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Abstract: Photovoltaic (PV) systems are subject to nearby lightning strikes that can contribute
to extremely high induced overvoltage transients. Recently, the authors introduced a 3D semi-
analytical method to study the electromagnetic transients caused by these strikes in a PV module.
In the present paper we develop an improved model of the PV module that: (a) takes into account
high-frequency effects by modelling capacitive and inductive couplings; (b) considers the electrical
insulation characteristics of the module; (c) includes the connection to a DC/DC converter. The
whole process involves three major steps, i.e., the magnetic-field computation, the evaluation of
both common-mode- and differential-mode-induced voltages across the PV module, and the use of
the calculated voltages as input to a lumped equivalent circuit of the PV module connected to the
DC/DC converter. In such a framework, the influence of the PV operating condition on the resulting
electrical stresses is assessed; moreover, the relevance or insignificance of some parameters, such as
the module insulation or the frame material, is demonstrated. Finally, results show that the induced
overvoltage are highly dependent both on the grounding of the conducting parts and on the external
conditions such as lightning current waveforms and lightning channel (LC) geometry.

Keywords: photovoltaic; lightning protection; lumped-equivalent circuit; electromagnetic fields;
lightning-induced voltage; indirect lightning; transient overvoltage; computer simulation; dynamic
impedance model; AC and DC parameters

1. Introduction

The increasing generation of electric power from PV sources requires larger PV mod-
ules size, which get more exposed to open-field weather conditions, and consequently
can be more susceptible to direct or indirect lightning discharges [1-4]. Assemblies of PV
modules, called PV arrays, are usually equipped with lightning protection systems to avoid
damages due to direct lightning [5]. However, the more likely event of a strike hitting
nearby the PV array can still cause relevant effects and possibly damage the PV mod-
ules [2,6-8] or other PV components [9-11]. The study of lightning effects on PV modules
is therefore a key issue for their safety [4]. Particularly, the knowledge of lightning-induced
voltage on a PV module and its characteristics [1] gives the engineer an opportunity to take
specific measure for its protection in the PV system design phase.

Active research on the lightning effects on PV systems [12] recently showed a massive
increase. In [2], scientific background and essential assumptions taken for the design
of lightning protection systems for PV systems are discussed. Field measurements are
presented in [6,13,14], and the performance of PV systems under both direct and indirect
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lightning strikes is investigated. Experimental tests on single PV modules or reduced-scale
PV arrays are analyzed in [3,8,15-22] to show the transient behavior. Overvoltage at the
DC side is addressed in [3,4,8,14-29]. Recently, the degradation of the PV module under
impulse voltage was investigated [7,30-34].

Note that previous simulation studies focused on single PV modules [15,16,19-22] or
reduced-scale PV arrays [3,6,15,18,22,23,25,28,29] are mainly based on over-simplified mod-
els. They cannot provide a complete and systematic evaluation of the lightning-induced
overvoltage. For example, the inductive coupling between the inner wiring structure of
the PV module and its metal frame is almost always omitted due to its computational
complexity [1,15,16,21,22]. Additionally, the capacitive coupling among metallic parts
inside and around the PV module is never considered (see, e.g., [19,35-37]). Consequently,
the induced transient voltages resulting from the presence of both coupling mechanisms
have not been accurately assessed to date.

Modelling and value setting of dynamic AC circuit parameters for a PV module gives
important insight to characterize and diagnose its behavior in case of lightning events.
Extensive studies on the determination of parameters of the active electrical circuitry for
PV cells and modules are available in the literature, mostly focused on calculating both
the DC and AC electrical parameters [38-53]. The most widely used method to study the
PV dynamic behavior is the impedance spectroscopy [40,43,54-58]. Alternative methods
are based on time domain techniques [59,60]. Based on these or other methods, the AC
parameters of a PV cell/module, such as capacitance and parallel and series resistance,
can be accurately characterized. However, there are few studies on the characterization of
parameters related to the PV module electrical insulation [23,36,61,62].

Although efforts have been made to characterize the high-frequency modelling of PV
module/array under lightning strikes, as previously described, it is found that studies
usually considered simple frequency models for the PV array components (inaccurate
models under transient conditions), and just a few researchers have considered accurate
high-frequency models [13,23]. An efficient high-frequency modelling for the PV module
would therefore be necessary to provide effective lightning protection. In this context,
the authors proposed in [1] a 3D semi-analytical method, able to predict the transient
overvoltage induced in a PV module by an indirect lightning, considering both capacitive
and inductive coupling effects.

The present paper shows results extending the previous work [1] while adding two
important contributions. The first one is the proposal of an improved modelling for the PV
module, able to cope also with high-frequency effects and to treat the module insulation to
frame and to ground, also including the connection to a DC/DC converter. This allows
to analyze the influence of different PV operating conditions (module voltage bias) on
lightning induced voltages. The assumed parameter variations are based on an exhaustive
literature review [38-63].

The second contribution involves a comprehensive sensitivity analysis that conclu-
sively demonstrates the relevance (or the insignificance) of certain parameters, such as
the module insulation (dependent on meteorological conditions) or the frame material.
Additionally, these overvoltages were found to be highly dependent on factors external to
the DC/DC converter-PV module assembly, such as the lightning current waveform or the
lightning channel geometry.

The rest of the paper is structured as follows. The mathematical model for computing
the magnetic field from a lightning channel is briefly recalled in Section 2. The description
of the PV module is detailed in Section 3. The LC—module coupling as well as the detailed
model for the PV module and DC/DC converter are presented in Section 4. Our com-
prehensive analysis of the influence on inducted voltages of the PV operating conditions
and value setting for some parameters of the PV module model as well as other relevant
external aspects of this phenomenon is presented in Section 5. Concluding remarks are
noted in Section 6.
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2. Magnetic-Field Computation from a Lightning Channel

This section summarizes the magnetic field computation from a tortuous LC devel-
oped by the authors (see [1,64,65] for a more detailed description). The LC is represented by
a number of arbitrarily oriented segments Cy; it starts from an infinitely conducting ground
in proximity of a PV module and develops towards the clouds (Figure 1). Parameters de-
scribing the channel geometry are chosen according to data about natural flashes presented
in [66]: the average absolute value of the angle between adjacent segments ¢ is assumed to
be equal to 17° in this study (both positive and negative values are allowed). The average
length of each segment is L;; = 8.5 m. The overall length of the channel is L = 10 km. The
LC is travelled by a lightning current of amplitude Iy that propagates without attenuation
or distortion at constant speed v, equal to 1/3 of speed of light ¢ in vacuum.

LC

Figure 1. Geometrical model of the tortuous lightning channel (LC).

In case of a vertical lightning channel (Figure 2) starting from ground, the magnetic
vector potential A(7s, t) from the LC is given by

nlp(Bu(t—R—2Y)
AFt) = 12 /O ( - ”>dz’iz (1)

where & is the channel height, u is the Heaviside step function, i is the vacuum permeabil-
ity and the main geometrical parameters are represented in Figure 2. The method of images
is then adopted to take into account the presence of the perfectly conductive ground: an
“image channel” is located under the ground plane and is travelled by the same current and
carries an opposite charge. The vector potential A(7s, t) is finally line-integrated along the
inner circuitry of each module and along the boundaries of the aluminum protection case,
and time-differentiated to evaluate both common-mode- and differential-mode-induced
overvoltage. Full details about Equation (1) and the underlying model are given in [1,65].

Figure 2. Vertical lightning channel.

In the case of a tortuous LC, it is necessary to calculate and then sum up the contribu-
tions of each segment Cy composing the lightning path. Such a contribution can be easily
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calculated by using the same Formula (1) if a suitable local cylindrical coordinate system is
adopted, as shown in Figure 3.

P(r,,z)
»o

Figure 3. Arbitrarily oriented channel segment.

Regarding the lightning current waveform Iy(f) at ground, the typical analytical
expressions as reported in the IEC standards [67] has been adopted

2

G erp( )

n 1_|_<T_f1>n [

Full details about the current waveform model are reported in the IEC Standard.
Assuming that the current propagates undistorted along the channel, the computation of
the vector potential produced by a generic current [y(f) starting from the ground can then
be performed by the Duhamel’s theorem and by the convolution product with the vector
potential calculated at the same point and generated by a unit step current.

The waveforms adopted in this study are typical of either a first negative short stroke
(Figure 4a) or a subsequent negative short stroke (Figure 4b); the related parameters are

reported in Table 1.
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Figure 4. Lightning current waveforms according to IEC 62305-1 [67]: (a) first negative short stroke for lightning protection
level (LPL) I; (b) subsequent negative short stroke for LPL I.
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Table 1. Parameters for lightning current waveforms, first short stroke and subsequent short stroke.

Parameter First Negative Short Stroke ~ Subsequent Negative Short Stroke
Peak current: I (kA) 100 50
Exponent factor: n 10 10
Correction factor: 1 0.986 0.993
Rise time: 71 (us) 19 0.454
Decay time: T3 (us) 485 143

3. Modeling of the PV Module
3.1. Wiring of the PV Module

The PV module is a packaged, connected assembly of PV cells with a metal frame.
PV cells within a PV module are series connected to achieve higher voltage output, as
the voltage produced by a single cell is limited. Figure 5a shows the dimensions of the
investigated PV module. The standard PV module has 270-watt output power from a matrix
of 60 square cells, with a size of 156 mm, series connected to reach a maximum output
voltage of 114.18 V. The cells are sealed in the module to protect from the environment, and
DC cabling is provided to connect cells in series.

Frame loop Internal loop (internal circuit of PV module)

o Equivalentline /"
Metal grid (finger) for flux computation

Metallic frame

Plated back

Common-mode Differential-
area (Acy) mode area (Agm)

Frame area (A

(a) Dimension of PV module  (b) Schematic representationofthree cells connected inseries  (c) Schematic representation of differentloops for its geometrical modelling

PV module
Metallic frame “,‘.s\ connection
“ DG lines

oD
P2
Y

(d) 3D model ofthe PV module

Figure 5. 270 Wp-PV module investigated.

According to the actual size of the PV module and its spatial distribution, the PV
inner wiring complex 3D shape is modelled by connections with a thin-wire structure
and developing on a planar path Figure 5b). Since the up—down transitions on different
planes of the semiconductor cells do not contribute significantly to the concatenated
magnetic flux and, consequently, to induced voltages [1], we assumed a planar path for
the cell interconnections; consequently, the connections create a geometric loop (see the
equivalent brown line I in Figure 5b,c), determining a differential-mode area A, (grey).
The conducting frame around the PV module determines a second closed loop, enclosing
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the frame area Ay (green). The relative complement of the internal loop area A, and the
frame loop area Af determines the common-mode area A.y, (purple). Therefore, the 3D
model (Figure 5d) incorporates features such as the geometries of the frame and the traces
which connect the PV cells within the module.

The model of the PV module assumes a 1 m height and a 35° tilt with respect to the
ground, with the LC touching ground 5 m away from the lower left corner of the module.
The ground is aligned to the xy plane, and the LC develops along the z axis on the average.
With the assumption that it would have a negligible effect on the simulation results, the
glass sheet at the front of a PV module is omitted.

3.2. PV Metallic Frame

Traditional PV modules are commonly embedded in a metal frame. The frame can
help to fix and seal the PV module and protect the module from damages during trans-
portation and installation. For the sake of information, we note that frameless modules also
have advantages, as they reduce the possibility of electric shock and of potential-induced
degradation [36,68].

The frame equivalent resistance is computed by assuming an even current density
distribution and adopting the standard expression

Rfm = p-lfra/SC (3)

where p is the material resistivity (aluminum and steel data are discussed in Section 5), [ fra
is the total length of the four frame sides, and Sc is the C shape equivalent section.

The frame equivalent self-inductance Ly, is computed by modeling the frame as a
rectangular coil, with a square section [69], with dimensions fitting the equivalent area of
the C-shaped actual section, and adopting suited shape coefficients to compensate for the
different current density distribution. Internal inductance is neglected. Mutual inductance
with the PV circuitry M, 04 is computed using the code INDIANA [69], developed by
the authors, based on the line integration of vector potential.

Thanks to its excellent mechanical performance (high strength, lightweight, easy
installation), a C-shaped steel or aluminum profile is commonly used in PV modules. The
profile used in this paper has a higher width of 40 mm and the thickness of 3 mm. Note
that, while aluminum can be assumed nonmagnetic, steel may show nonlinear magnetic
behavior. We neglected this aspect in the study, assuming a nonmagnetic steel [70]. We
also neglected frequency-dependent current redistribution.

4. Modelling of the PV Module and DC/DC Converter Assembly
4.1. Modelling for the PV Module
4.1.1. Lightning Channel Coupling Model for a Single PV Module

Since this study only accounts nearby lightning strikes, not directly hitting the PV
power system, only the induction effects due to lightning current must be considered.
Taking into account the lightning current magnitude, and the relatively limited dimensions
of the PV module, a straightforward computation demonstrates that the relevant coupling
mechanism in this case is the inductive coupling, as reported in [1,16].

The coupling between the LC and the module (see Figure 6) is modelled by introducing
two equivalent voltage sources: an equivalent voltage source (V,,,4) simulating the coupling
of the LC with the module inner electrical circuitry (area Ay, Figure 5¢) and another voltage
source (V) that gathers the coupling with the conducting frame (area Ay, Figure 5c¢).
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Figure 6. Lightning channel coupling model for the PV module.
4.1.2. Dynamic and Insulation Model of a PV Module

The models of active electrical circuitry for PV cells were extensively studied over
the years. The single-diode model [71], double-diode model, and modified three-diode
equivalent circuit model [72], are the most adopted ones to represent the PV cells in circuit
simulation under DC conditions. For the lightning transient study in this paper, the
dynamic PV single-diode model is adopted, as shown in Figure 7a. I; is the photocurrent.
For the dynamic analysis considered here, the equivalent PV cell electric circuit is obtained
by replacing the diode with the diffusion capacitance (Cp py.), the transition capacitance
(Ctpye) and the dynamic resistance of diode (R, py.), Figure 7b [38,39]. The transition
capacitance describes the charge stored in the depletion region at the semiconductor p-n
junction and the diffusion capacitance describes the charge stored in the neutral region
of the semiconductor outside the depletion region [40,41]. The magnitude of diffusion
capacitance is much larger than the transition capacitance one. It happens to be prominent
when the p-n junction is forward-biased and negligible when reverse-biased. Transition
capacitance dominates at small positive and negative voltages, where the junction is not
conducting a significant current, and diffusion capacitance dominates above the voltage of
the MPP, where the junction carries a significant current.

R
vi*? ve + M\ +
Rs.PVc
Sé Rsh,PVc :\: T R
CD,PV(: Rd,PVc CT,PVc sh,PVc R. L
S S
- IVWJVYV\_ -
(a) DC PV cell model (b) Dynamic PV cell model
A +
Rs,F’Vc
__CPPVC Rp,PVc
RS LS
IVW_JYV"\_ -

(c) Simplified dynamic PV cell model

Figure 7. DC and dynamic models of the active electrical circuitry for a PV cell.

The current source is ignored due to its value, which is much lower than the lightning-
induced current. Series resistance (R, py.) results from the bulk resistance of the p- and
n-layers to majority carriers flow as well as from the Ohmic contacts on the cell to the
external wiring. Shunt resistance (Rgj, py.) results primarily from the leakage currents
around the edges of the PV cell, but also from the low insulation at both terminals of the
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PV cell. This parameter shows a high uncertainty, due to inhomogeneities and defects
resulting from the production process.

The series resistance (R;) and the series inductance (L;) model the parasitic effects
associated with cables and connectors and are assumed to be constant.

The dynamic model can be simplified using a parallel resistance (Ry, py.) which is the
result of combining R py, with Ry, py. and a parallel capacitance C;, py., which is the result
of combining Cp py, with Ctpy,; see Figure 7c.

When PV cells are arranged in series and parallel in a PV module, the dynamic
parameter values of the module are the combination of the individual cell characteristics.
The dynamic impedance of the PV module in dark conditions at the working frequency w
can be calculated using the following equation

Rp,PVm
2
(WRp,PVm Cp,PVm) +1

4)

Zpym = |Rspym +

2
s [ WRp,PVmRPrpvm

2
(URp,PVme,PVm) +1

Details of the derivation can be found in [49] or [61]. The parameter values of the
PV cell/module model are not constant, but depend on irradiation, temperature, and
cell/module voltage bias [40,43,54,59]. Generally, increasing voltage bias increases parallel
capacitance and decreases parallel resistance [40,42,54]. As temperature increases, resis-
tance decreases due to a higher number of free carriers and capacitance increases. Similarly,
increasing irradiation lowers parallel resistance and increases parallel capacitance [40,56].

Regarding series resistance, this is voltage independent and only is influenced by
irradiance [44] and temperature [23]. As an example, its value decreased up to three times
when irradiance increased from 100 to 1200 W/m?2.

Regarding parallel resistance, dynamic resistance (R py.) is voltage-dependent and
shunt resistance (Ry, py,) is voltage-independent [43,45]. Furthermore, parallel resistance
achieves the highest values at dark conditions, about 7 to 22 times to that of the full
irradiation [42,46,47]. Focusing on low irradiation conditions, parallel resistance decreases
as positive voltage bias increases. Thus, reference [42] reported that this resistance at MPP
and Open-Circuit (OC) conditions could achieve a 3.03% and 0.17% value, respectively,
compared to that of the Short-Circuit (SC) condition. Nonetheless, a lower change of about
three times between MPP and OC conditions was reported in [44,48].

Regarding parallel capacitance, transition capacitance (Crpy,) is voltage-dependent
whereas diffusion capacitance (Cp py.) is voltage- and frequency-dependent [43,45,46,50,59].
Therefore, the mathematical model of parallel capacitance (Cp,pv.) at various frequency f
and voltage bias of the PV cell Vpy, is identified by curve fitting using [49]

a

Cppve(Vove f) = (1W)1/2+[2;feXP(VZVf)}( 1+e(27rf)2—1>% ©)

where g, b, ¢, d are fitting parameters. Details on the extraction of these parameters can be
found in [73].

Focusing on low irradiation conditions (about 100 W/ m?), reference [42] describes that
the parallel capacitance at MPP and OC conditions could achieve a 294% and 340% value,
respectively, compared to that of the SC condition. The resulting parallel capacitance is also
irradiance-dependent [42,46,51,59,60]. Thus, for different voltage biases, this capacitance
could decrease in the range 15% to 70% when irradiance decreases from high to low
irradiation [42,60].

Self-inductance (Ls) and wiring resistance (R;) were computed using the approach de-
scribed above. It was found in the literature [3] that both the resistance (R;) and inductance
(Ls) were almost frequency-invariant and were coincident with the DC inductance and DC
resistance, respectively.

This section concludes with modeling the PV module electrical insulation (insulation
resistance and capacitance). This variable is key for human safety and the reliability of a PV
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module [36,68]. The equivalent circuit model that emulates the behavior of the PV module
insulation was already defined in [36], Figure 8. Thus, the model consists of a leakage
capacitance (Cp iso, pvm), @ series insulation resistance (R 5o, pvin), and a parallel insulation
resistance (Ry iso, pvin)-

PV module OL

® O]
| | Rs, iso,PVm

. Cp.iso,pvm Rp,iso,Pvm
Exposed-conductive-parts

‘ AAAA
VYV

,,9, Ground

Figure 8. Equivalent circuit model for the insulation of a PV module [36].

The insulation parameter values change with meteorological conditions, namely, the
relative humidity and the module temperature [36]. High values of relative humidity and
module temperature were the meteorological variables that determined the lowest module
insulation resistance Risy pvim (Rs,iso,pvin + Rp,iso,pvm) and the highest leakage capacitance.
This usually happens at sunrise on winter days. The opposite insulation condition, i.e.,
the highest insulation resistance and the lowest leakage capacitance, typically occurs
in summertime.

Because of the change in meteorological conditions, module leakage capacitance can
increase from the lowest values up to 65 times, whereas the series and parallel insulation
resistances can decrease from the highest values up to 9.2 and 46 times, respectively [69].

The values adopted for the parameters described in this section are introduced in
Section 5, both for a reference case and for a number of parametric studies, to help assess
the sensitivity of induced overvoltage to the most relevant parameters.

4.2. Modelling of the DC/DC Boost Converter

The boost converter for the DC load connection from the PV module consists of an
insulated-gate bipolar transistor (IGBT)-diode pair switch, an LC filter (Lygost and Cppost)
and a control circuit, Figure 9. The employed DC/DC power converter increases the DC
MPP voltage of the PV module and converts an unregulated input voltage (i.e., distorted
114.18 V) to a regulated output voltage of 120 V. Several power converters provide a fixed
output reference to ensure that the delivered output voltage is always set on a specific value
regardless of the input [62,74,75]. More specifically, the high-frequency model of DC/DC
converter is as follows: at the DC load side, two parameters, R ,, and Ly, ,,, were added to
represent the parasitic resistance and inductance of the connecting wires on the converter’s
DC side. Similarly, at the PV module side, Ry and Ly, were added to represent the
connections to the PV module. A resistance R;,,y was added to represent the load. Finally,
the IGBT-diode pair switch was modelled by an ideal switch in series with an R branch
formed of a resistance Ry, 0, in order to take the commutation losses into consideration.
The commutation speed of the power device was reproduced by an R-C branch (Rg s,
Csuw,sh) connected in parallel to the device.

As explained, the insulation model of the PV module includes a leakage capacitance
and a series/parallel insulation resistance. The ground path impedance was indicated with
Zon- The electrical model of converter insulation includes both the stray shunt capacitance
Csw,shunt and shunt resistance Rgy, g, between the aluminum radiator of IGBT module and
the ground.
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DC/DC boost converter

Dhoost E Racw Lacw
N ‘ — I\ /\ — |
L1
+

i
|
|
i
Dﬁ Choost== Vout E Rioad
i
|
i
i

Rdc,w I-dc,w

Switch

st,on

o _}-
AMWAN—H—

sw,sh Csw,sh

Figure 9. DC/DC boost converter circuit.

The ground is assumed here as the common reference voltage. Therefore, the common
mode voltage at the terminals of the DC/DC converter is as follows

Vneg.gnd + Vpos.gnd

Vo = ; ©)
The differential mode voltage is the input converter voltage
Viim = Vyos.gnd — Vieg.gnd 7)
The common mode current is the sum of the two-line input current
Iem=5hL+1D ®)
and the differential mode current is given by
i = 1 ©)

The differential mode current corresponds to the current injected into the converter,
while the common mode current flows through the parasitic resistive/capacitive couplings
between the different parts of the PV module and the ground connection. For this reason,
it is known also as the ground current.

The converter inductance and capacitance are given by the basic rules for the design
of a boost converter in continuous conduction mode

Vin’D

L = "= 10
boost fs A Inggst ( )

Iout'D

C =9 = 11
boost fS‘AVCbOOS[ ( )

where D is the duty cycle of the converter, f; is the switching frequency, and the other
quantities are related to the voltage and current ripples.
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5. Results
5.1. Simulation Setup

The whole mathematical model involves three major steps, i.e., the magnetic vector
potential computation, the evaluation of consequent overvoltage at different loops of the
PV module, and the computation of overvoltages in the lumped-equivalent circuit model
of PV module and DC/DC converter.

The induced voltages due to coupling between lightning channel and PV module
elements were computed using the self-developed computational electromagnetic package,
as discussed in Section 2. These overvoltages were fed to a SPICE model and to a MAT-
LAB/Simulink model, both using the lumped-equivalent circuit model for PV module and
DC/DC boost converter described in Section 4. Circuitry simulations in both simulation
environments allowed a cross validation of results.

5.2. Input Data

Unless otherwise stated, the parameter shown in Table 2 for the full circuitry model
of the PV module and DC/DC converter assembly, Figure 10, were computed at a fre-
quency of 1 MHz, which reflects the fundamental timescale of the simulated lightning
current waveforms.

________________ DC/DC boost converter

Ls

PV active electrical circuitry

» \AC dynamic model

p PVm R !
R pvm N ) |

w—{ W'w o= AN—TT—8—A\\—TT @
J\/\r A 3

p PVmM H '

of a PV module

Vimg

Switch

Rswon

oW\ ?
MN‘{ s

sw sh swsh

Zgnd lem

Figure 10. Full circuitry model for PV module and DC/DC converter assembly.

Dynamic impedance of the PV module was assessed under cloudy conditions, i.e.,
100 W/m?, when there are storms and nearby lightning strikes can appear. Furthermore,
different PV operating conditions (module voltage bias), from short-circuit to open-circuit
conditions, influenced the evaluation of the dynamic impedance. Additionally, because of
diverse meteorological conditions, set by specific relative humidity and ambient tempera-
ture, high and low values of the PV module insulation should be considered.

The MURS320 diode [76] was used in the full circuitry model for diode Dy,s, Whereas
the RFO5VYM2S diode [77] modelled diode Dg,.

5.3. Induced Voltages and Currents on the PV Module and DC/DC Converter Assembly

In this section, a reference simulation for a straight vertical LC is first considered.
Then, as anticipated, a comprehensive sensitivity analysis is performed with respect to
some relevant aspects of this phenomenon, namely the parameters of the PV module
model such as the dynamic parameters, or other parameters, as the material of the frame
and PV module insulation. Additionally, the sensitivity analysis includes the influence of
external factors on the modelling of converter-PV module assembly, e.g., lightning current
waveforms and lightning channel geometry.
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Table 2. Value setting adopted for parameters in simulations (Irradiation: 100 W/m?; frequency: 1 MHz).

Voltage Operating Conditions

Parameter Units
Short-Circuit (SC) Maximum Power Point (MPP) Open-Circuit (OC)
Ry pvm kQ 117.6 [42] 35.6 [42] 2.0 [42,46,47,60,78,79]
Cp,pvm uF 0.46 [42] 1.36 [23,42,45,46] 1.57 [42]
Parameter Units Value Parameter Units Value
Rs pvm mQ) 807 [23,60] Rgnd O 0.1 [62]
Ry mQ) 1.3[1,3] Rboost mQ) 1.0 [63]
Lg, uH 3.0 [1,3] Lboost uH 250 [63]
Cpiso,PVin nF 3.7-179.2 [23,36,62] Cboost uF 200 [63]
Ry iso,pvim kQ) 0.38-14.93 [36] Rsw,on e 1.0
Ry iso,PVm kQ) 0.003-2.980 [36,68] Rsw,sh Q 100
Ls uH 2.29 [3,51-53,62] Csw,sh nF 1.0
Rs mQ) 150 [3,46] Rsw,gnd kQ) 250 [62,63]
Ryvw (=Rycw) mQ) 50 [47,63] Csw,gnd pF 0.15[62,63]
Lyvw (=Lgc,w) uH 0.05 [47,63] RLoad (@) 50
Lena uH 1.0 [62] - - -

Peak magnitude value and associated times, e.g., front time (time to reach >90% of
the peak value), time to half value (time to reach 50% of the peak value on the tail of the
impulse), and decay time (time to reach 10% of the peak value), are reported for each
variable considered. The main variable waveforms monitored are: (i) frame voltage (V, in
Figure 10); (ii) module voltage (V,04); (iii) PV output voltage (V}y); (iv) switch voltage (Vsy);
(v) current through the switch (Is); (vi) voltage of negative output terminal to ground
(Vineg.gna); (Vi) common mode current (Ic); (viii) module insulation current (Is,).

The validation of the full model is a hard task, as experimental results for lightning
strikes are difficult to obtain. On the other hand, the model of the LC-module coupling
was extensively validated in [1], with respect to laboratory size and controlled ‘lightning’
events. Induced voltages Vo1 and Vi, together with the differential voltage at module
output, V.4, are the signals originally presented in [1], the only addition to the model
being the equivalent circuit comprising the converter; however, this part is computed using
standard simulation packages.

5.3.1. Reference Case

As a reference case, we assumed the values reported in Table 3, corresponding to
a high value of PV module insulation, and a PV operating condition (module voltage
bias) providing MPP. Furthermore, it was considered a vertical LC with a first short-stroke
waveform for an aluminum frame. The switching frequency for the switch of the DC/DC
converter was 10 kHz, and simulation ended at ¢ = 500 us.

Table 3. Value setting adopted for parameters in the reference case (irradiation: 100 W/ m?; frequency: 1 MHz; high PV
module insulation; MMP condition).

Parameter Units Reference Value Parameter Units Reference Value
2 >(-Rp,iso,PVm kQ 30 Cp,PVm uF
2 *Rs,iso,PVm kQ 6.0 Rs,PVm mQ 800
Cp,iso, pvm/2 nF 2.0 Ls uH 2.3
Ry, pvim kO 36 Rs mQ) 150

Figure 11 reports the voltages induced in the frame and module for the reference
case. Note that the actual output voltage available at PV terminal, V), was due to the
cumulative effect of directly induced voltage V,,,; and the effect of coupling with current
induced in the metallic frame I, which shielded the direct lightning-induced voltage.
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Coherently with the nature of the induction phenomenon, the front time of voltages are
imposed by the fast dynamic of the strike current (see Figure 4a).
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Figure 11. Reference case, induced voltages at the PV module. Vertical lightning channel with a first
short stroke waveform hitting 5 m away from the module for an aluminum frame.

The results in Figure 11 disclose that under common-mode, voltages up to some
1.76 kV can be induced in the single-PV module. If we consider the surge withstand
capability (SWC) of live parts of a PV module [2,7], it is difficult to predict that insulation
failures in the PV module can be caused by inductive couplings of nearby lightning strikes.

Figure 12 shows the voltages and currents induced in some of the remaining compo-
nents of interface circuitry for the reference case. Regarding DC/DC converter, in spite of
the voltage and current induced across the switch being within the converter switch limits
(data in Figure 12b,c, respectively), the voltage to ground of the negative output terminal
(that related with differential-mode, Figure 12d) can reach quite high values (—3.12 kV),
leading to the breakdown of the SWC of the DC/DC converter [2,80].
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Figure 12. Reference case, voltages and currents induced in some of the remaining components of interface circuitry: (a)

PV current output; (b) switch voltage; (c) current across the switch; (d) voltage of negative output terminal to ground; (e)
common mode current; (f) module insulation current.
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Note that while the waveforms of the induced voltage at the PV module (Figure 11)
were essentially imposed by the fast dynamic of the lightning current, the waveforms of
current and voltage in the remaining components of the assembly (Figure 12) followed
a slow dynamic imposed by the DC/DC converter filtering elements. In addition, the
current does flow in the switch only when it is in the “on” state, as it was easily predictable.
Reduced voltages show up at switch terminals during state transitions at the inset of
induced current, while slower dynamics appear in the late phases, when the dynamic is
dictated by the filtering elements in the DC/DC converter.

5.3.2. Sensitivity Analysis with Respect to Parameter Change

To appraise the impact of the different parameters of PV module model, describing
relevant aspects of PV behavior, we varied some relevant circuit parameters. For each
case of parameter change, as previously stated, Table 6 reports peak magnitude value and
times associated with the monitored variables. The parameters that were changed are:
(i) parameters of the PV high-frequency dynamic model, dependent on PV operating con-
ditions; (ii) material of the frame; (iii) PV module insulation. In the following subsections,
a detailed result analysis for each change is shown.

(i) Sensitivity to the dynamic module model parameters:

Since the values C;, pyy, and Ry pyyy, of the dynamic model of PV module are a function
of the operating voltage, two common PV operating conditions, different to that of the
reference case (MPP), were selected, namely, the output (V,,t) was configured for OC and
SC condition, see Table 4. For these cases, we assumed the following values (all the other
parameters remained equal).

Table 4. Value setting adopted for parameters in simulations at OC and SC conditions.

Voltage Operating Condition

Parameter Units
ocC SC
Ry pvm kO 2.0 120
Cp,PVm }J,F 1.6 0.5
Rs, PVm mQ) 800

The impact of the change in the PV operating condition on voltages and currents
induced was negligible when the MPP and OC conditions were compared; see Table 6.
Furthermore, a marginal increase could be observed at SC condition, possibly affected by
the short-circuit current flow path.

(ii) Sensitivity to the frame material:

We considered the possibility of using a steel frame (o = 2.6 x 10~7 Qm) instead of an
aluminum frame (o = 2.6 x 10~8 Qim). Therefore, the only varied parameter in the circuit
is the frame resistance Rg, to a new value of 13 mQ).

This parameter impacts on the frame current, and consequently the effective lightning
voltage induced on the module was as follows

Venod = Vinod — M Agre 12
e.mod — Vmod fra—mod dt (12)

where My, 04 is the mutual inductance parameter, equal to My mod = /Lfra-Lfra
(=2.63 mH) (assuming, as indicated above a coupling factor k = 1, as the PV circuitry
concatenates all the magnetic flux produced by If,).

Note that in the lower limit of the frequency band 1-5 MHz, relevant to the studied
phenomenon, the imaginary part of the impedance would be w-Lg, =27 x 1.0 X 100 x
3.0 x 1076 = 18.84 ), in any case much larger than the real part Rf,. Consequently, in the
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case of a steel frame, the impact is quite low, as can be seen from Table 6, reporting all peak
values and decay times.

(iii) Sensitivity to the PV module insulation:

We analyzed the effect of the value change in the PV module insulation (insulation
resistance and leakage capacitance between the frame and the active electrical circuitry of
the module), see Table 5. A low value of PV module insulation (low resistance and high
capacitance) may be due solely to material ageing or rain, mist or liquefied frost on the
back surface of the module [36]. These phenomena impact insulation parameters R; js, pym,

Rp,iso,PVm/ and Cp,iso,PVm~

Table 5. Value setting adopted for parameters in simulations at low insulation condition.

Parameter Units Low Insulation
2 >{.Rp,iso,PVm kQ) 0.8
2 *Rs,iso,PVm Q 6.0
Cp,iso,PVm /2 nF 90

The impact of insulation change was moderate; see Table 6. There was a 20% decrease
in the inducted voltage of module and an 8% drop for the ground voltage. Induced currents
decreased to a lesser extent (between 8% and 13%), except for the module insulation current,
which obviously increased by 5.88 times. This change underlines the relevance of the
capacitance coupling appearing in the event of (partial) loss of insulation that change the
behavior dominated by the inductive coupling between the active electrical circuitry of the
module and frame at high insulation levels.

5.3.3. Influence of the Lightning Current Waveform

To assess the impact of possible subsequent short strokes, still hitting the ground
5 m away from the PV module, we considered a lightning current waveform with the
subsequent short stroke parameters (see Table 1, Figure 4b).

The waveforms of voltages and currents induced throughout the converter-PV module
assembly are reported in Figures 13 and 14, while peak magnitude values and different
times associated are reported in Table 7.

Sr
— 7va_ fra Vmod
> :
<
[} '
o T R e e ;
g | B :
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g 5 5 :
.g : '8 '
: 13 -10 ‘ : ;
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Figure 13. Case of subsequent short stroke, induced voltages at the PV module. Vertical strike hitting
5 m away from the module.
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Figure 14. Case of subsequent short stroke, induced voltages and currents in some of the remaining components of interface

circuitry: (a) PV current output; (b) switch voltage; (c) current across the switch; (d) voltage of negative output terminal to

ground; (e) common mode current; (f) module insulation current.

As expected, a major influence on the induced voltages can be observed, both on the
peak value and times (e.g., front time); see Table 7. Peak value for the module voltage
(Figure 13) and the voltage of the negative output terminal to ground (Figure 14d) increased
up to 220% against the reference case. Furthermore, currents related with ground, i.e.,
Iem, Iiso, dominated by the much more relevant capacitance coupling, also increased in the
same order. However, the peak value of other currents (I,, Figure 14a and I, Figure 14c)
decreased by 39.3% in the case of a subsequent short stroke. A peak value drop also
occurred for switch voltage (Figure 14b), but was limited by up to 19%. These reductions
in the magnitude of currents and voltage can be explained by the dynamics imposed by
the DC/DC converter filtering elements.

5.3.4. Impact of the LC Tortuous Geometry

In previous sections, the effect of a vertical lightning strike hitting at 5 m from the
PV module was analyzed. Since the proposed method can explicitly consider the random
tortuous nature of the lightning channels, and is prompt enough to perform a statistical
analysis, to demonstrate the impact of tortuosity, several random paths of each strike were
generated, and their effects were computed and averaged. Example waveforms for six
different LC paths (case A to case F) are reported in Figure 15, while the expected values
and standard deviations for the 100 cases are reported in Table 8.
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Figure 15. Case of various channel tortuosity, voltages and currents induced in some components of converter-PV module
assembly: (a) induced voltages at the PV module; (b) PV current output; (c) switch voltage; (d) current across the switch; (e)
voltage of negative output terminal to ground; (f) module insulation current.

From the statistical analysis, it can be noted that tortuosity leads to a non-negligible
increase in the peak values in the variables, impacting both on circuit currents and voltages,
achieving up to 23% for most variables, except for switch voltage, which only reaches
a 10% increase. The standard deviation values suggest that the statistical variability of
the channel geometry cannot be neglected when dimensioning the lightning protection
system. Consequently, it is evident that the channel geometry plays a primary role in the
assessment of the electromagnetic stress on a PV module. The hypothesis of a straight
strike channel may lead to underestimation of its effects.
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Table 6. Sensitivity analysis on voltages and currents induced with the parameter change in the PV module model.

va Vsw Vneg.gnd Ipv Isw Icm Iiso

Considered Variation Peak Decay Front ‘I,-I Tlf Peak Peak Decay Front Half Value Peak Decay Peak Peak Peak
Value Time Time T?r;l: Value Value Time Time Time Value Time Value Value Value

V) (us) (us) (us) V) V) (us) (us) (us) (A) (us) (A) (A) (A)
Reference case 1759.1 2.583 1.711 2.173 1.58 -3116.4 1.830 1.712 2.175 5.13 943.6 513 -0.013 -0.518
Operating condition: OC 1759.1 2.583 1.711 2174 1.11 -3116.5 1.830 1.712 2.175 5.13 878.2 513 —0.013 —0.518
Operating condition: SC 1760.4 2.582 1.711 2.174 2.60 -3117.1 1.830 1.712 2.175 5.12 1409.8 5.12 -0.013 -0.518
Steel frame 1753.8 2.568 1.713 2.170 1.56 -3111.0 1.830 1.713 2173 5.07 941.6 5.07 -0.013 -0.517
Low PV insulation 1408.5 2.683 1.718 2.139 1.54 -2978.7 1.830 1.743 2.171 451 950.0 4.51 -0.012 -304.6

Table 7. Sensitivity analysis for induced voltages and currents for different lightning current waveforms.

va Vsw Vneg‘gnd Ipv Isw Icm Iiso

Considered Variation Peak Decay Front ‘I,_I Tlf Peak Peak Decay Front Half Value Peak Decay Peak Peak Peak
Value Time Time T;i‘n‘:ee Value Value Time Time Time Value Time Value Value Value

V) (us) (us) (us) V) V) (us) (us) (us) (A) (us) (A) (A) (A)

First short stroke
1759.1 2.583 1.711 2.173 1.58 -3116.4 1.830 1.712 2.175 5.13 943.6 5.13 -0.013 -0.518
(Reference case)
Subsequent short stroke 3890.1 7.540 0.386 0.633 1.27 —6886.1 4.760 0.386 0.634 3.117 827.8 3.117 -0.032 -1.168
Table 8. Expected values and standard deviations for induced voltages and currents for various tortuosity cases.
va Vsw Vneg.gnd Ipv Lsw Iem Liso
Considered Variation Peak Decay Front ‘I]-: ;lillee Peak Peak Decay Front ‘I,_: ilfe Peak Decay Peak Peak Peak
Value Time Time Time Value Value Time Time Time Value Time Value Value Value
(\%) (us) (us) (us) V) V) (ns) (us) (us) (A) (us) (A) (A) (A)
Reference case 1759.1 2.583 1.711 2173 1.58 -3116.4 1.830 1.712 2.175 5.13 943.6 5.13 -0.013 -0.518
. Expected value 2165.2 2.219 1.627 2.231 1.747 -3811.4 1.825 1.630 2.229 6.319 808.6 6.319 -0.015 -0.634
Tortuosity cases
Standard variation 196.8 0.978 0.003 0.003 0.082 332.8 0.002 0.004 0.003 0.582 356.5 0.582 0.001 0.055
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6. Conclusions

In a previous paper, we presented a 3D semi-analytical model that was able to calculate
the lightning-induced transient overvoltage in a single PV module, considering capacitive
and inductive couplings between the internal circuit of PV module and its metallic frame.
The current research has extended our previous work by proposing an improved modelling
for the PV module that includes both a high-frequency model of the module, the insulation
model and a model for the connected DC/DC converter. The choice of typical value setting
in the relevant parameters was based on an exhaustive review of the literature.

The connection of a DC/DC converter, usually adopted to link the PV module/s
to external circuitry, allowed us to assess the effects of the nearby lightning strikes not
only on the PV module, but also on the voltage and current outputs of the converter-PV
module assembly.

Results for the reference case show that induced common-mode overvoltage in the PV
module is within its SWC. However, regarding the DC/DC converter, in spite of induced
currents being within the converter switch limits, the potential to ground of the output
negative terminal could reach quite high values, leading to the breakdown of the electrical
insulation of the DC/DC converter. Therefore, the proposed numerical simulation can
help to understand under which circumstances the lightning-induced overvoltages exceed
the SWC of each element in the PV assembly, helping to establish appropriate lightning
and surge protection schemes. In addition, while the dynamics of induced overvoltages
on PV module were essentially imposed by the lightning current, slower dynamics were
observed in the current waveforms in the PV assembly due to the filtering elements in the
DC/DC converter circuitry.

The comprehensive sensitivity analysis on the PV module parameters conclusively
revealed a low influence of the PV operating condition on the induced overvoltages,
as a result of the change in the parameters of the PV high-frequency dynamic model.
Furthermore, the insignificance of the value setting of other parameters, such as the
material of the frame, was highlighted. In contrast, the PV module insulation (dependent
on meteorological conditions) was found to have a moderate impact on results. There was
a 20% decrease in inducted voltages when low-insulation conditions were assessed. The
sensitivity analysis of external factors to the modelling of converter-PV module assembly,
e.g., the influence of lightning current waveform determined by comparing a subsequent
short stroke vs. first short stroke that the associated faster dynamics induced higher
overvoltages in the PV module (increase up to 221%), and higher potentials to ground (up
to 220%), while currents in the DC/DC converter circuitry were smaller (a reduction of
about 40%). Following with external factors, a further statistical analysis with respect to the
lightning channel geometry allowed to conclude that the usual vertical strike assumption
may lead to underestimating the effect of indirect lightning. A reduction in inducted
voltages and currents of 20% was computed on average.

On the other hand, photovoltaic modules hardly come alone, so the next step in this
study is the simulation of indirect lightning effects on full photovoltaic arrays, considering
capacitive couplings among frames and mutual interactions among different modules. A
detailed description of the connection to system ground does represent a further improve-
ment to also be considered, in order to correctly account for the overvoltage appearing at
output pins when the protections to ground (e.g., Zener diodes) are neglected.
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Abbreviations
a,b,c,d fitting parameters
Ao, ) magnetic vector potential at point 7s and time t due to a lightning strike
s segment

Acm common-mode area
Agm differential-mode area
Af frame area
c free space light velocity
Choost capacitance in the LC filter of the DC/DC boost converter

D,PVe diffusion capacitance of a PV cell
Ck number of arbitrarily oriented segments of the LC
Cpiso,PVim leakage capacitance of a PV module
Cp,pvc parallel capacitance of a PV cell
Cp,pvm parallel capacitance of a PV module

T.PVe transition capacitance of a PV cell

duty cycle

f frequency
fs switching frequency
h channel height
In(t) return stroke current waveform at channel base
L < L current at the positive (negative) output terminal of the DC/DC converter
Iem common mode current at the terminals of the DC/DC converter
Lim differential mode current at the terminals of the DC/DC converter
Iq photocurrent
Lpeak peak value of the lightning current waveform
IGBT insulated-gate bipolar transistor
Liso module insulation current

out output current of the DC/DC converter
Isw current through the switch
Ltra total length of the four frame sides
k coupling factor
L overall length of the LC
Lpoost inductance in the LC filter of the DC/DC boost converter
LC lightning channel
L (Loos) parasitic inductance of the connecting wires at the converter’s DC side

de,wt =po,o (at PV module)
Lg, frame equivalent self-inductance
Lona ground path inductance
Ly average length of each segment average of the LC
Lg series inductance of cables and connectors
Mra-mod mutual inductance of metallic frame with the PV circuitry
MPP maximum power point
n exponent factor
ocC open-circuit
PV photovoltaic
P(r,¢,2) observation point
r radial distance of observation point P
Ts position vector of observation point P
Rpoost resistance in the LC filter of the DC/DC boost converter

4.PVe dynamic resistance of diode of a PV cell

parasitic resistance of the connecting wires at the converter’s DC side

Rdc,w (va,w)

(at PV module)
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Rfrq frame equivalent resistance
Rend ground path resistance
Riso,pvm insulation resistance of a PV module
Load load resistance
p,iso,PVim parallel insulation resistance of a PV module

Rp,PVc (Cp,PVC)
R p,PVm
r

parallel resistance (capacitance) of a PV cell
parallel resistance of a PV module
distance between infinitesimal current dipole and observation point P

Rs series resistance of cables and connectors
R pye series resistance of a PV cell
Rs,pvm series resistance of a PV module
Rsppve shunt resistance of a PV cell
s,is0,PVim series insulation resistance of a PV module
sw,on resistance in series with ideal switch
Roz,51(Corsn) resistance (capacitance) connected in parallel to the with ideal switch

Rsu, gnd (Csw,gnd)
SC

shunt resistance (stray shunt capacitance) between the aluminum
radiator of IGBT module and the ground
short-circuit

Sc C shape equivalent section of a PV metallic frame
t time
u Heaviside step function
v velocity of propagation of return stroke current
Vpve voltage bias of a PV cell
o common mode voltage at the terminals of the DC/DC converter
Vim differential mode voltage at the terminals of the DC/DC converter
e.mod effective module voltage due to frame effect
v equivalent voltage source simulating the coupling of the LC with the
fra conducting frame (frame voltage)
Vi input voltage of the DC/DC converter
v equivalent voltage source simulating the coupling of the LC with the
mod module inner electrical circuitry (module voltage)
Viseg.gnd (Vpos.gn d) voltage of negative (positive) output terminal to ground
Vo PV output voltage
Vsw switch voltage
w angular frequency
z/ height of an infinitesimal current dipole
Zen ground path impedance
Zpvm dynamic impedance of the PV module in dark conditions
Alp, .. current ripple of the DC/DC converter
AVe, voltage ripple of the DC/DC converter
A¢p average absolute value of the angle between adjacent segments
Ui correction factor
Mo vacuum permeability
0 material resistivity
1 rise time
() decay time
Q@ azimuth of a generic observation point P
T equivalent line for the cell interconnections
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