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Abstract—The connection to ground of the negative or positive
terminal of photovoltaic (PV) generators is a common practice to
mitigate the effects of the potential induced degradation (PID),
which is attributed to chemical reactions (ion’s exchange)
between the materials that constitute the PV-module during
operation.

PV-generator’s connection to ground in combination with the
stored energy at the PV-inverter’s DC-link on transferred
overvoltages caused by lightning is disclosed [4], [5], [6] and
[7].

Furthermore, the complex topology of a utility scale PV-plant, its
dimensions and the stored energy in the central PV-inverter’s
DC-link open the hypothesis that overvoltages at the DC- and
AC-side of the PV-plant may arise during transients caused by
impulse currents.

Potential induced degradation (PID) of PV-modules is an
erratic condition mostly attributed to the result of the chemical
reactions (ion’s exchange) caused by low intensity leakage
currents within the components of PV-modules, such as, PVcells, cover glass, back foil or back glass, so-called Ethylene
Vinyl Acetate film (EVA) and sealing materials, during its
normal operation, duty cycle and the electric field (Fig. 1) [1].

The objective of this publication is to explore the effects of this
practice on the operation of utility scale MW-class PV-plants
during transients caused by lightning.

A direct consequence of PID is a reduction of the PVgenerator’s electric power output and consequently the energy
yield of the PV-Plant [1] and [2].
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I.

INTRODUCTION

This publication discloses a transient study related to utility
scale PV-plants and the effects of the connection to ground of
one of the PV-generator’s terminals (positive or negative),
which is an established practice in the PV-Industry. This
situation opens the hypothesis that this practice may have
additional effects on the study of transients during lightning.
Previous studies of the effect of the lightning surges on PVplant and/or connecting POS or NEG terminal of PV-generator
to ground has been previous studies reported [1], [2] and [3].
The content of the publication is structured as follows: An
introduction to the PID problematic and technical
characteristics of a real PV-plant is made on this section; the
chosen simulation models (including DC-side, the central PVinverter, AC-side and distribution system) are disclosed in
section II.
A validation process is presented on section III and finally,
in section IV a study based on simulations of the effects of the

Figure 1. Schematic representation of PID (PV-module’s side view). Ions
exchange caused by the electric field during operation.

An established practice in the photovoltaic industry consists
of connecting the positive (POS) or negative (NEG) terminal of
the PV-generator to ground with the expectation that the
potential distribution within the PV-module is further equalized
and, consequently the effect of PID is reduced.
This practice may have other consequences, especially
when transients arise in form of surges during lightning strikes,
grid operation, energization, etc. at the AC- and DC-side of the
PV-plant. This study was conducted during a research project
on a real MW-Class PV-plant with the following components.









Thin-film frameless PV-modules, with 10 PVmodules per PV-string in order to reach the
nominal voltage of at least 700 VDC for the
required operation of the PV-inverters.
2 central PV-inverters (800 kW rated active
power); 6 combiner boxes (GCBs) with 9,000 PVmodules connected to a PV-inverter and the
remaining 6 GCBs or 9,200 PV-modules to the
second PV-inverter.

The PV-string capacitance CPV of the solar cells accounts
for the space charge capacitance Csc, the transition carrier
capacitance Ctc and the diffusion capacitance CD, which are
intrinsic to the semiconductor material; for this frequency
range a value of 18.00 nF for a PV-string and 3.20 µF for a
GCB was chosen [7].
Rsc
Cpv

Rd

The max. DC short-circuit current is 1,098 A and
1,122 for each PV-inverter with a total of shortcircuit current of 2,220 A for the whole PV-plant.
Aluminum-based mounting (racking) system for
the PV-modules with meshed grounding (earthing)
system in order to minimize step- and touchvoltages with an additional grounded fence.

An impulse generator (10/350µs), which was installed
within the PV-plant in order to evaluate surges and
intentionally evaluate abnormal operation conditions.

350 m

prospective short circuit current Isc, expected for every GCB of
approx. 160.00 Amps (with rated total solar irradiance GPV on
the plane of the PV-generator of approx. 800.00 W/m2) at
ambient temperature.
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Figure 2. Utility scale PV-plant in block diagrams disclosing the shortcircuit and surge current injection point close to the combiner box (GCB) 5.

II.
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Fig. 2 depicts a schematic block diagram of the evaluated
PV-plant and its general technical description are described as
follows and in [6]:
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Figure 3. Model of one PV-string (10 PV-modules) with mounting (racking)
system and grounding resistances.

A shunt diffusion resistance (Rd) of the semiconductor
material with a value of 464.00 Ohm for a PV-string and 2.90
Ohm for the GCB is assumed; these elements may introduce
additional high frequency oscillation damping (observed in the
experiments at the real PV-plant).
The capacitance of the PV-modules’ glass-foil CGlass with a
value of 6.20 nF of the PV-modules is considered, in order to
reflect the floating condition of the solar cells with respect to
the racking system and ground [8].

APPROACH AND MODELING

The components of the PV-plant were modeled in form of
concentrated elements and PI-Diagrams calculated at a
frequency of 250 kHz using the program EMTP-ATP. The
models used are disclosed in the following subsections and in
[6].
A. PV-Modules/PV-Strings and PV-Tables
The PV-technology analyzed was frameless thin-film PVmodules, which is already in operation in the real PV-plant.
Fig. 3 depicts the simulation model chosen for a PV-table
formed by 5 PV-strings (with 10 PV-modules/PV-string, for a
total of 50 PV-modules) in the frequency range from 150 kHz
to 30 MHz.
A floating open-circuit DC-source Voc_String is connected in
parallel with a diode in order to represent an approximate
model of the V-I Characteristic of the PV-string (PVCells), as
shown in Fig. 3 and Fig. 4.
The short-circuit temperature-dependent resistance Rsc with
a value of 4.00 Ohm/GCB accounts for the limitation of the
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Figure 4. V-I characteristic for the diode modeling the PV-string (10 PVmodules connected in series).

The mounting (racking) system is represented by
resistances RRack and inductivities LRack with values of 1.00
mOhm and 3.00 µH respectively; REarth is the grounding
resistance with a value of 10.00 Ohm corresponding to a low
resistivity soil (< 200.00 Ohmm). Fig. 5 shows a representation
of 8 PV-tables (400.00 PV-modules or a quarter of a combiner
box or GCB).

To_GCB

+

Rsc

The surge generator consists of a capacitor bank in series
with an inductivity in order to generate the surge current for the
experiments (10/350 µs, charge voltage up to 20kV), as
showed in Fig. 8.
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Figure 6. Model of the combiner boxes (GCB) with overvoltage protection
(OVP) on the positive and negative terminals.
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A more detailed model of the PV combiner box (GCB) is
showed on Fig. 6, where the disconnection switch and the
overvoltage protection (OVP) are depicted. The OVP is
modeled by a non-linear element and a capacitance connected
in parallel with value of 6.50 nF per connection terminal; the
curve of the OVP is showed on Fig. 7 and especially designed
for DC applications up to a nominal voltage of 1000 V.
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Figure 5. Simulation model of 8 PV-tables including the (a quarter of a
GCB, 40 strings or 400 PV-modules), mounting (racking) system and
grounding resistances
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Figure 8. Model of the surge generator with OVP (Device under Test or
DUT) connected between the POS and the NEG of the mains of the PVinverter at the DC-side.

B. MW-Class PV-Inverter (including DC-Link) and OVP
A model for the PV-inverter in form of surge impedances
for fast transient studies was implemented (Fig. 9) [6].
At the DC-side, the following parameters of the PVinverter (Maximum Power Point Tracker or MPPT) are
considered: Rdcs (ohmic losses) and Ldcs (coils), which are
characteristic for connections and terminals on the converter’s
DC side (depicted at the left hand side of Fig. 9).
The DC-link capacitance CDC_Link was modeled as a
concentrated value. At the PV-inverter’s AC-Side, the model
neglects the mutual capacitance between phases and considers
mainly the Rgs (ohmic losses) and Lgs (coils), which are
characteristic for connections and terminals on the converter’s
AC side (including the harmonic filters).
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Figure 9. PV-Inverter (Converter) model used for transient studies including
DC- and AC-Side in floating Y-connection).
Figure 7. DC MOV’s curve.

The model chosen for the cables connecting the PV-strings
was a PI-equivalent calculated at a frequency of 250.00 kHz.
The cables do have a cross-section of 50.00 mm2 and are
installed 2.20 m above the soil.
The cables (central trunk), connecting the GCBs to the PVinverter, have a cross-section of 250.00 mm2 and are buried
0.25 m under the soil.
The grounding cables were included and modeled.

A concentrated impedance in form of a shunt resistance Rsh
and shunt capacitances to ground Csh of the circuit represents
the commercial optical or low voltage circuit electronic control
boards and corresponding power electronics’ drive circuits.
The parameter CSC accounts for the intrinsic capacitance of
the semiconductor material, such as IGBTs and gel-based
isolating material (see Table I).
C. Low and Medium AC Voltage Cables
The non-shielded low voltage (LV) cables connecting the
PV-inverter to the low voltage side of the distribution

transformer were modeled with a PI-equivalent model, one per
phase and one additional copper conductor for grounding.
Similarly, the medium voltage (MV) cables with a sheath
connecting the primary side of the distribution transformer to
the MV grid were simulated and calculated with a PIequivalent at 250 kHz (see Table II).
PV-INVERTER’S PARAMETERS

TABLE I.
Parameter

Value

Units

Rdcs

0.1

Ohm

Ldcs

1.0

µH

Rsh

250.0

Csh

0.1

nF

Csc

1.0

nF

2400.0

µF

CDC_Link

Ohm

Figure 10. LV MOV’s curve.

Lgs

3.0

mH

Rgs

0.1

Ohm

TABLE II.

LV AND MV CABLES PARAMETERS.

Radius [mm]

Length [m]

r [-]

[Ohmm]

LV

17.90

150.00

2.40

10.60E-5

LVEarth

8.95

150.00

2.20

10.60E-5

MV

34.50

300.00

2.70

10.60E-5

MVEarth

34.50

300.00

2.20

10.60E-5

Section

The grounding systems of the PV-plant, fences and
transformer were galvanic connected to each other and firmly
grounded.

D. AC Low (LV) and Medium (MV) Voltage (MV) MOVs
The model chosen for the LV and MV MOVs was in form
of a nonlinear resistance with a capacitor connected in parallel
per phase (see Table III, Fig. 10 and Fig. 11).
TABLE III.
Section

III.

LV AND MV MOVS.

RMOV [Ohm]

LMOV [µH]

CParallel [nF]

LV MOV

1.00E-4

0.50

6.50

MV MOV

1.00E-4

0.50

20.00

E. Distribution Transformer
The PV-plant is equipped with a distribution transformer,
whereby the primary side is connected to the MV distribution
network (20.00 kV) and the secondary side (0.40 kV) to the
PV-Inverter’s LV network (see Table IV). The transformer was
modeled as a BCTRAN element without saturation.
TABLE IV.

Figure 11. MV MOV’s curve.

TRANSFORMER MODELING (COUPLING CAPACITANCES).
Voltage

CShunt [nF]

CCoupling [nF]

20.00 kV (Star)

0.50

0.25

0.40 kV (Star)

0.10

0.25

SIMULATION VALIDATION

A. PV Transient Response angainst Surges
In order to validate the models and evaluate an additional
operation condition at the overvoltage protection system (OVP)
in terms of transient current and voltages, a surge current of
2.00 kA (10/350 µs) was imposed on the PV-Inverter’s
connection box at the DC-side by means of an impulse
generator in a previous research [6].
The OVP was connected between the POS and NEG
terminals and the PV-photocurrent of the farthest combiner box
(GCB 1) was superimposed during the surge event and added
up to the surge current generated by the impulse generator as
depicted in the plots. For validation purposes, the measured
and simulated transient response of voltage and currents at the
PV-plant is depicted in Fig. 12 and Fig. 13.
In terms of comparison, an acceptable agreement is
observed in the measurement and simulation, although this
agreement is only for the consideration of the surge condition.
The high-frequency oscillation observed in the simulation is

mainly caused by the lossless approach of the modeling at 250
kHz.

Figure 12. Measured impulse voltage (yellow line), impulse current through
the surge generator (green) and total impulse current through the OVP
(magenta) with the farthest GCB 1 connected (1,600 PV-modules @ 10 PVmodules/String, initial Voc of approx. 845 Vdc).

At the initial phase from 0 to 250 ms of the simulated
transient on Fig. 13, an exponential-type increase of the DC
voltage is observed; this condition may be associated to the
transient condition of the DC voltage, the steady state of the
voltage is approx. 845 V, which is the open circuit voltage of
the PV-generator at steady state.



Lightning current or surge condition in form of a
transient Heidler current source 50 kA (10/350
µs), injected into the racking system of combiner
box 5 or GCB 5 at PV-plant’s DC-side (see Fig. 2)



Initial PV-Voc and DC-link voltage: 1000 V, which
represents the max. DC voltage in most of PV
installations [5].



The DC- and AC-side of the PV-plant, such as the
combiner boxes (GCBs) and the PV-inverter’s on
Fig. 2, are equipped with varistor-based surge
protection devices (SPDs curve depicted in Fig. 7).



The distribution transformer‘s low voltage side is
not protected with SPDs.



A group of 6 combiner boxes is connected to one
PV-inverter and simulated.



The chosen time-step of the simulation was 0.05
µs for a total simulation time of 5.00 ms.

A. Simulations Results: AC-Side of the Central PV-Inverter
and Distribution System
The transferred overvoltages from the DC to AC side at the
power transformer’s LV side and PV-inverter’s AC side, when
the PV-generator’s POS or NEG is connected to ground, are
depicted in Fig. 14 to Fig. 17 respectively, taking in
consideration that the surge current is injected at the DC-side.
Concerning the distribution transformer an increase in the
transient voltage is observed, when the lightning current is
injected after 250 ms at the DC-side of the PV-plant (Fig. 14
and 15); as a result an overvoltage is transferred from the DCto AC-side of the installation. The magnitude of the
overvoltage is not harming the transformer (independent of the
POS or NEG grounding).

Figure 13. Simulated impulse voltage (red line), impulse current through the
surge generator (green) and total impulse current through the OVP (magenta)
with the farthest GCB 1 connected (1,600 PV-modules @ 10 PVmodules/String, initial Voc of approx. 845 Vdc).

IV. EFFECT OF THE PV-GENERATOR’S TERMINAL
CONNECTION TO GROUND AND THE STORED ENERGY ON THE
DC-LINK ON THE TRANSIENT RESPONSE DURING LIGHTNING

Figure 14. Distribution power transformer’s LV-side: transient phase AC
voltage with a surge after 250 ms, when the PV-generator’s POS is grounded.

In order to explore the effects of the PV-generators’
terminal connection to ground in combination with the DClink’s stored energy (CDC_Link on Fig. 9 and Table I) on the
transient response, a simulation study was conducted with the
program ATP-EMTP [9]. The following parameters were
considered in the simulation:

In regards to the AC-side of the PV-inverter an increase in
the voltage magnitude is observed, when the lightning current
is injected after 250 ms at the DC-side of the PV-plant (Fig. 16
and 17); as a result an overvoltage is transferred from the DCto the AC-side of the PV-inverter and probably over the
grounding system. The magnitude of the overvoltage is not

harming the PV-inverter (independent of the POS or NEG
grounding), although remarkable differences in the transient
form are depicted (in terms of waveform and peak values).

and the overvoltage protection system (OVP) are well designed
and installed at both sides of the PV-plant.
B. Simulations Results: DC-Side of the PV-Plant
The transient induced overvoltages at the PV-plant’s DCside, when the PV-generator’s POS or NEG is connected to
ground, are depicted in Fig. 18 to Fig. 21.
The OVP-device connected to the grounded PV-generator’s
terminal is exposed to lower overvoltages and shall dissipate
less energy during the transient condition.
The transient condition and voltage distribution is not
symmetrical between the POS and NEG, when one of the
terminals are connected to ground and this may have influence
in the duty cycle of the OVP system.

Figure 15. Distribution power transformer’s LV-side: transient phase AC
voltage with a surge after 250 ms, when the PV-generator’s NEG is grounded.

Figure 18. PV-inverter’s DC-side: transient voltage plots with a surge after
250 ms, when the PV-generator’s POS is grounded (POS-NEG: red, POSGround: green and NEG-Ground: blue).

Figure 16. PV-inverter’s AC-side: transient phase AC voltage with a surge
after 250 ms, when the PV-generator’s POS is grounded.

A similar situation is observed with the combiner box 5
affected by lightning (GCB 5) and depicted in Fig. 20 and Fig.
21. Independently of the terminal grounding, the induced
overvoltage between POS and NEG is not harming the
electrical installation, due to the operation of the OVP. On the
other side, the potential difference between POS-NEG and
NEG-Ground is higher for the case with the PV-generator’s
POS terminal connected to ground, as depicted in Fig. 19.

Figure 17. PV-inverter’s AC-side: transient phase AC voltage with a surge
after 250 ms, when the PV-generator’s NEG is grounded.

Considering the impulse current of 50 kA injected on the
DC-side at the GCB 5 (Fig. 2), the magnitude of the transferred
overvoltages do not harm the transformer nor the PV-inverter’s
DC-side; provided that a properly designed grounding system

Figure 19. PV-inverter’s DC-side: transient voltage plots with a surge after
250 ms, when the PV-generator’s NEG is grounded (POS-NEG: red, POSGround: green and NEG-Ground: blue).

The effect of the PV-generator’s terminal connection to
ground references the chosen terminal’s voltage to zeropotential level, indeed an offset of the grounded PV-generator’s
terminal to ground is observed.

should be considered in the dimensioning of the lighting
protection and OVP system.

The OVP-device connected to the grounded PV-generator’s
terminal is exposed to lower overvoltages and shall dissipate
less energy during the transient condition. The transient
condition and voltage distribution is not symmetrical between
the POS and NEG, when one of the PV-Generator’s terminals
are connected to ground (Fig. 20 and 21).

Figure 22. PV-inverter’s DC-link: transient voltage and current plot with a
surge after 250 µs, when the PV-generator’s POS is grounded (DC-Link
voltage: red and DC-Link current: green).

Figure 20. PV-generator’s combiner box 5 (struck by lightning): transient
voltage plots with a surge after 250 ms, when the PV-generator’s POS is
grounded (POS-NEG: red, POS-Ground: green and NEG-Ground: blue).

Figure 23. PV-inverter’s DC-link: transient voltage and current plot with a
surge after 250 µs, when the PV-generator’s NEG is grounded (DC-Link
voltage: red and DC-Link current: green).

Fig. 24 and 25 depict the dissipated energy during the
transient condition by the OVP devices (SPDs) connected at
the PV-inverter’s DC-side, which are stressed additionally.
Figure 21. PV-generator’s combiner box 5 (struck by lightning): transient
voltage plots with a surge after 250 ms, when the PV-generator’s NEG is
grounded (POS-NEG: red, POS-Ground: green and NEG-Ground: blue).

C. Simulations Results: Energy Stored on the DC-Link of the
PV-Inverter and its effect on transient voltages
The transient overvoltage and current simulated at the PVinverter’s DC-link, when the PV-generator’s POS or NEG is
connected to ground, are depicted in Fig. 22 and Fig. 23.
Considering the 50 kA impulse current is injected on the
vicinity of the combiner box (GCB 5) and the fact that the
OVP-devices are biased during the surge, a portion of the
energy stored in the PV-inverter’s DC-link in form of transient
current may flow through the OVP-devices. This situation

Figure 24. PV-inverter’s DC-OVP: dissipated energy by the OVP plot with a
surge after 250 µs, when the PV-generator’s POS is grounded (OVP-POS: red
and OVP-NEG: green).

Although the injected transient lightning current’s peak
value is 50 kA, a value of 100 J, when the POS terminal is
grounded, and 160 J, when the NEG terminal is grounded, are
observed. The grounding of the NEC terminal leads to an
increased energy dissipation at the OVP system connected at
this terminal.

energy dissipation point of view. The topology of the
connection of SPDs (POS-NEG-ground, Y-connection or Tconnection in PV-DC systems) plays an important role in the
mitigation of overvoltage transient conditions during lightning
in PV utility scale plants.
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