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Abstract

Indirect lightning strikes hitting near photovoltaic installations are much more frequent
than direct hits, and can generate overvoltage in their electric circuitry. The authors devel-
oped a method to estimate the induced overvoltage on single photovoltaic modules. Using
a model of the whole array also including Inter-Module Coupling Mechanisms (IMCMs),
a new approach to estimate overvoltage induced on full arrays is presented in this paper.
The procedure first estimates lumped parameters, modelling either the coupling between
the lightning channel and each module in the array or between each couple of modules in
array. Several circuital simulations are then run using suitable equivalent circuits. The aim is
to consider different array configurations and groundings schemes. This allows extracting
the most relevant configuration parameters influencing overvoltage/overcurrent. Results
show that the groundings scheme impacts negligibly, but the single module electric stress
is decreased by 35% in the case of ungrounded configurations. Among the considered
array configurations, the honey-comb and total cross-tied showed the smallest impact on
overvoltage. Statistical analysis on random LC tortuous geometry leads to a non-negligible
rise of overvoltage peak values, up to 24%. Finally, the relevance of different IMCMs is
analysed, showing a strong impact just on frame-ground voltages and currents.

1 INTRODUCTION

Lightning is one of the major threats to photovoltaic (PV)
systems, due to their typically unsheltered installations. This
problem is getting more and more relevant as installed sys-
tems with larger areas are getting common in response to
the increased PV energy demand [1–4]. While direct lightning
strikes (LS) are well studied phenomena, and suitable counter-
measures are available [2, 5], the indirect LS, hitting near the PV
system, are more frequent than the previous ones, yet less stud-
ied in their effects. As a matter of fact, indirect strikes proved
to induce extremely high overvoltages in the PV circuitry [6, 7].
These overvoltages are transitory phenomena that can damage
the insulation of the PV equipment, such as the PV modules
[2, 8, 9], the inverters, the batteries etc. [10–13]. Therefore, a
method for the simulation of such transients can help in the
design of suitable protections.

Most of the studies about LS effects in the literature encom-
passed direct LS on small-size PV arrays [3, 6, 14–21]; some of
them were devoted to medium or large-size PV arrays [22–24],
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but only few analysed lightning-induced overvoltage transients
at the AC or DC side of grid-connected PV systems [4, 25–35].
Using different electromagnetic (EM) analysis for the DC side
[36], these works assessed the lightning-induced voltages in the
loops formed by the internal circuit of the PV module or the
wiring of the PV array. From these analyses, the essential fac-
tors and their effects on the induced voltage were identified,
such as: (i) the design of the lightning protection system and
of the array grounding [4, 14–16, 21–24, 29, 34, 35]; (ii) the LS
spot [14–18, 23, 24, 26, 32]; (iii) the lightning current flow in the
metallic support mesh [4, 6, 14, 17, 22, 23]; (iv) the lightning cur-
rent amplitude and waveform [4, 16, 21, 22, 24, 32]; (v) the soil
resistivity and permittivity [3, 16, 21–24, 31, 32, 34]; (vi) the LC
geometry [32], (vii) the array configuration [29]; (viii) the terrain
geometry [31, 32].

To the authors’ best knowledge, most of the previous studies
on PV arrays are based on over-simplified models. In general,
they are not able to provide a complete and systematic eval-
uation of the lightning-induced overvoltage due to the poor
modelling of the single module coupling mechanisms (SMCMs)
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2 HERNÁNDEZ ET AL.

between the internal circuit and its metallic frame. The main
mechanisms can be related to the capacitive coupling (CC) [1, 8,
12, 14, 15, 37–40], the inductive coupling (IC) [1, 8, 12, 22, 27,
41, 42] and the ground coupling (GC) [40, 43, 44]. Moreover, a
review of the PV literature discloses that quite a few papers [1, 8,
12, 22, 31, 32, 41, 42, 45] evaluated the overvoltage induced by
nearby LS, frequently using a vertical straight segment to model
the LC [31, 41, 45]. Even in the few available studies on indi-
rect discharges, very little attention was paid to the analysis of
medium-size PV arrays occupying large open areas [32, 41, 45].

PV arrays are formed by strings of series-connected mod-
ules, shunted across each other to create series-parallel (SP)
configurations [46]. The SP drawback is the high impact that
a particular mismatching can have on the overall array perfor-
mance. Therefore, the geometry of the configuration is one of
the most profitable degrees of freedom in the array design to
alleviate the mismatching in parameters, operating conditions,
and security threats [47]. Total cross-tied (TCT), honey-comb
(HC) or bridge-linked (BL) are three widely adopted regular
configurations [48]. A number of studies analysed the impact
of partial shading on different PV array configurations (SP [47,
49–52], TCT [47–54], BL [47–53] or HC [47, 51–53, 55, 56]). A
few also analysed the influence of other mismatching parame-
ters [55], but as far as we know, none presented an assessment
of the behaviour of nearby LS over voltages for different PV
array configurations.

The available literature about the impact of nearby LS on
large PV systems is scanty. Furthermore, the modelling of Inter-
Module Coupling Mechanisms (IMCMs), both CC and IC, and
of module grounding coupling mechanisms (MGCM), and its
extension to the whole PV array, is relatively new [12]. To
the best of our knowledge, no study has yet reported on the
influence of these mechanisms.

Ref. [1] proposed a prompt 3D semi-analytical method, able
to compute the differential and common mode voltages induced
by tortuous LC hitting nearby PV module in no-load condi-
tions. The module model was improved in [8] including the
high-frequency effects and the ground coupling. Starting from
these studies, a preliminary study on the EM couplings between
neighbouring modules [12] yielded the knowledge of the related
lumped parameters of the couplings.

We propose here a model suited to deal with the whole PV
array, including, as required, the IMCMs and MGCMs. The
proposed approach is divided in two steps: first, the 3D semi-
analytical models are used to estimate the lumped parameters
describing the couplings between: (i) the LC and either the mod-
ule circuitry or the frame; (ii) the circuitry and the frame of
the single module; (iii) the adjacent modules; (iv) each mod-
ule’s circuitry and the Mounting System (MS). The circuits
corresponding to different array groundings and configurations
(including the lumped parameters for the above introduced cou-
pling mechanisms) are then simulated using circuital simulators.
The computed overvoltage in different points of the equiva-
lent circuits (or equivalently in different points of the arrays)
represent the outcome of the analysis. Taking advantage of the
gathered data, we finally analyse some key factors influencing
this phenomenon in medium-size PV array of 8 × 4 modules.

FIGURE 1 (a) Vertical discharge channel segment; (b) Arbitrarily oriented
discharge channel segment

Internal design issues, such as the array grounding and config-
uration, and external conditions, such as the LC geometry and
the LS spot, are considered. In addition, the relevance of the
IMCMs and MGCMs is assessed.

The rest of the paper is organized as follows. Section 2 intro-
duces the model for the coupling between the LC and a single
PV module. The model of the coupling mechanisms for the
whole PV array are detailed in Section 3. Section 4 briefly intro-
duces the array configurations considered in the study. Section 5
defines the simulation design and experimental set-up. Finally,
Section 6 qualitatively and quantitively investigates the influence
of some key factors that impact the overvoltages in a case study
for a PV array. Concluding remarks are in Section 7.

2 EM MODELLING OF COUPLING
PHENOMENA

Computing the induced voltage on a single PV module by an
indirect LS requires three basic steps, that is, the representation
of lightning current, the computation of lightning EM field and
the modelling of the coupling between the EM field and PV
module. As the attention in this research is mainly focused on
the overvoltage in different points and for different configu-
rations and groundings of the PV array equivalent circuits, we
present here only the basic elements of the EM models used to
estimate the equivalent circuit (lumped) elements, and the cir-
cuits themselves, for single modules. More details can be found
in [1, 8, 12].

2.1 EM field from lightning current

Current in real LCs follows tortuous paths from clouds to
ground. Consequently, in the adopted model [1] the LC is
represented by several randomly oriented segments, starting
from an infinitely conducting ground in proximity of a PV
array and raising towards the clouds. Parameters describing the
channel geometry are chosen according to the data on natural
flashes. Figure 1a,b shows the relevant quantities used in the
computation of fields from the LC.
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HERNÁNDEZ ET AL. 3

As described in detail in [1], the first step involves the calcula-
tion of the step response, that is the calculation of the magnetic
vector potential A(rs , t ) produced by a vertical channel starting
from the ground and travelled by a step current of amplitude I0
and velocity v:

i (z′, t ) = I0

[
u

(
t −

z′

v

)]
[u(z′ ) − u(z′ − h)] (1)

where u is the Heaviside step function, h is the height of the
lightning channel and z′ is the local coordinate on the chan-
nel (see Figure 1a). The vector potential A(rs , t ) is directed
along the z-axis and is independent on the azimuthal coordinate
𝜑:

A (rs , t ) =
𝜇0

4𝜋

h

∫
0

I0u
(

t −
Rr

c
−

z′

v

)
Rr

dz′ îz (2)

In (2) 𝜇0 is the vacuum permeability. The involved geomet-
rical parameters are represented in Figure 1. The method of
images is then adopted to consider the presence of a perfectly
conducting ground: the contributions of the “direct” channel
segment and of its “mirror” are summed up to provide the
resulting vector potential.

This simple analytical formula for the vector potential can
also be used for each arbitrarily oriented segment composing
a tortuous LC: the calculations are made by using a proper
local coordinate system (Figure 1b) originating from the start-
ing point O of the generic channel segment, and whose z-axis is
coincident with its axis. A suitable coordinate transformation
is required at each segment to combine different contribu-
tions in all space. Also in the case of a tortuous channel,
the resulting vector potential is calculated by adding the con-
tributions of the “direct” segment and of its corresponding
“image”.

Once the vector potential produced by a step current has
been obtained, the calculation of the potential due to a generic
current i (t ) propagating along the channel is performed by con-
volution summation, according to Duhamel’s theorem [56]. The
generic lightning current i (t ) is supposed to propagate without
attenuation or distortion at constant speed v, equal to 1/3 of
the speed of light c in vacuum. In the following, the current
waveform is expressed by the Heidler’s equation according to
IEC 62305-2 [57]:

I0 (t ) = Imax

(t∕𝜏1)n

1 + (t∕𝜏1)n e
−

t

𝜏2 (3)

where Imax is the peak value of the lightning current, t is the
time, 𝜏1 is the rise time constant, 𝜏2 is the delay time constant,
and n is the power factor of current rise speed. Typically, 𝜏1 is
in the range of a few ms, while 𝜏2 is in the range of hundreds
of ms, and n = 10.

Frame loop

PV cell

Internal loop

(b)

Differential 
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FIGURE 2 (a) Picture of a real PV module; (b) Adopted geometric model

2.2 Coupling between PV module and LC

Figure 2a shows a picture of a real PV module, with the PV
cells and their connections, while Figure 2b shows its cor-
responding schematic representation. The coupling between
the LC and the single PV module is modelled as follows:
the vector potential A(rs , t ) is line integrated along the inner
circuitry of each module (black line in Figure 2b, encircling
purple area) and along the boundaries of the aluminium pro-
tection case (blue lines, encircling green area) in order to
obtain the magnetic flux ΦDM linked across the area ADM

and the magnetic flux Φ fra linked across the area A fra. The
magnetic fluxes Φ fra and ΦDM are then time differentiated
to evaluate the induced voltage (Vmod) on the PV inner cir-
cuit, and the induced voltage (Vfra) on the frame, which are
represented in the equivalent circuit of Figure 3 as indepen-
dent voltage sources (full details are given in [1, 8]). This
approach was validated against experimental data available in
[7]. Once the induced voltages are available, it is possible to
set up the equivalent dynamic circuit of lumped elements, as
shown in Figure 3. This circuit also includes the elements that
model the SMCMs [1] and the dynamic and insulation param-
eters of the module. Thus, for the lightning transient study
in this paper, the dynamic PV single-diode model is adopted.
Details for deriving the RC equivalent circuit that character-
ize the AC dynamic model of a PV module can be found in
[8]. The modelling of the PV module electrical insulation (insu-
lation resistance and capacitance) was already defined in [43].
It consists of a leakage capacitance (Cp-lek_mod), a series insu-
lation resistance (Rs-lek_mod), and a parallel insulation resistance
(Rp-lek_mod).
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4 HERNÁNDEZ ET AL.
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FIGURE 3 Equivalent circuit for a PV module under the coupling of LC including SMCMs and dynamic/insulation parameters

3 MODELLING OF COUPLINGS FOR
THE PV ARRAY

3.1 Coupling mechanisms for PV
inter-module

When modules are arranged into an array, it is reasonable
to expect EM couplings between adjacent units. The most
relevant IMCMs are: (i) displacements currents between neigh-
bouring frame sides (CC) and (ii) induced voltages due to
linked magnetic flux from currents in neighbouring frames or
internal circuitries (IC). The first ones are modelled using para-
sitic capacitances, while the second ones using parasitic mutual
inductances in the frame or the module circuits. The related
lumped parameters are shown in Table 1, while the subcircuits
considering the couples of modules neighbouring along long
and short sides are illustrated in Figure 4, where 5 modules are
“extracted” from a larger PV array, and each module is mod-
elled using the (sub-)circuit in Figure 3, hidden inside the dashed
boxes.

In the exemplifying figure, the module #2.2 (from the string
#2) is connected with the two modules #2.1 and #2.3 from the
same string, and with two modules of different strings, namely
#1.2 and #3.2, highlighting the most significant couplings.

The most relevant inter-modules CC is the stray capacitance
between adjacent frames. In this case, the expression per unit
length for strip capacitors is adopted [58]:

Cstrip = ”0 b
[
1 +

1
𝜋b

(
log

𝜋

b
+ 1

)](
F

m

)
(4)

where b is the ratio of the strip’s height to the distance between
strips. The estimates for both long and short frame sides
were successfully validated against 3D FEM models of two
neighbouring modules [12].

The IC elements, thanks to the linearity assumption for all
materials, can be computed using a semi analytical approach, like
the one exposed for the LC to module coupling, where the mag-
netic vector potential from the “sources” is line integrated along
the target circuit [59]. The only difference is in the geometry
of currents induced in the frames, that we assume as a parallel
connection of square “equivalent” coils.

3.2 Grounding-module coupling
mechanisms

The MGCM between frame and ground coupling was modelled
using a parallel resistive capacitive connection (Rfra_gnd, Cfra_gnd,
Figure 4). The resistive part was modelled using typical val-
ues from the braided wires used for these connections (in the
order of mΩ), and the capacitive part being modelled by the
capacitance of a tilted plate over a conducting plane [60]:

Cgnd =
𝜀0

2𝛼
log

(
1 +

l

h cot (2𝛼)

)
(5)

where l is the plate width (the same as the PV module), h is the
height of the lowermost point of the module to ground on the
MS, a is the module angle to ground, and the conducting plane
is considered by the image theory.

3.3 Mounting system

The MS for a PV array is generally made of aluminium alloy,
low-carbon steel or stainless steel. Two types of MS are com-
monly used according to the number of mounting legs, namely,
one-leg structures and various-leg structures. The MS ground-
ing system consists of a series of metallic rods buried in an
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HERNÁNDEZ ET AL. 5

TABLE 1 Main data for the IMCMs

(a) Stray capacitances, CC

Coupled elements (adjacent frames) Illustrative picture

Long side (Cfra_fra-lng)
Short side (Cfra_fra-shrt)

(b) Stray inductances, IC

Coupled elements (depending on the position) Illustrative picture (long position)

Adjacent frames (Mfra_fra-shrt or lng)

Adjacent inner circuitries (Mmod_mod-shrt or lng)

Inner circuitry and adjacent frame (Mfra_mod-shrt or lng)

FIGURE 4 A schematic layout of a subcircuit with just 5 modules from a larger PV array, illustrating the inter-module elements of CC and IC

appropriate depth in earth. This metallic structure provides
a near-zero impedance. Although no standard recommends
which leg should be connected to the grounding grid [2], in
this study all the legs of the MS are connected to the grounding

rods to achieve equipotential bonding. Since a nearby LS causes
only a negligible lightning current flow at the ground electrodes,
a througout study of the grounding impedance was not nec-
essary. The impact of the capacitive coupling with the metallic
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6 HERNÁNDEZ ET AL.

(e2) BL-TCT(e1) SP-TCT

1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8

2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8

3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8

4.1 4.2 4.3 4.4 4.5 4.6 4.7 4.8

(b) TCT

(e3) BL-HC

(a) SP1

(f) SP2

(c) BL (d) HC

FIGURE 5 (a,f) Schematic wiring for an 8 × 4 PV array: configuration SP; (b) TCT; (c) BL; (d) HC; (e1–e3) hybrid: the two hybridized configurations are
indicated in the figure

structures was assessed using the 3D FEM model described in
Section 2.1. Assuming all parts are made of aluminium and elec-
trically connected, we found that their impact is less relevant
than the one of the frames coupling, so we neglected it.

4 PV ARRAY CONFIGURATION

Figure 5 shows the schematic wiring of an 8 × 4 module array
in the configurations analysed in the case study amongst those
presented in Section 1. Figure 5a shows an SP configuration,
which is the most widely adopted one [46] thanks to its ease of
construction, low cost, and lack of redundant connections. The
TCT configuration (Figure 5b) is derived from the SP config-

uration by connected crossties across each row of the modules
[47, 52, 53, 61]. In this configuration, the voltage across each
row is equal and the sum of current across each column is
equal. For the BL configuration there is a bridged unit with four
modules (Figure 5c). Two modules in a bridge are connected in
series and then they are connected in parallel. Bridges are linked
via cross ties [47, 52, 55]. The HC configuration [48, 61, 62]
(Figure 5d) is a modified version of the BL configuration and its
bridge size is variable. All the PV modules are interconnected
like the hexagon shape of the HC architecture. The HC config-
uration has a greater number of electrical connections between
the PV modules compared to the SP configuration, and has
a smaller number of series connections compared to the TCP
configuration.
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HERNÁNDEZ ET AL. 7

FIGURE 6 Configuration for the 8 × 4 PV module array. Twelve-leg mounting structure

Three hybrid PV array configurations were also proposed in
[63, 64], which were SP-TCT, BL-TCT and BL-HC. They were
derived from SP, HC and BL configurations by increasing their
interconnection redundancy as illustrated in Figure 5e.

5 SIMULATION DESIGN AND
EXPERIMENTAL SET-UP

5.1 Simulation setup

As mentioned above, a 3D semi-analytical method is used
to estimate lumped coupling parameters. The method was
developed by the authors and validated against 3D FEM
computations [12]. Then, different circuits, each correspond-
ing to a different grounding and connections configura-
tion, are simulated using a MATLAB-based lumped circuit
simulator.

5.2 Test system description

The PV array is placed on a 35◦-inclined twelve-leg stainless
steel MS of 13.12 m in length and 3.96 m in width. The height
at the front of a frame is 0.2 m from the ground, Figure 6.

This 8 × 4 module array can be considered a medium size
one (common in the residential and commercial context) with
an 8.64 kWp power from 32 commercial PV modules of 270
Wp [1]. Each module has 60 cells (6 × 10), all series connected
(Voc: 38.06 V, Vmpp: 30.90 V, Impp: 8.6 A). For convenience, the

TABLE 2 Coupling parameters between PV module and LC

Symbol Physical effect

Typical

value

Rfra Resistance of the aluminium frame 1.3 mΩ
Lfra Frame self-inductance 3.0 μH

Lmod PV module self-inductance 2.3 μH

Mfra-mod Mutual inductance between frame and
module

2.6 μH

Rs-lek_mod

(Rp-lek_mod)
Series (shunt) insulation resistance of PV

module between active circuitry and the
frame

0.003 kΩ
0.38 kΩ

Cp-lek_mod Shunt capacitance between active circuitry
and frame

180 nF

Cp_mod PV module junction capacitance 1.36 μF

Rp_mod (Rs_mod) Series (shunt) PV module resistances,
respectively

35.6 kΩ
0.807 Ω

32 modules were arranged either in 4 strings (Voc: 913 V, Vmpp:
742 V, with 7 possible configurations: SP1, TCT, BL, HC, SP-
TCT, BL-TCT, BL-HC, Figure 5a–e) or in 8 strings (Voc: 457 V,
Vmpp: 371 V, with only SP2 configuration). Bypass diodes and
blocking diodes were omitted.

The technical data describing the SMCMs and the dynamic
and insulation parameters of the single modules are reported in
Table 2; their values are according to [1, 8].

Each module is assumed embedded in an aluminium frame;
the length of the frame (long dimension) is 1.64 m, its width
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8 HERNÁNDEZ ET AL.

TABLE 3 Main data describing the IMCMs

Coupled elements Lumped parameter value

CC (adjacent
frames)

Along long side Cfra_fra-lng= 40 pF

Along short
side

Cfra_fra-shrt = 20 pF

IC Adjacent
frames

Mfra_fra-shrt= Mfra_fra-lng = 1.0 μH

Adjacent inner
circuitries

Mmod_mod-shrt= Mmod_mod-lng= 0.1 μH

Inner circuitry
and adjacent
frame

Mfra_mod-shrt = Mfra_mod-lng = 0.3 μH

(short dimension) is 0.99 m, its height is 2 cm, and the inter-
module distance is assumed to be 1 cm. Aluminium resistivity is
σal= 105 S/m. These figures lead to the values of the parame-
ters of the IMCMs reported in Table 3. The MGCM provided
a capacitor Cfra_gnd of 3–7 pF, depending on the PV row in the
MS.

6 RESULTS

In this section, the reference case is firstly considered. Then
a comprehensive assessment of the behaviour is performed
with respect to some key factors that influence the overvoltages
induced in the PV array by a nearby LS. Considered factors are
design issues, such as the array grounding and strings arrange-
ment, and external conditions such as the LC geometry and
the LS spot distance. Furthermore, in such a framework, the
relevance of the IMCMs and MGCMs are disclosed.

Waveforms and peak magnitude values are reported for each
considered variable. The monitored variables are (Figure 4): (i)
differential mode voltage of PV array (Vout); (ii) output current
of PV array (Iout) (iii); differential mode voltage in PV mod-
ule #i.j (Vpv i.j); (iv) output current of PV module #i.j (Ipv i.j);
(v) voltage between negative terminal of PV module #i.j and
ground (V-gnd i.j); (vi) voltage between PV frame of module #i.j
and ground (Vfg i.j); (vii) current between frame of PV module
#i.j and ground (Ifg i.j). The meaning of the quantities reported
in the legends can be recognized from Figure 4.

6.1 Reference case

As a reference case, we assumed the parameters for the AC
(frequency) dynamic model of PV module according to [8], cal-
culated at a frequency of 1 MHz, and in cloudy conditions (a
100 W/m2-irradiation, low PV module insolation) when there
are storms and nearby LS can occur. Maximum power point
(MPP) condition was set as array voltage bias. Moreover, we
considered a vertical LC with a first stroke waveform hitting at
LS spots P1 and P4 (5 m away from the PV array, Figure 6). The
SP configuration of the PV array was grounded at the negative

output of array and all the IMCMs (CC and IC) together with
the MGCM were considered.

The distance of the LS spots from the array, although not very
likely, was chosen to highlight the effects of parameters’ varia-
tion, which could have been negligible if larger distances were
chosen. LS spot distance was anyway among the considered
parameters, and its impact is investigated in Section 6.4.

Figures 7a–d and 8a–c report the voltages and currents
induced for the whole PV array as well as for some relevant
specific PV modules for the reference case and a striking spot
at P1. Note that the output voltage Vpv available at the PV array
terminal (Figure 7a) is due to the cumulative effect of induced
voltages Vmod i1-8 throughout all the 8 modules of each string i

(i = 1,…,4). Since the LS spot is on the left side of the array,
as the considered module (Figure 8c) is the last in each row of
the string and the row is located in the upper portion of the
MS, the peak value of induced voltage is the smallest, and is
attained later, even reaching negative values for modules located
in more distant places of the MS. The output currents of PV
modules follow a different pattern (Figure 8d); in each row of
the MS (string), currents of modules are almost the same (expect
currents flowing to ground), but a change in the peak value
behaviour from positive to negative current values is observed
when further increasing the distance.

Results in Figures 7c and 7d disclose that in common-mode,
voltages up to some 2.40 kV (module #1.1) and induced cur-
rents up to 247.55 A (module #4.8) can be induced in a single
module. From regulations [2, 65–67] that determine the surge
withstand capability (SWC) of overvoltages in a PV module (in
the interval 4–8 kV) as well as its current withstand (about 2
kA), it is reasonable to expect that the insulation does not fail in
the PV module under the considered conditions.

Given that the negative terminal of the PV array is grounded
and electrically located at the opposite side of the LS spot, the
peak voltage of negative terminal to ground in each module
increases as the spot gets closer to the module, either by the
position within row (string) or by the localization of row in
MS. Accordingly, the voltage in the module #1.1. (differential-
mode, Figure 8a) can reach high values (−8.38 kV), leading to
the breakdown of the PV module insulation [65–67]. Therefore,
this differential-mode overvoltage is the most threatening.

Induced voltages in the module, frame to ground, and result-
ing currents follow a different behaviour depending on the
specific location in the MS (Figure 8b,c). The results of low volt-
ages and resulting low currents disclose that there are no threats
to insulation breakdown.

When the results of LS spot P4 (centred to the MS) are com-
pared with those of spot P1 (at the left side of the MS), the
main difference appears in the differential mode voltages of
the modules that almost always develop negative values for all
of the modules in a string (Figure 9c) and therefore, a higher
negative peak for the PV array is attained (Figure 9a). By con-
trast, in P1 the latter variable is lower since there is a positive
and negative compensation of voltages between the modules
of the string. This addition effect is augmented in the mod-
ule currents (Figure 9d), and string currents. This generates an
almost doubled output current in the PV array with respect
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HERNÁNDEZ ET AL. 9

FIGURE 7 Reference case, voltages and currents induced, spot P1

FIGURE 8 Reference case, voltages and currents induced, spot P1

to the corresponding P1 figure (Figure 9b). Also, due to the
voltage accumulation effect, the negative terminal to ground
voltage at each module increases (Figure 10a). For example, in
the case of LS spot in P4, this figure reaches 15.19 kV in mod-
ule #1.1, nearly doubling the value corresponding to the P1 spot
case. Finally, relative changes in the voltages, frame to ground,
and resulting currents appear in P4 versus P1, but insulation
breakdown is not expected.

6.2 Relevance of couplings in the PV array

To rank the relevance of the IMCMs and MGCMs, introduced
in this study, the influence of each of them is separately assessed.
For each mechanism, a relative variation of ±10% is consid-

ered to account for the uncertainty associated with the coupling
modelling process. We also analysed the impact of the frame
material, using a steel frame instead of an aluminium frame.
The impact of the steel choice is quite low since the maxi-
mum decrease in the variables reaches about 4%, being 1%
for most variables. The effects are computed and compared to
the reference case and the base case (reference case without
any coupling mechanism). Table 4 reports the peak magni-
tude values for the monitored variables when the LS spot is
in P4.

The effect of the MGCM is extremely interesting; it sig-
nificantly decreases the induced voltages of the PV frame to
ground to much smaller values than to base case, namely 102%
iof the reference case; also, it increases the current frame to
ground that reaches up to 91% of the reference case. As for
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10 HERNÁNDEZ ET AL.

FIGURE 9 Reference case, voltages and currents induced, spot P4

FIGURE 10 Reference case, voltages and currents induced, spot P4

TABLE 4 Relevance of couplings in the PV array, spot P4

Vout (kV) Iout (A) Vpv(#i.j) (kV) Ipv(#i.j) (A) V-gnd(#i.j) (kV) Vfg(#i.j) (V) Ifg(#i.j) (A)

Reference case −18.30 −636.87 −5.54 (#1.4) −359.76 (#1.5) −15.18 (#4.1) −62.54 (#1.1) −6.92 (#1.1)

Base case −20.18 −702.28 −6.14 (#1.4) −303.81 (#1.8) −16.69 (#4.1) −23,372.8 (#1.1) −1.35 × 10−5 (#1.1)

Base case, Steel −20.05 −697.95 −6.02 (#1.4) −292.20 (#1.8) −16.63 (#4.1) −20,232.6 (#1.1) −3.31 × 10−5 (#1.1)

Base case + MGCM −19.84 −690.71 −6.06 (#1.4) −322.48 (#1.5) −15.46 (#4.1) −63.5 (#1.1) −6.28 (#1.1)

+10% −19.84 −690.71 −6.06 (#1.4) −322.48(#1.5) −15.46 (#4.1) −57.7 (#1.1) −6.28 (#1.1)

−10% −19.84 −690.71 −6.06 (#1.4) −322.48 (#1.5) −15.46 (#4.1) −70.4 (#1.1) −6.28 (#1.1)

Base case + IMCM-CC −20.14 −700.89 −6.13 (#1.4) −305.80 (#1.3) −16.65 (#4.1) −19,351.7 (#3.1) −3.57 × 10−5 (#3.1)

+10% −20.14 −700.88 −6.13 (#1.4) −305.91 (#1.3) −16.65 (#4.1) −19,280.5 (#3.1) −3.53 × 10−5 (#4.1)

−10% −20.14 −700.90 −6.13 (#1.4) −305.67 (#1.3) −15.65 (#4.1) −19,442.6 (#4.1) −3.60 × 10−5 (#3.1)

Base case + IMCM-IC −18.82 −654.89 −5.68 (#1.4) −337.12 (#1.8) −15.65 (#4.1) −18,558.0 (#1.1) −3.82 × 10−5 (#2.3)

+10% −18.75 −652.48 −5.65 (#1.4) −339.03 (#1.8) −15.59 (#4.1) −18,424.0 (#1.1) −9.82 × 10−4 (#1.1)

−10% −18.88 −654.32 −5.70 (#1.4) −335.25 (#1.8) −15.68 (#4.1) −18,680.3 (#1.1) −3.87 × 10−5 (#1.1)
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HERNÁNDEZ ET AL. 11

TABLE 5 Effect of the array grounding

Vout (kV) Iout (A) Vpv(#i.j) (kV) Ipv(#i.j) (A) V-gnd(#i.j) (kV) Vfg(#i.j) (V) Ifg(#i.j) (A)

P1, grounded -reference case- −8.70 −302.74 2.40 (#1.1) −247.55 (#4.8) −8.38 (#1.1) −32.39 (#4.1) −3.79 (#1.2)

P1, ungrounded −8.75 −304.61 2.40 (#1.1) −243.42 (#4.4) −5.03 (#1.1) −16.85 (#4.8) −2.75 (#1.2)

P4, grounded -reference case- −18.30 −637.87 −5.54 (#1.4) −359.76 (#1.5) −15.18 (#4.1) −62.54 (#1.1) −6.92 (#1.1)

P4, ungrounded −18.41 −640.48 −5.56 (#1.4) −352.48 (#1.4) −9.09 (#4.1) −38.12 (#1.1) −5.30 (#1.5)

TABLE 6 Effect of the lightning striking spot, reference case

Vout (kV) Iout (A) Vpv(#i.j) (kV) Ipv(#i.j) (A) V-gnd(#i.j) (kV) Vfg(#i.j) (V) Ifg(#i.j) (A)

P1 −8.70 −302.74 2.40 (#1.1) −247.55 (#4.8) −8.38 (#1.1) −32.39 (#4.1) −3.79 (#1.2)

P2 −8.63 −300.45 −1.16 (#2.2) −99.16 (#3.8) −7.54 (#1.1) −34.33 (#3.1) −2.72 (#1.2)

P3 −8.08 −281.24 −1.12 (#2.1) −87.67 (#4.8) −6.98 (#1.1) −34.43 (#3.1) −2.35 (#3.1)

P4 −18.30 −637.87 −5.54 (#1.4) −359.76 (#1.5) −15.18 (#4.1) −76,20 (#1.1) −6.92 (#1.1)

P5 −15.03 −523.11 −2.59 (#1.2) −253.65 (#1.8) −12.73 (#4.1) −54.09 (#1.1) −4.99 (#1.1)

P6 −12.40 −431.56 −1.83 (#1.1) −188.11 (#1.8) −10.65 (#4.1) −47.36 (#1.1) −3.88 (#1.1)

the change of the remaining variables, this resulted in an over-
estimation of about 8%, except for module currents that get an
underestimation of 10%. Note that the assessment on this cou-
pling mechanism impacts only on the ground voltage, while the
ground current is not influenced.

The impact of IMCM-CC is almost null as compared with the
base case except for the frame to ground variables. However, the
high/low values of such variables nullify any conclusion. The
change assessment does not disclose influence on any variable.
This mechanism, taken individually, is irrelevant.

The impact of IMCM-IC moves the results away from the
base case and towards the reference case. Thus, this coupling
leads to an improvement of about 7% regarding the base case
for most variables, except for the module current and frame
variables, so that it stands at an overestimation of just about 3%
in these variables to the reference case. The change assessment
is bounded by 1%.

6.3 Effect of the array grounding

PV array grounding is not always required [2]. From the per-
sonnel safety viewpoint, floating configurations are safer than
grounded configurations. The opposite case occurs when con-
sidering the lightning protection viewpoint [2]. Thus, both
viewpoints are weighted in this section. To this aim, the
reference case (grounded PV array) is compared with the
ungrounded configuration for both LS spots P1 and P4, see
Table 5.

In the “grounded” case we assumed that each pillar in the
PV array support penetrates 1 m below the ground surface,
and all pillars are connected by a large aluminium ribbon, 0.5 m
below the ground level. The impact of the grounding configu-
ration on induced voltages and currents was usually quite small.
A marginal increase/decrease of about 1% could be observed

in voltages and currents (both for the whole array and for the
single modules) for the ungrounded configuration with respect
to the grounded one. However, the removal of the direct cur-
rent flow path to ground substantially changes the variables
related to ground. As an example, the module voltage from
negative pin to ground decreases more than 35% with respect
to the grounded configuration. The same occurs for the frame
voltage and current, arriving at a reduction of about 35–95%
and 37-30%, respectively, depending on the LS spot position.
This reduction of EM stress on the single modules makes the
breakdown of its insulation less likely. So, this configuration
constitutes an array design measure to alleviate the threat from
overvoltages induced by nearby LS.

6.4 Effect of the LS spot position

To assess the impact of the LS spot position, six different strikes
hitting on the ground were considered for the reference case,
namely at a distance of 5, 10 and 15 m away from the MS, 3 spots
on the left of MS and 3 spots centred on the MS (see Figure 6).
Two cases (namely, P1 and P4) had already been introduced in
the previous discussion to assess the impact of LS spot position
on some relevant variables. The analysis is now completed in a
systematic way (see Table 6).

The nearer the LS spot position is to the MS, the larger are
the peak values shown in overvoltages. For example, the over-
voltages induced when considering spots P1 or P4 are much
larger than those induced when considering the spots P2 or P5.
Nonetheless, distance plays a moderate role. Thus, the voltage
and current induced in the whole array decrease linearly with
the distance, but with different coefficients (e.g. 1/2 for spots
on the left of MS and 1/3 for spots in centred locations). In
contrast, the voltage induced in single modules decreases lin-
early with distance. Finally, the remaining variables decline with
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12 HERNÁNDEZ ET AL.

TABLE 7 Effect of the PV array configuration

Vout (kV) Iout (A) Vpv(#i.j) (kV) Ipv(#i.j) (A) V-gnd(#i.j) (kV) Vfg(#i.j) (V) Ifg(#i.j) (A)

Spot P1 SP -reference case- −8.70 −302.74 2.40 (#1.1) −247.55 (#4.8) −8.38 (#1.1) −32.39 (#4.1) −3.79 (#1.2)

TCT −8.64 −300.73 −1.31 (#3.5) 1408.7 (#1.1) −7.67 (#1.1) −32.75 (#4.1) −3.49 (#3.2)

BL −8.65 −301.21 −1.42 (#3.3) 1065.9 (#1.1) −7.96 (#1.1) −31.46 (#4.1) −3.39 (#1.2)

HC −8.51 −296.33 −1.61 (#2.3) 929.94 (#1.1) −7.82 (#1.1) −30.37 (#4.1) −3.54 (#1.2)

SP-TCT −8.74 −304.39 2.09 (#1.1) 436.28 (#1.2) −8.29 (#1.1) −32.65 (#4.1) −3.65 (#1.2)

BL-TCT −8.63 −300.39 −1.36 (#1.3) 1058.7 (#1.1) −7.91 (#1.1) −32.19 (#4.1) −3.38 (#1.2)

BL-HC −8.64 −300.95 1.40 (#1.1) 973.06 (#1.1) −7.90 (#1.1) −32.04 (#4.1) −3.53 (#1.2)

SP2 −3.51 −122.43 1.95 (#1.1) −533.02 (#4.4) −3.80 (#2.5) −19.31 (#2.5) 2.14 (#1.2)

SP -reference case- −18.30 −636.87 −5.54 (#1.4) −359.76 (#1.5) −15.18 (#4.1) −62.54 (#1.1) −6.92 (#1.1)

Spot P4 TCT −17.77 −618.50 −4.26 (#1.3) −1604.10 (#1.4) −14.64 (#1.1) −61.05 (#1.1) −6.66 (#1.1)

BL −18.14 −631.24 −5.40 (#1.4) −714.64 (#1.3) −15.08 (#1.1) −61.09 (#1.1) −6.94 (#1.1)

HC −17.73 −617.03 −5.23 (#1.4) −523.86 (#1.5) −14.65 (#1.1) −59.94 (#1.1) −6.60 (#1.1)

SP-TCT −18.30 −636.80 −4.77 (#1.4) −931.45 (#1.3) −15.71 (#1.1) −63.58 (#1.1) −7.07 (#1.1)

BL-TCT −18.01 −626.94 −4.67 (#1.3) −1470.00 (#1.3) −15.05 (#1.1) −61.55 (#1.1) −6.89 (#1.1)

BL-HC −17.70 −616.10 −4.58 (#1.4) −1617.61 (#1.3) −14.73 (#1.1) −61.34 (#1.1) −6.63 (#1.1)

SP2 −7.30 −254.15 −5.78 (#4.4) 2060.30 (#4.4) −7.30 (#1.5) −26.76 (#1.1) −4.13 (#1.5)

FIGURE 11 Effect of the LC geometry

a coefficient equal to 2 with respect to the distance. Therefore, it
is evident that the centred or off-centre location of the lightning
striking spot regarding the MS plays a primary role in the assess-
ment of the EM stress on the PV modules/array. The closer the
LC hits the centre of the MS, the more relevant is the effect of
distance.

6.5 Effect of the PV array configuration

Array configuration can be one of the most profitable degrees
of freedom in the design to alleviate the overvoltages due to

nearby LS. In this section, we focus on the performance of the
seven configurations previously mentioned at spots P1 and P4
(Table 7) namely, SP, TCT, BL, HC, SP-TCT, BL-TCT, BL-HC.

Focusing hereafter on LS spot P1, the HC configuration pro-
duces the highest drop in voltages and currents for the whole
array, about 3%. Furthermore, it generates the maximum reduc-
tion of frame to ground voltages (about 7%). Nonetheless, the
least yet non-negligible frame to ground current is provided by
the hybrid configuration BL-TCT, providing an 11% drop with
respect to the reference case. However, for spot P4 this is not
the case, and the BL-HC configuration, hybrid based on HC,
proves again its superiority. The TCT configuration provides the
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HERNÁNDEZ ET AL. 13

FIGURE 12 Effect of the LC geometry, continued

highest decrease for the module voltage in common mode, up to
45%. However, as all modules are cross connected, this entails
that the module current achieves a dangerous peak in module
#1.1 (1408.7 A), as there is an increase of 560% regarding the
reference case. Moreover, this configuration outperforms the
other configuration when voltage from negative to ground is
assessed; more than a 7% reduction.

It is important to note that SP2 configuration generates the
lowest voltages, with the currents bounded to suitable values.
Therefore, when higher voltages are possible in the design stage,
this configuration is preferred.

The only relevant fact from the results at spot P4 is that the
peak voltage from negative to ground is generated by SPTCT
instead of SP configuration (reference case).

6.6 Effect of the LC geometry

To assess the impact of a tortuous LC, a statistical analysis
using 100 randomly generated LC paths is performed. Exam-
ple waveforms for 8 different LC’s hitting at the LS spot P5
are reported in Figures 11a–d and 12a–c, whereas the aver-
ages, standard deviations, minimum and maximum values are
reported in Table 8. Note that the vertical strike corresponds to
reference case.

From the statistical analysis, it can be observed that tortuosity
leads to a non-negligible rise in the peak values in the variables,
influencing both currents and voltages, achieving up to 24%
for most variables, except for the voltage (34%) and current
(57%) in single modules at the worst locations #1.2 and #1.8,
respectively. The standard deviation values suggest that the sta-
tistical variability of the LC geometry cannot be neglected when
dimensioning the lightning protection system. Accordingly, the
LC geometry plays a leading role in the assessment of the EM
stress on a PV array. The hypothesis of a vertical straight strike
channel may lead to underestimating its effects.

7 CONCLUSION

The current research has proposed a suitable model to deal
with overvoltages induced by nearby LS in a PV array. This has
extended our previous works [1, 8] by proposing a new mod-
elling for the whole PV array that accounts for the proposed
IMCMs and MGCM. The planned approach has the flexibility
to represent different array groundings and configurations as
well as external conditions such as the LC geometry and the LS
spot distance. In addition, it is fast enough to allow MonteCarlo
analyses. Thus, through simulations, the influence of these key
factors on the lightning overvoltages in a case study of medium-
size PV array is assessed. Moreover, in such a framework, the
relevance of the IMCMs and MGCMs is assessed.

The comprehensive analysis of the coupling mechanisms
conclusively reveals that MGCM strongly impacts only on vari-
ables related to frameground connections, that is, voltage and
current, providing individually, the 102% and 91% of the refer-
ence case. The impact of the IMCM-CC becomes much smaller
and can be omitted, while the impact of IMCM-IC moves the
results away from the base case and towards the reference case.

The impact of the grounding configuration on voltages and
currents induced in the array is usually quite small. However,
at single module level, a drop in EM stress (about 35%) is
attained in the ungrounded configuration for the differential-
mode overvoltage; this is the most threatening effect to the PV
insulation.

The overvoltages are closely related to the location of the
lightning striking spot. Nonetheless, depending on the induced
variable, related with PV array, module, or frame, this decreases
less than, as, or more than the distance respectively. In addition,
centred or off-centre location of the striking spot regarding the
MS plays a primary role.

The impact of the grounding configuration proves the supe-
riority of the HC configuration for the whole array and voltages
frame to ground. However, it was observed that TCT is the
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14 HERNÁNDEZ ET AL.
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most appropriate configuration for decreasing stress in single
PV modules: a drop of up to 45% for common mode voltages
and of 7% for voltages negative to ground can be observed in
this case.

According to the tortuosity statistics, LC geometry leads to
a non-negligible increase in the peak values in the variables,
impacting both on currents and voltages, achieving up to 24%
for most variables.
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