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Abstract—Wind turbines (WTs) can be seriously damaged
by lightning strikes and they can be struck by a significant
number of flashes. This should be taken into account when the
WT lightning protection system is designed. Moreover, WTs
represent a path for the lightning current that can modify
the well-known effects of the lightning discharge in terms of
radiated electromagnetic fields, which are a source of damage
and interference for nearby structures and systems. In this
paper, a WT struck by a lightning discharge is analyzed with
a full-wave modelling approach, taking into account the details
of the WT and its interactions with the lightning channel. The
effects of first and subsequent return strokes are analyzed as
well as that of the rotation angle of the struck blade. Results
show that the lightning current along the WT is mainly affected
by the ground reflection and by the reflection between the struck
blade and the channel. The computed electromagnetic fields
show that, for subsequent return strokes, the presence of a
WT almost doubles their magnitude with respect to a lightning
striking the ground. Such enhancement is emphasized when the
inclined struck blade is considered.

Index Terms—Lightning, wind turbines, renewable, lightning
at tall structures, return stroke current, lightning electromag-
netic pulse.

I. INTRODUCTION

IND energy has progressively become one of the

fastest developing and widely used power sources
in many countries around the world. The estimated electricity
production from wind power in the European Union is 426
TWh in 2019, supplying 14% of the total demand; the installed
power in the European Union reached 167.6 GW in 2019,
with an increase of 10 GW of capacity, compared to just over
8.7 GW in 2018 [1].

The height of WTs and their location, often in mountainous
regions, makes them very exposed to the lightning hazard
[2], [3]. Tall WTs attract downward flashes, but they initiate
an appreciable number of upward flashes as well [4]. The
proportion of initiated upward flashes depends on different
factors such as the structure height and the local terrain
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elevation [5], [6]. The rotation of the blades may also trigger
lightning [7]-[9]. Field observations revealed that a significant
number of direct lightning strikes are experienced by WTs
during their lifetime [10], [11]. Lightning attachment to WTs
may cause severe damages and high repair costs, considering
materials, labor, insurance claims and downtime [12]-[15].
Lightning hazard is expected to increase with the development
of technology, since new generation WTs are characterized by
greater heights, ever smaller and more vulnerable electronics
and poor-conductivity carbon-fiber composite reinforcements
in the rotor blades [7].

WT lightning protection is addressed in detail in the IEC
61400-24 standard [16]. Typically, the lightning attachment
occurs at the air-termination system installed on rotor blades;
then, through the metal conductor that runs inside the rotor
blade, the lightning current is transferred into the hub, the
nacelle and it then flows along the WT tower and dissipates
into the ground through the earth-termination system.

The aim of this paper is to perform an accurate analysis
of the WT transient response to direct lightning strikes in
order to get the spatial-temporal current distribution along
the WT and in the lightning channel. The obtained current
waveforms are used to compute the radiated ElectroMagnetic
(EM) fields from which one can calculate the over-voltages
induced on nearby electrical systems (power distribution lines,
in particular) and assess the effects of the presence of the
WT. Actually, it has been found that the presence of a tall
strike object may significantly increase — up to a factor of
about three — the electric and magnetic field peaks and their
derivatives at a distance exceeding its height (e.g., [17], [18]).

Due to their high amplitude and steepness, lightning cur-
rents may cause extremely high potential differences inside the
WT, giving rise to dangerous over-voltages on electrical and
electronic components [19]. The transient analysis presented
in this paper may be applied to improve the design of measures
against undesirable sparking (separation distances between
conductors, insulation of conductors, equipotential bonding,
surge protection devices).

The paper is organized as follows. Section II discusses
the problem of modelling lightning-return strokes to tall
objects, with particular focus on WTs. The adopted model is
completely described in Section III (geometries and materials,
numerical method, challenges and assumptions). Section
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IV aims at presenting and discussing the obtained results
(current distributions and radiated EM fields). Finally, some
conclusions are drawn in Section V.

II. LIGHTNING RETURN STROKES TO TALL STRUCTURES

The interaction of lightning with tall strike-objects has
received considerable interest in the last two decades (e.g.,
[20]) and several return-stroke models have been proposed
(see [21] for a review). The models are extensions of
those originally developed for the case of return strokes
initiated at ground. The presence of a tall strike-object has
been considered in two classes of return stroke models, the
engineering models and the electromagnetic or Antenna-
Theory (AT) models, as defined in [22].

Engineering models generally assume two current pulses
injected in both directions (the strike object and the lightning
channel). The upward wave propagates along the channel at
the imposed return-stroke speed (usually between one third
and half of the light speed). The downward wave propagates
at the speed of light along the strike object, represented as
a lossless uniform Transmission Line (TL) characterized by
constant reflection c oefficients at its ex tremities, which are
estimated a priori from experimental results and/or general
considerations. More general and straightforward formulations
of these models have been allowed by either a distributed-
source representation of the channel [23], or a lumped series
voltage source at the junction point between the channel and
the strike object [24]. Expressions for calculating the reflection
coefficients as a function of frequency at the bottom of the
strike object were presented in [25]. TL approaches have been
successfully applied to tall structures with complex geometries,
such as transmission towers (pylons) [26]—[28].

In AT models (e.g., [29], [30]), instead, the strike object is
represented by a wire structure and the lightning channel by a
lossy vertical wire antenna. The lightning current is injected
by a voltage source at the interface channel-strike object and
the Maxwell’s equations are solved using a numerical method
such as the Method of Moments (MoM) [31]. To reproduce a
current wave speed of propagation in the channel consistent
with available optical observations (i.e., values lower than the
speed of light in vacuum), different channel representations
have been proposed in the literature with the use of techniques
aimed at artificially reducing the propagation speed [32]. A
perfectly conducting ground is typically assumed, even though
the ground finite c onductivity and the e arthing s ystem of the
tall structure were considered in some analyses (e.g., [33],
[34]).

A number of transient analyses of WT under lightning
strikes have been proposed in the literature. Most studies are
based on the TL modelling approach and the EMTP-ATP
(Electromagnetic Transients Program - Alternative Transient
Program) software is used to simulate a lightning strike to
one of the WT blades [19], [35]-[37]. The adoption of the TL
approach requires the determination of reflection coefficients
at the extremities of the strike object and at its main internal
structural discontinuities, which could be challenging for
complex tall structures such as WTs. This may affect the
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Fig. 1: Model of the lightning-return stroke to the WT (one blade
has been hidden in order to show the internal down-conductor).

accurate evaluation of the lightning current along the WT
components, leading to misunderstanding of the phenomenon.

Therefore, in this paper, a full-wave model of the WT
transient response to direct lightning strikes is proposed and
thoroughly described in Section III. Actually, the full-wave
approach allows considering a complete and accurate model of
the WT, with real geometries and materials, without imposing
restrictive approximations. Especially when experimental
measurements are not available, the full-wave modelling
approach may be more appropriate than the empirical formulae
used for the calculation of the characteristic impedance of WT
components that are used in some TL theory-based studies
(e.g., [37], [38]).

III. MODELING WIND TURBINES STRUCK BY LIGHTNING

In this section, the numerical model and the methods
adopted for the transient analysis of lightning-return strokes
to the WT are presented.

A. Model Description

Fig. 1 shows an exemplification of the model, i.e., a
lightning-return stroke to a horizontal-axis new generation
WT. The struck blade is aligned with the tower and oriented
upward. In the following, the case with the struck blade
inclined by 60° with respect to the tower axis is considered
too. The WT model consists of the following parts: three
67 m long blades made of Glass Fiber Reinforced Polymer
(GFRP), a 6 m diameter hub made of cast iron, a 20 m long
nacelle made of GFRP shells, and a 99 m tall tower made of
structural steel. A copper down-conductor is installed inside
the blade and connected with the hub in order to provide a
conductive path for the lightning current. The down conductor
diameter is set to the minimum value recommended in [16]
(8 mm). Table I lists the WT component geometry (diameter



TABLE I: WT model data: geometry and materials.

WT component  thickness [mm] material o [S/m]
blades 50 GFRP 10—2

hub 100 cast iron 2.106
nacelle 30 GFRP 1072
tower 30 structural steel 4 .106
down-conductor 8 (diameter) copper 6 -107
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Fig. 2: Grounding system equivalent circuit

for the down-conductor, thickness for the other parts) and the
conductivity values, o, of each component.

The other main parts of the model are the lightning channel
and the ground. The lightning channel is modelled as a long
vertical straight cylinder of 0.1 m radius with an electrical

resistance per unit length of 0.07 €2/m, in accordance with [39].

Even if, in principle, the channel radius and per unit length
resistance could be somehow affected by the peak current in
a non-linear way, lightning return stroke models are known
to predict with good accuracy the electromagnetic fields from
lightning without adding the complexity of the mentioned
non-linearities. Moreover, since the aim of this work is to
evaluate if WT enhances the effects of lightning strikes, we
decided to assume a model for the lightning channel which
has been deeply validated in previous work.

The grounding system of the WT is adapted from the circuit
described in [40] considering a CP20 grounding configuration
installed in a soil characterized by a ground conductivity
of 1 mS/m and a relative permittivity of 10. The equivalent
grounding system is a w-circuit, described in Fig. 2. The
parallel and series resistances R;, Ry and R are respectively,
28.75, 137.35 and 9.54 Q. C; and C5 are 1.07 and 5.66
nF, while the series inductance L is 12.5 pH. Then, the
assumption of Perfect Electric Conductor (PEC) ground is
adopted for the calculation of the electromagnetic fields in

accordance to many works in the literature (e.g., [29], [30]).

The lightning channel and the WT are connected at the contact
point as shown in Fig. 1, which is chosen as the vertex of the
vertical blade, where also the down-conductor is connected to
the blade. In addition to the WT and the lightning channel, the
other parts of the model are the ground and the background
medium (i.e., the air). The modeling of each of these parts
requires a particular attention and is thoroughly discussed in
Section III-D. Moreover, the ensemble of WT and lightning
channel is electrically long, therefore a suitable numerical
method must be chosen in order to consider the time delay

propagation of the EM fields.

Please note that in this framework, the upward connecting
leader from the WT to the downward connecting leader
has not been modelled since we are mainly interested in
the evaluation of the EM fields during the return stroke
phase, which is commonly regarded as the most critical
one. In order to verify the negligibility of the effect of
long upward connecting leaders, we performed simulations
assuming an upward connecting leader of length 100 m using
the bidirectional return stroke model of Willett et al [41]. The
results (not presented in this paper) show that the effect is
indeed negligible.

B. Numerical Method

Due to the open boundary nature of the problem and the
need of studying fast transient phenomena for electrically
long structures, the target problem is particularly tricky from
a computational point of view.

For these reasons, the well-known Finite Element Method
(FEM) is not the best solution since it would require the
modelling of a very large domain which includes the WT
and the lightning channel that, as will be discussed in the
following, must be several kilometers wide. Moreover, the
FEM would require sophisticated boundary conditions in order
to avoid spurious reflections of the electromagnetic fields.

Thus, in this paper, we decided to use and implement an ad-
hoc Integral Equation Method (IEM) which, contrary to FEM,
only requires the meshing of the active regions, i.e., the WT
and the lightning channel (therefore avoiding the discretization
of the background, i.e., the air). Moreover, Integral Equation
Methods naturally impose the correct boundary condition at
infinite distance.

Several IEMs exist, such as the well known Method
of Moments (MoM) or the Hybrid Electromagnetic Model
(HEM) [42]. However, for its generality and for the simplicity
of including lumped circuit elements in the full-Maxwell
EM problem, the Partial Element Equivalent Circuit (PEEC)
scheme has been chosen for the implementation of the method
[43], [44]. In this paper, transient analyses are carried out,
and therefore a time-domain version of the PEEC method
based on the Marching On-In-Time (MOT) scheme is adopted
[45], [46].

The choice of using a time-domain method with respect
to a frequency-domain approach is justified by the following
reasons: i) when a transient analysis is addressed by applying
the Fast Fourier Transform (FFT) and the Inverse-FFT (IFFT),
one should consider that the time-window chosen for the IFFT
must be long enough to allow all transients to be extinguished.
However, in general, it is not easy to know a priori how long
such time window should be, and therefore a computationally
expensive trial and error process is required. Moreover, ii)
when the transient analysis is carried out by means of FFT
and IFFT, the spurious reflections due to the finite length of
the channel must be considered in the chosen time-window.
Therefore, in order to avoid fictitious results, the lightning
channel should be taken long enough to allow for currents
which reflect when they reach the top of the channel to be



extinguished during the chosen time-window (please note
that considering a 50 ps time window and a return stroke
propagation speed v;. = € the channel length is 7.5 km).
Alternatively, one should impose a proper termination of the
lightning channel, which is no-doubt a difficult task. Finally,
iii) it is useful to remark that, contrarily to other works, where
the strike object is represented with an oversimplified model,
an accurate model of the WT is used in this paper. This
significantly increases the computational complexity of the
simulations when the FFT and IFFT are adopted.

C. Time Domain Approach

The MOT-PEEC method starts from the well-known Elec-
tric Field Integral Equation (EFIE) [43], i.e.,
~0A ér, t) 0

t

where E is the electric field, A is the magnetic vector potential,
 is the scalar electric potential, E;,,. is the known incident
electric field and r is the field point. In the EFIE equation,
A and ¢ are given by integral expressions in terms of the
current density vector (J) and the charge density (g) [45]. In
the PEEC scheme, (1) is complemented by the Ohm’s law

E(I‘, t) = J(I‘, t)/a(r)’ 2

where o is the electric conductivity. Moreover, the continuity
equation is also imposed

E(r,t) = —Vo(r,t) + Eipe(r, t),

do(r,t)
ot 3)

Then, the current density vector J and the scalar electric
potential ¢ are chosen as problem unknowns and they are ex-
panded by means of space shape functions and temporal shape
functions as in [45]. In particular, facet shape functions (i.e.,
RWG shape functions) are used for the space discretization
of J, whereas ¢ is expanded with piecewise constant shape
functions. Simple hat (i.e., triangular) shape functions are
used for the temporal discretization by following a leap-frog
scheme for J and ¢. A Galerkin approach is then applied to
(1)—(3) for the space discretization and a collocation method
is applied for the temporal discretization. This leads to the
following MOT-PEEC scheme

V-J(r,t)=—

1
(R+Lo)j™ + S ATl =
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where R, L, and Py, with kK = 0, - - - , Hp are the resistance,

inductance, and potential MOT-PEEC matrices, respectively,
whereas A is the incidence matrix of the equivalent circuit [43]
(i.e., A and AT are the discrete equivalent of the divergence
and gradient operators, respectively). j, ¢ and e;,. are the

arrays corresponding to J, ¢, and E;,,., respectively. In the
equations above, Ar is the chosen time step for the temporal
discretization, superscripts indicating the time instant (e.g.,
j®) is the current array at time instant t, = sAp and ¢()

is the electric potential array at time instant ¢; = [Arp,
where t; = ts + Ap/2), and matrices L, and P,, with
u = 1,---  Hp, represent the electromagnetic interactions

between unknowns at the time instant s and at the previous
time instant s — u. When v = 0, these matrices represent
instantaneous interactions between unknowns at the same
time instant. On the other hand, when u > 0, these
matrices represent retarded interactions between unknowns
that are separated in time by a quantity equal to uArp.
Hr = [1+4 Dpas/(Arv)] indicates how many previous
time steps actually interact with the present solution, where
D,y 00 is the maximum distance between two mesh elements
and [-] is the ceiling operator. More details concerning the
MOT-PEEC method can be found in [45], where a graphical
representation of matrices is also given. The left-hand side
of (4) and (5) consists of resistance, incidence, and sparse
instantaneous matrices only (i.e., the ones with uv = 0) and
it is the same for each time step. The right-hand side is
instead updated at each time step by multiplying the sparse
marching matrices (i.e., the ones with u = 1,--- , Hy) with
the previous Hr solutions.

Inductance and potential matrices store the instantaneous
and retarded electromagnetic interactions between all the
unknowns of the discrete problem. Their coefficients (which
are fully reported, e.g., in [45]) depend on the Green’s function
of the background, i.e.,

b= [ [ P
w,kh = b
QJa Ar||r — /||

where w is the space shape function, 7" is the temporal shape
function, r’ is the source point and and ¢’ = ¢ — W—Tr’” is the
retarded time, with v = \/51% being the speed of light in the
background medium (with €, and ; being the permittivity
and permeability of the background medium). In (6), ¢,, is

the discretized retarded time ¢, = uAp — Hr—virH

dvdQ,  (6)

D. Modeling Issues and Challenges

Due to the electrical length of the model, which consists of
different parts that require specific attention, several modeling
issues must be addressed. These issues are thoroughly
discussed in the following.

1) Reduced Propagation Speed in the Lightning Channel:
As previously mentioned, the propagation speed of the
current in the lightning channel is lower that the speed of
light in vacuum and its value is largely independent of the
lightning current [47]. However, the reasons for this reduced
propagation speed are not completely known and they are
probably due to non-linear local phenomena that occur in
the lightning channel. Since they are unknown and local, this
kind of phenomena cannot be exactly modelled. Moreover,
a detailed modelling of the propagation speed varying with
geometrical and electrical parameters (such as the lightning



current) is out of the scope of this work, which aims at
evaluating the possible enhance of the lightning effects due to
the presence of the WT. However, it is important to correctly
impose the reduced propagation speed. To achieve this, we
have adopted the idea of [39], where the background is
replaced by an artificial d ielectric m edium w ith a relative
permittivity €, = 5.3 so that

1
VEr€oHo

where €9 and po are the permittivity and permeability of
vacuum, respectively.

However, in [39], only the lightning channel was considered.
In this work, the WT is also considered where the propagation
speed of currents is the one of vacuum, i.e., ¢g.

Thanks to the use of an Integral Equation Method, it is
possible to adopt different propagation speeds in different parts
of the model. Indeed, the coefficients of the inductance and
potential matrices depend on the properties of the background
region (i.e., permittivity and permeability). Therefore, to
allow different propagation speeds, we impose a background
with the properties of vacuum for the self and mutual
coefficients of the unknowns belonging to the WT, whereas
we impose a background with e, = 5.3 for the self and
mutual coefficients belonging to the lightning channel. Mutual
coefficients between the WT and the lightning channel are
computed considering a background with the properties of
vacuum. Indeed, while currents in the channel propagate
at a reduced speed due to local phenomena, the radiated
electromagnetic fields that account for the mutual couplings
propagate in vacuum at cg. In short, the idea is that the WT
sees a background with €, = g and pp = po, whereas the
lightning channel sees a background with ¢, = ¢,¢9 and
Ly = po, with €, = 5.3.

It is worth noting that, once the MOT-PEEC simulations
are performed, the distribution of J is known and the radiated
electromagnetic fields can be evaluated in post processing by
means of classical integral expressions [17], [30], [39]. At
this point, the electromagnetic fields generated by currents
flowing both in the WT and in the lightning channel are
evaluated considering the real background (i.e., €, = ¢y
and pp = po). Indeed, the radiated electromagnetic fields
propagate in vacuum at cg, even if the source currents in the
channel travel with a reduced propagation speed.

2) Excitation: Lightning return strokes to tall objects are
mainly studied by means of engineering models [21] in
which the channel current is expressed analytically, such as
the Modified Transmission Line (MTL) approach [48], [49].
Typically, a current source is injected at the interface between
the channel and the tall structure (e.g., [17], [25]). The
assumed current source is the channel-base current for ground-
initiated return strokes, usually reproduced by means of the
Heidler’s function [50]. The injected pulse propagates upward
in the channel at the imposed return-stroke speed (between
one third and half of the speed of light) and downward
in the object at the speed of light. The object is modeled
as an ideal transmission line characterized by reflection

=1.3-10% m/s, (7)

Vic =

coefficients at its extremities. Other engineering models (e.g.,
[24]) adopt a voltage source with the voltage magnitude being
expressed in terms of the lightning short-circuit current and
equivalent impedance of the lightning channel. In any case,
for engineering models, the time evolution of the current at
the injection point is given by the injected one plus the terms
due to transmissions and reflections. Of course, the results
are reasonable only if the reflection coefficients (which are
inputs to the engineering models) are known with a good
confidence.

On the other hand, when a full-Maxwell approach is applied,
if we directly impose the Heidler’s waveform for the return-
stroke current at the injection, we are also distorting/enforcing
the reflection and the transmission of currents at the interface
between the WT and the channel, thus actually forcing the
total current (i.e., the one resulting from the combination of
injection and reflections/transmissions) to be the Heidler’s
current. Instead, several experimental results (see e.g., [30,
Fig. 2]) have shown that the total current at the top of
the structure (or in close proximity) is affected by multiple
reflections and transmissions which occur along the tall object
and at ground level.

Therefore, when performing a full-Maxwell simulation, it
is clear that we need to impose a voltage excitation which,
unfortunately, is not known a priori.

In order to solve this tedious problem, the approach
described in the following was adopted and results were
compared against experimental data and simulation results
from other methods in the literature where other tall objects
struck by lightning are considered (e.g., the well-known CN
tower case in Toronto [17], [30]).

The main idea is to model the lightning-return stroke as
a voltage-driven phenomenon (as in [30]) where the applied
voltage is derived from a previous simulation where the return
stroke initiates at ground level (i.e., without the presence of the
tall of object). However, numerical simulations have shown
that if one directly applies the voltage obtained from this
simulation to the tall-object case, an undesired attenuation of
the injected current is obtained. This should be expected since
the equivalent impedances seen from the excitation point are
obviously different in the two cases (i.e., ground-only case
and tall-object case). Therefore, in order to impose the desired
current, the voltage obtained from the ground-only case is
scaled so that the injected current reaches the desired peak
value. This approach is similar to the one in [30]. However, in
this paper the approach is performed directly in time-domain
instead of working in frequency domain. By doing so we are,
at the same time, injecting the current with the desired peak
value and allowing natural reflections between the WT and the
channel. Therefore, in the same fashion of the MTL approach,
the time evolution of the current at the injection point is given
by the injected one plus the terms due to transmissions and
reflections. The approach is exemplified in Fig. 3 and can be
summarized in the following steps:

1) the case of a return stroke which initiates at ground

level (i.e., without the WT) is simulated by imposing
the desired channel-base current;
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Fig. 3: Simulation flowchart. Red: imposed quantity. Blue: computed
quantity.

2) from the results of this simulation, the time-domain
voltage between the ground point (where the stroke
initiates) and the channel base is evaluated;

3) this voltage is then applied as the excitation of the
simulation where the WT is considered;

4) finally, results are scaled in order that the current before
the occurrence of the first reflection is the desired one
according to [51]. Please note that, if an electrically
short tower is considered, it is necessary to reduce the
time-step size in order to correctly catch the occurrence
of the first reflection.

With the proposed approach, we remark that, contrary to TL
approaches where reflections coefficients are imposed a priori,
reflections and transmissions are naturally considered (with a
reasonable numerical accuracy), and this is one of the main
advantages of using a full-Maxwell technique. The results
in terms of current distribution and radiated electromagnetic
fields obtained from this procedure are in very good agreement
with experimental data and simulation results when applied
to the well-known CN tower case [30].

3) Skin Effects: The last issue which must be considered
is the skin depth in the metallic structures of the WT. In
this problem, transients are so fast that the skin effect is
very pronounced, i.e., the currents are mostly concentrated on
the skin of the conductive devices. However, the skin depth
varies during the transient and it is not clear a priori if this
variation should be considered or not. To study that, in this
paper we have carried out numerical experiments using the
approach proposed in [52], which allows for considering the
variation of the skin depth during the transient. Fortunately,
numerical experiments have shown that results in terms of
current distribution and radiated EM fields were substantially
the same by using [52] or by applying the PEC assumption for
all the components of the WT. Indeed, during fast transients,
the self impedance of the PEEC elements is dominated by
the inductive term, whereas the resistive term (which strongly
depends on the skin depth) has a negligible impact. Therefore,
the PEC assumption has been used.

IV. RESULTS AND DISCUSSION

This section focuses on discussing the current distribution
along the channel and along the WT and, secondly, the EM
fields at two representative distances (500 m and 2000 m)
from the WT. In the following, both the first and subsequent

stroke cases will be analyzed. The system is excited by
a voltage source, whose time-domain waveforms (for first
and subsequent strokes) are presented in Fig. 4. Please note
that the definition of the proposed voltage sources has been
obtained following the procedure presented in Section III,
adopting the classical parameters for the Heidler’s function
in case of first and subsequent strokes [50]. Specifically, the
parameters reported in Table II [17] have been used in this
paper. The results obtained with the presence of the WT are
also compared with the case of a lightning directly striking
the ground, where the Heidler’s current at the base of the
channel is directly imposed.

Concerning the computational cost, the construction of
each marching inductance/potential matrix required about
20/30 s whereas each time step solution required about 2 s.
18014 mesh elements were used to discretise the model and
the chosen time step was 30 ns. The number of marching
matrices, i.e. Hr, was 3402 and the number of simulated time
steps was 2000. Once the time-domain current distribution
was obtained, the EM fields were evaluated in post-processing
with a computational cost which was negligible with respect to
the one required for the solution of the MOT-PEEC problem
(about 5 minutes). The simulations required about 8 GB of
RAM and were performed in a Linux machine equipped with
a Xeon E5-2643 v4 processor (dual 6-core/12-thread, @3.40
GHz) and 512 GB of RAM.

In the following figures, the observation point of the current
along the WT refers to the height above the ground (which
varies from O m to 170 m), but the current path is slightly
longer since the wave runs also along the nacelle of the WT,
which is placed horizontally.

Please note that the analysis has been performed taking
into account two different positions of the struck blade: i),
the struck blade is aligned with the tower axis and oriented
upward and i) the struck blade is inclined by 60° with respect
to the tower axis.

Simulation results have shown that, in terms of current
distributions along the channel and along the WT, the
inclination of the struck blade has a negligible effect. For this
reason, in Section IV-A, the results are presented only for the
case referring to the vertical struck blade.
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Fig. 4: Voltage source placed at the WT-lightning channel.



TABLE II: Heidler’s function parameters [17].

Return stroke  Io1 [KA] 711 [ps] 721 [pws] N1 o2 [KA] 712 [us] 722 [pus] N2
First 28.0 1.80 95 2 - - - -
Subsequent 10.7 0.25 25 2 6.5 2 230 2
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Fig. 6: Current and current derivative along the WT and along the channel - Subsequent return stroke.

On the other hand, concerning the radiated EM fields,
the inclined blade position plays an important role when
the subsequent stroke is considered, as shown later in
Section IV-B.

A. Current Waveform

The first return return stroke case is analyzed in Fig. 5.

The current along the WT and its time derivative are shown
in Fig. 5a for the first 5 ps (after this value no meaningful
differences between the currents can be observed) and show
one main reflection due to the ground, while the discontinuities
due to the other parts of the WT and due to the connection
between the WT and the channel seem to have negligible

effect on the current waveform. Referring to the well-
known TL-based approach [17], for the range of frequencies
representative of the first stroke, the presence of the WT has
a negligible effect and it can be disregarded or represented
by a lumped impedance (electrically small).

It is interesting to notice that the current along the WT
is slightly distorted while it propagates (as shown in the
bottom plot of Fig. Sa, the waveform becomes faster while
it approaches the ground), while the peak attenuation cannot
be evaluated correctly since the first reflection arrives earlier
than the time-to-peak.

Even if not presented for the sake of brevity, it should
be noted that the maximum peak reached by the current in
each point of the tower (excluding the blade) is lower than
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Fig. 7: Current derivative at z = 100 m along the WT - Subsequent
return stroke.

30 kA. The attenuation of the current is mainly caused by
the reflection occurring at the ground discontinuity. Since the
grounding is modelled with an equivalent circuit, the reflection
coefficient is not unitary as in the PEC ground case, thus only
a part of the current is reflected upwards. The attenuation
along the tower is negligible during both the upward and
downward propagation processes; that could be ascribed to
the relatively short length of the WT.

The current along the channel (top panel of Fig. 5b)
is characterized by an attenuation and a distortion of the
waveform while it propagates along the channel. These results
are in accordance with [39], where only the channel was
analyzed. On the other hand, in this case the distortion of the
lightning current seems to be less evident as the maximum
derivative shows a slower decrease at higher altitudes with
respect to the case without the WT. This is confirmed by the
comparison between the bottom panel of Fig. 5b and Fig. 5c:
considering the WT leads to a 50% decrease of the maximum
derivative from 250 m and 4000 m, while the decrease in the
case of lightning striking the ground reaches 58%.

On the other hand, the attenuation along the channel is
more evident when the WT is considered. This can be clearly
noticed from the top panel of Fig. 5b and Fig. Sc. While a
35% peak current decrease is observed from 250 m to 4000
m if the WT is not considered, such value reaches 40% when
it is included in the simulation. The different behaviour in
terms of distortion and attenuation along the lightning channel
could be ascribed to the mutual EM coupling effects between
the WT and the channel. Moreover, the current along the
channel is affected by a phenomenon occurring in the early
stages of the current propagation: as shown in Fig. 5b, in the
first few ps the sign of the current becomes negative. This
aspect is mainly related to the mutual coupling between the
WT and the channel. The current propagates along the WT
at the speed of light and its radiation field induces a negative

current on the channel. This negative current is mainly visible
until the wave-front (propagating at v;. along the lightning
channel) arrives at the observation point.

The analysis of the subsequent stroke is presented in Fig. 6
and leads to conclusions similar to those for the first stroke
case. However, in this case, the reflections occurring along
the WT are not only related to the ground discontinuity.

Let us consider the current derivative at 100 m (Fig. 7):
the first reflection occurs at 0.9 ps, which corresponds to
the ground reflection; a second reflection can be observed
at 1.37 ps and can be ascribed to the current reflected at
the discontinuity between the WT and the channel; later
on, other reflections are observed and are related to the
subsequent reflections from ground and WT top. This leads to
the conclusion that, for the range of frequency characterizing
the subsequent stroke, the discontinuity between the WT and
the channel should be considered in a TL modelling approach.

The current along the WT presents a slight and similar
attenuation in both propagation directions; such behaviour is
the expected one for cylindrical structures or conical structures
with small base radius [53]. The distortion along the WT can
be evaluated from the bottom panel of Fig. 6a, where the peak
of the current derivative decreases during the time window
before the occurrence of the first ground reflection.

The current along the channel is clearly distorted and
attenuated during the propagation. Comparing the results
with the ones obtained without the WT (Fig. 6¢) it can be
noticed that the current peak and the current derivative peak
have similar percentage decrease in both cases.

B. Electromagnetic Fields

The current distributions in the WT and in the lightning
channel are used in this subsection to calculate the radiated
EM fields by using classical integral expressions [17], [30].

The electric field is made of three terms. These terms
involve the time integral of the current density, the current
density itself (or, equivalently, the time derivative of the charge
density), and the time-derivative of the current density and
they are named electrostatic, induction, and radiation terms,
respectively. The magnetic field has the induction term and
radiation term only.

Computed electric fields at ground level, at two different
distances (500 m and 2000 m), for the first and the subsequent
return stroke cases are shown in Fig. 8. The vertical position
of the struck blade is considered. In each panel, the WT
blade-tip initiated return stroke F-field (solid line) is depicted
together with the corresponding ground initiated return stroke
E-field (dashed line). Fig. 9 is the analogous for the computed
magnetic fields. In these figures, the induction, radiation and
electrostatic (if present) components are shown separately.

It is well known that the contribution of the different
components of the electric and magnetic fields is strongly
affected by the observation point distance. The radiation term
contribution to the total field increases with the distance.
At closer observation points (a few hundred meters) static
and induction effects are predominant. On the other hand, at
large distances, (beyond some tens of kilometers) the static
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and induction effects are negligible [54]. The obtained EM
fields are consistent with such features. The radiation-term
contribution to the total field is more significant at 2000 m
(Fig. 8cd and Fig. 9cd) than at 500 m (Fig. 8ab and Fig. 9ab).

Concerning return strokes initiated at ground level, one
can observe that the first stroke electric field waveform
(dashed lines in Fig. 8ac) consists in an initial fast-rising ramp,
essentially due to the radiation term, and then a less steep
increase associated to the static term. The subsequent stroke
E-field (dashed lines in Fig. 8bd) is characterized by an initial
peak caused by the behaviour of the radiation term. Both first
and subsequent stroke magnetic fields (dashed lines in Fig. 9)
show an initial ramp, due to the radiation term, followed
by a gradual decay, mainly induction-driven. However, for
the subsequent-stroke case, the peak is more pronounced
and reached earlier. The subsequent return stroke current
waveform has lower time-to-peak and higher maximum
steepness compared to the first return stroke. Therefore, the
contribution of the radiation term to the total E-field and
H-field is more significant for the subsequent stroke case.

For return strokes initiated at the WT blade tip, by observing
the F-fields (solid lines in Fig. 8) and the H-fields (solid
lines in Fig. 9), it is possible to state that the presence of the
WT does not result in any amplification effect for the first
stroke: a slight decrease is observed due to the presence of the
grounding system. Whereas, both at 500 m and 2000 m, the
magnitude of the EM fields associated with the subsequent
stroke initiated at the blade tip of the considered WT is
increased by a factor 1.7-1.8 with respect to the corresponding

subsequent return stroke initiated at ground level.

The presence of the WT causes the occurrence of field
waveform oscillations due to current reflections along the WT.
Such reflections can be identified especially on the radiation
term of the subsequent stroke electromagnetic fields (solid
line in Fig.8bd for the E-field and in Fig. 9bd for the H-field).

The maximum steepness of the EM waveforms is reported
in Table III for the F-field and the H-field, for all the
considered combinations. One can observe that the WT causes
increased values for the maximum steepness of the subsequent
return stroke EM fields; the increase factor is 1.7-1.8. On the
other hand, no variations appear for the first return stroke.

The effect of the relation between the structure height and
the current time-to-peak on the EM fields is investigated for
the subsequent return stroke case by repeating the simulation
with a scaled-up WT (total height 268 m) and the same current
waveform parameters (Table II) adopted to find the excitation
voltage waveform. No significant variations are observed in
the EM fields waveforms. This result is consistent with those
reported in [55]: when the current time-to-peak is lower than
2h/co (h being the elevated strike object height), the field
enhancement factor can be expressed in terms of the return
stroke speed, the speed of light in vacuum, and the current
reflection coefficient at the top of the elevated strike object.
Hence, h is not directly involved.

Finally, the effect of the struck blade rotation angle on the
EM fields is investigated. Only the subsequent return stroke
case is considered, since it was found that the presence of
the WT produces negligible effects for the first return stroke



TABLE III: EM fields maximum steepness.

First return stroke

Subsequent return stroke

‘Waveform Unit WT initiated  Ground initiated | WT initiated  Ground initiated
E-field at 500 m V/m/us 753.5 860.7 3205.9 1851.9
FE-field at 2000 m  V/m/us 155.8 159.1 814.0 4452
H-field at 500 m A/m/us 1.9 2.0 8.7 49
H-field at 2000 m  A/m/us 0.4 0.4 2.2 1.2

TABLE IV: Parameters of subsequent return stroke EM fields at 10 m above the ground with two different struck blade angles.

r =500 m r = 2000 m
Waveform Parameter Unit | Blade angle 0° Blade angle 60° | Blade angle 0°  Blade angle 60°
Vertical E-field Maximum value V/m 4290.0 4933.1.0 668.6 695.2
Initial peak value V/m 1088.5 1185.6 247.7 257.3
Time-to-initial peak us 0.7 0.8 0.8 1.0
Radial E-field Maximum value V/m 97.0 127.8 5.7 5.7
Azimuthal H-field Maximum value A/m 4.0 4.5 0.8 0.8

case.

Table IV reports the EM fields waveform parameters at 500
m and 2000 m distance with two different struck blade angles
with respect to the tower axis (0° and 60°) at 10 m above the
ground, in order to observe also the radial component of the
electric field which may affect the magnitude of the induced
overvoltages on overhead power lines.

It can be noted that, for all cases, the field maximum
value is enhanced when considering the inclined struck blade;
the increase factor is more pronounced at 500 m (1.1-1.3),
whereas it is almost negligible at 2000 m. Moreover, for
the vertical component of the electric field, a slight increase
of both the initial peak value and the time-to-initial peak is
observed for the inclined struck blade case.

V. CONCLUSION

A full-Maxwell approach has been applied to the case
of lightning striking a Wind Turbine (WT). The lightning
return stroke has been modelled as a voltage source applied
between the tip of the struck WT blade and the channel, whose
waveform has been identified in order to provide the used
Heidler’s current in the time range before the occurrence of
the first reflection from the ground. The implemented Integral
Equation method has also allowed having electromagnetic
(EM) fields propagating at the speed of light in the WT and at
the typical current propagation speed in the lightning channel.

The proposed analysis has shown that, for both first and
subsequent strokes, the attenuation and the distortion of the
current along the channel are not negligible and comparable to
the case without WT. The current waveforms are affected by
the ground reflections (first and subsequent strokes) and by the
reflections between the blade top and the channel (subsequent
strokes only). Such reflections cause an increase by a factor
1.7-1.8 of the subsequent return stroke current propagating
in the channel in the presence of the WT with respect to
the case without the WT; on the other hand, no magnitude
variations have been found for the first stroke case. The current
along the channel is affected by a transient negative sign in
the first few microseconds, due to the induced effect of the
faster current flowing into the WT. The first return stroke EM

fields have been computed with and without the WT, and
no significant variations have been found. This is different
for subsequent return strokes, whose current waveform is
characterized by lower time-to-peak and higher maximum
steepness than the first return stroke one. The magnitude of the
subsequent return stroke EM fields is increased with respect
to the case without the WT due to the fast current transient
occurring into the WT caused by reflections (increase factor
1.7-1.8); the radiation term is the dominant one as it depends
on the current derivative; an initial peak enhancement can be
observed; the presence of the WT causes increased values for
the waveforms maximum steepness (increase factor 1.7-1.8).
The same results can be obtained with a 60% taller WT. The
effects of the inclined position of the struck blade have been
investigated. It has been shown that it does not influence the
current distributions, whereas it causes an enhancement of the
EM fields magnitude for the subsequent stroke case. Future
research will investigate the feasibility of applying simplified
models of WT in order to reduce the computational effort
while maintaining accuracy. Such kind of simplified models
may allow the study of a multitude of scenarios in order to
identify worst case configurations. Moreover, future research
will be focused on overcoming the main limitation of the
present approach, i.e., the difficulty of exactly considering a
realistic ground with frequency dependent parameters. This
would also allow for evaluating horizontal electric fields which
may cause scattered induced voltages on overhead power
lines. Moreover, ad-hoc Model Order Reduction techniques
will be adopted in order to reduce the overall computational
complexity [56].
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