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Abstract- In this work a high frequency model of a photovoltaic (PV) plant is identified and implemented aiming to
investigate the common mode (CM) currents circulating through the ground connections of the plant. From the identification
of the impedance obtained by frequency response of photovoltaic module and by a suitable of the power conversion unit, an

equivalent high frequency circuit representation has been developed. The lumped parameters circuit model is implemented in

PSpice environment to obtain
strong resonance at about 12 MHz are detected.

the CM leakage currents. Harmonics at frequencies multiple of the switching frequency and a
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1. Introduction

Usually, the power conversion unit (PCU) acts a
fundamental role in photovoltaic plants, since it obtains the
tracking of the maximum power coming from the collection
of the solar panels and adapts the available energy in an
appropriate form to feed the grid or to be employed by the
customer or in islanded systems.

Numerous efforts have been devoted to realize a
Maximum Power Point Tracking (MPPT) algorithms [1,2],
and new power electronic sensors, devices and topologies [3-
10].

The new technologies used in the high speed
commutation inverters allow to increase the switching
frequency of the power converters, reducing the size of
inductors and capacitors and improving their power density
[11], but they give rise to steep variations of voltage and
current that bring different complications worsening the
electromagnetic interference both radiated and conducted.

The overvoltages taking place at the inverter terminals,
once long wire arrangements are employed, is one of the
potential negative effects and it could become critical. In
addition, one of the most serious disturbances is the common
mode (CM) current, known also as “leakage current” or
“ground current”. This leakage currents flows through a path
defined by the inverter, the DC cables the PV panels and the
ground since both the PV panels and the inverter are
connected to the ground by capacitive parasitic connections.

This current is responsible for electromagnetic
interference (EMI) with other susceptible devices via the
ground connection or for radiation phenomena since it
contains high frequency components.

When the solar panels, the inverter and the grid
connection, are distant from each other’s, the parasitic
capacitive coupling to the ground defines a multiple path in
which the high frequency CM current can flow.
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Fig. 1. General block diagram of a PV plant.

In technical literature limited number of works have
addressed such aspects, nevertheless the CM current
generation has been described. Araneo in [12] described
phenomenon and coupling mechanisms in high power grid,
defining an equivalent circuit and also through
measurements. By defining domestic PV plants, in which no
low frequency transform has been inserted, [13] and [14]
highlighted that the presence of a galvanic connection
between the grid and the plant allows the presence of higher
CM currents, limited only by the EMI inverter filter. Both
these papers propose a CM equivalent scheme for the single-
phase grid connected inverter at medium frequency range
and analyse several topologies.

This paper starts by focusing the attention on the role of
parasitic components, stray capacitances in the PV panels
and in the inverter, parasitic inductances in the wires
connecting the inverter power devices and parasitic
components inside power devices. Then an accurate high
frequency modelling of the plant is defined, which allows the
CM current to be predicted.

The paper is organized as follows: Section 2 describes
the high frequency parasitic couplings taking place in a PV
system; Section 3 is devoted to the experimental set-up used
to recognize the PV module parasitic factors; Section 4
covers the informations about the PSpice application of the
model for simulation; finally results are given and discussed
in Section 5.

PCU

PV source

|- — -

2. Photovoltaic Plant Layout

A PV plant involves PV source made by the
series/parallel connections of PV modules and a PCU in
which typically a DC/DC converter realizes the MPPT and
the balance of voltage between the source output and the
inverter input. An inverter follows the PCU, the resulting
alternative waveform reaches the grid via a series inductance
and a low frequency (LF) transformer. An EMI filter can be
used to suppress the undesirable harmonics. The block
diagram is sketched in Fig.1, where vy and v,y are the
phase-to-ground voltages, i; and i, are the currents on active
conductors, L is the coupling line inductor, and vg with
series impedance Zg represents the grid.

The current to be injected into the grid is given by the
coupling inductance as the difference between the inverter
voltage, seen as a voltage controlled source, and the grid
voltage, divided by its impedance.

The transformer assures the galvanic insulation between
the grid and the PV plant and prevents a DC current to be
injected into the grid anyway it is expensive especially for
low power applications and according to the Standards of
some countries, it can be discarded. Such PV plants are
known as transformerless plants.

With reference to Fig. 1, assumed the ground as common
reference voltage, it is possible to define the CM voltage at
the terminals of the inverter as:

EMI filter Zg Grid

I
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Fig. 2. High frequency representation of a PV plant.
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The differential mode (DM) voltage is the output
inverter voltage:

Vam = Viy — Vay = Vi2 )

The CM current is the sum of the two line output
current:

icm = il + i: (3)
and the DM current is given by:

. iy —iz “)

lam = 2

The DM current corresponds to the current injected into
the grid by the inverter, while the CM current flows through
the parasitic capacitive couplings between the different parts
of the PV plant and the ground connection. For this reason, it
is known also as ground current.

The high frequency model of the PV plant, in which the
CM return paths are highlighted, is shown in Fig. 2. These
paths include stray capacitances between the PV panels and
the ground Cpv, stray capacitances between the line output
inverter and the ground Cinv and stray capacitances of the
EMI filter, Ccm. The ground path impedance is indicated
with Zg,. It can be noted that the high frequency modelling
points out all possible reclosing paths for CM current. The
possible incidence of the low frequency transformer for the
CM current is low, since transformer has a high impedance at
CM current frequencies, so the main path to be investigated
is formed by stray capacitances between the PV source and
the inverter.

3. PV Module Parasitic Parameters Identification

In order to define the high frequency model schematized
in Fig.2, the value of parasitic capacitance between the PV
generator and the ground connection has to be determined.
To this aim, an appropriate measurement-based parameter
identification has to be performed, since the parasitic
capacitance between the PV generator and the ground
depends on real PV plant geometrical dimensions and
installation characteristics.

In general, for developing a PV array high frequency
model, the actual PV module connections have to be taken
into account and measurements on the whole installation
have to be performed to suitably consider the coupling with
the metallic support and the ground.

In this study, the PV model parameter identification has
been carried out for the case of a single silicon
monocrystalline PV module whose plate data are presented
in Table 1.

The used experimental setup is schematically illustrated
in Fig. 3.

Table 1. Characteristics of the PV module

Nominal power [W] P, 20
Short circuit current [A] I 9.34
Open circuit voltage [V] Ve 21
Maximum power point current [A] Tvpp 1.18
Maximum power point voltage [V] Vypp 16.8

It is composed of the following equipment:

* an Agilent 4285A precision LCR meter with the
following features: frequency range 75kHz— 30
MHz, 0.1%  basic  accuracy, high-speed
measurements (30 ms/meas.); it is connected
between the two input terminals of the PV module
and the ground connection;

* a PC where a dedicated software, implemented by
LabView, controls the LCR meter for the
acquisition of the measured impedance values from
75 kHz to 4 MHz; it uses a GPIB (IEEE 488)
interface bus.

From the acquired measurements it is possible to observe
that up to 500 kHz the impedance shows a purely capacitive
behavior, whereas for higher frequencies an inductive
contribution is present as well. The curve of the impedance
magnitude vs. frequency is shown in Fig.4.

By means of a fitting procedure on measured data, in the
range 100 kHz- 4 MHz, the parasitic capacitance value is
calculated to be equal to 73 pF. Performing a further
impedance measurement in the frequency range between
1 MHz and 7 MHz, only a parasitic inductance is
individuated, whose value is about 1 pH. A small parasitic
resistance due to the electrical connection is also detected but
its contribution is neglected in this analysis.

-

PV module

|IEEE 488
+
- '7 g =esoous
ol 2225
.
Gnd
—_ LCR meter

Fig. 3. Measurement setup used for the evaluation of a PV
module parasitic components
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Fig.4. Measured impedance magnitude versus frequency
4. HF model Implementation

In this section, the PV plant shown in Figure 2 is
described by its High Frequency model. The following parts
have been analyzed: a) the PV array, b) the Power
Conversion Unit, ¢) the power devices adopted into the PCU.

A. Model of the PV array

The voltage delivered by the arrangement of the PV
panels has been chosen equal to about 500V in the maximum
operating power point at a rated power of 1 kW. This voltage
requires two parallel connected strings, each formed of 24
series connected modules. On the basis of this configuration
the parasitic parameters previously determined for a single
module have been re-calculated. The common mode current
path will flow through all parasitic capacitors and inductors
as parallel connected, hence, to obtain the HF parameters for
the whole model arrangement, the parasitic capacitance of
one module is multiplied and the parasitic inductance is
divided for the number of utilized modules, respectively;
these values are given in Table 2. The representation of the
PV source to reproduce the power supplied to the PCU has
been simplified since the analysis is focused on the
evaluation of the ground currents propagation. It has been
modelled by a real voltage generator model composed of the
open circuit voltage generator and a series resistance RPV; it
is calculated on the optimal operating point according to (5)
and considering that the module gives at any instant at MPP
Standard Test Conditions, a voltage equal to 16.8 V. In
equation (5) Voc stands for open circuit voltage, Vmpp and
Impp represent the maximum poer point voltage and current
respectively. The PSpice model of the PV array is drawn in
Fig. 5.
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Fig.5. PSpice model of the PV array.

Table 2. Parasitic parameters of the PV array

Parasitic capacitance to ground [nF] Cy | 175
Parasitic inductance of the connecting L, | 41.6
wires [nH]

B. Model of the Power Conversion Unit

The power conversion unit employs Insulated Gate
Bipolar Transistor (IGBT) as power switches. The IGBTs are
characterized by high robustness and reliability and can be
switched by a low power signal at the gate terminal for these
reasons they are widely used in power conversion
applications. A full-bridge single phase IGBT inverter with
switching frequency of 10 kHz has been considered; it is
formed by four IGBTs grouped in a unique power module.
The high frequency circuit model of the inverter suitable to
analyze the CM current propagation in the loop between the
PV array and the inverter includes both the stray capacitance
between the aluminum radiator of IGBT module and the
ground (Ci,,) and the stray inductance of the connecting
wires of each leg of the inverter (Ly,). A precision RLC
meter (Agilent 4285ALCR) with a frequency range between
150 kHz and 4 MHz has been used to measure the parasitic
capacitances whereas inductance of the connecting wires
Linv is evaluated using the analytical formula for two
parallel cylindrical conductors. These parameters are
summarized in table 3. Fig. 6 shows The PSpice model of
the inverter.
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Fig. 6. PSpice model of the inverter.

Table 3. Parasitic parameters of the inverter

Parasitic capacitance to ground [pf] Cinv | 150

Parasitic inductance of the connecting | Li,, | 10
wires [nH]

Table 4. Parasitic parameters of the IGBT

Conduction parasitic inductance [nH] Lon 10
Series resistance Rs [mQ] R 100
Shunt Resistance [Q] R 100
Shunt capacitance [nF] C 1

C. Model of the Power Devices

The IGBT is modelled by an ideal switch in series with
an L-R branch formed of a conduction parasitic inductance,
Lon, and a resistance Rs to take into consideration the
commutation losses. The commutation speed of the power
device is reproduced by an R-C branch connected in parallel
to the device. The model is given in Fig. 7. The values of the
parasitic parameters are given in Table 4.

The PCU is supposed to be in proximity of the PV panel,
for this reason the models of cables can be neglected without
affecting the validity of the analysis as explained in [15].

5. Results

Based on the modelling defined in the previous sections,
a global circuit model, suitable for the forecasting of CM
currents, of the PV plant has been designed and implemented
in PSpice. One guess is that the PV plant is grid connected
through a line inductance L=6mH. The corresponding circuit
model is sketched in Fig.8. Power grid connection is simply
modeled by a sinusoidal generator Vg, a resistive load Rl and
on ohmic-inductive branch Rg-Lg accounting for the
connection cables.

Fig.7. PSpice model of the IGBT.

1774



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH
M.C. Di Piazza et al., Vol.8, No.3, 2018

Lpv Linv Linv
- - - L
LYY Y Y LYY 8
l e
I~
Vg
h E E T
L
.| V4 switch switch
— PW modulator f’m
Rpv
= R
=
switchS switch7
Lpv Linv Linv
. - .
LYY YY) LYY
= Cinv
== Cinv
I~
]
=0

Fig. 8. PSpice global model of the grid-connected PV plant.

Figure 8 shows the PSpice model of the complete grid
connected plant. No parasitic couplings through ground are
considered on the grid side; this case is very likely when a
LF transformer is present in the plant.

The voltage waveforms of the PV plant were simulated
by taking into account the PWM logic; Fig. 9 shows the
voltage waveform at inverter terminals, and Fig. 10 shows in
a zoom the voltage rapid transition due to commutation.

In Fig.11 the current feeding the power grid is reported,
the non-null value exhibits that there is a power flow from
PV system to grid.

The CM voltage waveform, at the inverter output, in a 20 ms
period is shown in Fig.12; a zoom showing the oscillations
due to the switching of a component is also represented in
Fig. 13.
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Fig.9. Voltage at the output of the inverter.
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Fig.11. Current on the line inductance.
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Fig.13. Zoom of a single pulse in the CM voltage.
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Fig.14. Frequency spectrum of the CM voltage.

As first result of this study, it should be put in evidence
that, even in time domain representation, the existence of
oscillations due to the fast PWM technique highlights the
presence of high frequency voltage harmonics, embracing a
path by capacitors and inductors. It has to be noted is that the

current, flowing in this loop, does not find voluntary and
controllable impedances in its path, and could also reach
resonance conditions, potentially dangerous.

The frequency spectrum of the CM voltage is shown in
Fig.14. It presents harmonics at frequencies multiple of the
switching frequency and a strong resonance at about 12
MHz. The same analysis has been realized also for the
current. The representation of CM current in the path
between solar panels and inverter for an interval of 20 ms in
given in Fig.15; The magnification of a current pulse is given
in Fig.16.

Again, it can be stated that there are oscillations for the CM
current. These oscillations exhibit a short period
corresponding to a high frequency. The waveforms show
oscillations with a period about 80 ns corresponding to a
frequency of 12.5 MHz. Depending on the length of the path
in which the CM current flows a radiated effect can occurs.
Considering that the wavelength of the oscillating frequency,
equal to 24m, is comparable with the distance between the
panel and the inverter, an equivalent radiation antenna can
result as a non-intentional noise source.
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Fig.15. CM current in the loop between the PV array and
the inverter.
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Fig.16. Zoom of a single pulse in the CM current.
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Fig. 17. Frequency spectrum of the CM current.

A similar result can be obtained by considering the
resonance period T of a part of the system:

T = 27T\."Lp;.'Cp;r = 53ns

This result allows to support the theory for which the
parameters that mainly affect the CM current propagation are
due to the parasitic coupling of the solar panel configuration.

Another key point is the absence of DC component as
shown in Fig. 16. Such absence of zero frequency is
expected, since it is a typical behavior of damped resonant
circuits.

Finally, the frequency spectrum of the CM current is
shown in Fig.17, where the resonance at 12 MHz is present,
as well.

6. Conclusion

This paper traces out the modeling of high frequency
behavior of a PV system, useful to evaluate the common
mode voltage and current, generated by the employment of a
PWM technique in the power conversion unit.

A lumped parameter approach has been followed to
describe the principal devices used in the system. Particular
attention has been devoted to the modeling of PV array,
experimental results measured in a laboratory test bench
allowed to define the performance of a single PV panel. The
complete PV plant model has been implemented in PSpice
environment and the common mode ground currents have
been obtained in simulation both in time and frequency
domain.

The principal results of this analysis is that a resonance
path at about 12.5 MHz is present in the system; it supports
the generation of common mode resonance voltages and
currents due to fast switching of the inverter; the common
mode ground current has a time period that can be identified
by the parameters of the photovoltaic array system.
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