate protection measures
against EM disturbances.

Future work will focus on modeling and simulating more
complex scenarios, including grounds with finite conductivity
and the presence of water bodies such as rivers and lakes. In
addition, the coupling between lightning-induced EM fields
and overhead or buried systems connected to WTs will be
considered as a perspective for further investigations.
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NOMENCLATURE

E.E, E. Electric field components

H,, H,, H.  Magnetic ficld components

i(0,f) Lightning current at the channel base
iot, {02 Current amplitudes.

K K, K. Real number

ni, ny Exponents

R(6) Reflection error

t Time

% Lightning return stroke velocity

AX, Ay, Az  Space increment

I Lightning short-circuit current

Zen Lightning channel characteristic impedance
Zor Ground impedance

Ziow Tower impedance

Greek symbols

e Absolute permittivity
er Relative permittivity
n Characteristic wave impedance
m, N2 Numerical coefficients
0 Incidence angle
u Absolute permeability
o Electric conductivity
T11, T12 Front time constants
T21, T2 Decay time constants
Reflection coefficients of the current wave
Poot: Ptop 4t the bottom and at the top of the WT
Subscripts
i, k Position indices
X,V z Cartesian coordinates
n Time step indices
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