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Abstract: This paper presents a computer simulation model (in the MATLAB/Simulink environment)
of a photovoltaic system disturbed by a 1.2/50 us voltage surge pulse, while operating as part of
the fixed system of an intelligent building. The tested part of the system consisted of a single PV
module and a single-phase DC/AC voltage source converter provided with a maximum power
point tracking system. The simulation of the test performed in accordance with the IEC 61000-
4-5 standard required the development of a model of a surge waveform generator and a model
of a coupling/decoupling network. The 1.2/50 us voltage surge pulse was introduced into the
system from the power grid side. During the test significant changes in the value of the AC voltage
and current were found in the DC/AC converter system. The results of the computer simulation
tests were verified with measurements performed in an accredited electromagnetic compatibility
laboratory using the instructions specified in IEC 61000-4-5. The MATLAB/Simulink environment
was proved as a useful tool of the assessment of effects of conducted electromagnetic disturbances on
electronic/electric devices.

Keywords: electromagnetic compatibility; 1.2/50 us voltage surge pulse; photovoltaic installation
model; on-grid inverter; EMC simulations

1. Introduction

The rapid development of the electronics industry at the turn of the last twenty
years has been caused the issue of electromagnetic compatibility (EMC) plays a very
important role.

Pursuant to the electromagnetic compatibility directive [1], every electric or electronic
product placed on the market must fulfil the requirements of general and subject standards.
The equipment manufacturer is required to assess the product’s compliance with the
standards. The essential product evaluation requirements include:

(@) An electrical or electronic device must not generate electromagnetic disturbances
above a level that would cause incorrect operation of other devices in this electromag-
netic environment,

(b) An electrical or electronic device should have such a degree of immunity to electro-
magnetic disturbances that causes its properly operation during use [2—4].

The testing of individual components of the system does not provide a guarantee
that the complete system will be electromagnetically compatible [5]. This is caused by
the fact that each system operates under separate conditions and is exposed to different
disturbances (the impact of more than one disturbance on a given device at the same time
is possible). In the literature, many electromagnetic disturbances are described, but one of
the most dangerous for electrical and electronic devices is voltage surge. This disturbance
has impulsive character and is mainly caused by atmospheric discharges (high energetic),
both direct and indirect, or switching transient in the power grid [6].
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The immunity of a device or system to electromagnetic disturbances is defined as
its ability to function properly, when exposed to specific electromagnetic disturbances.
Immunity tests of electrical and electronic devices are carried out on the basis of the
recommendations contained in the standards. These tests are: immunity to RF disturbances,
burst immunity test, surge immunity test, and voltage dips immunity test.

Standard IEC 61000-4-5: 2014 + A1l: 2017 “Electromagnetic Compatibility (EMC)-
Testing and measurement techniques—-surge immunity test” [7] presents requirements, test
methods, and admissible levels for testing electrical and electronic devices disturbed by
voltage surges resulting from switching and transient occurring in the power grid.

Such phenomena may cause not only disturbance of the functionality of equipment,
appliances and devices but also damages to internal components and may consequently
lead to loss of function. These tests described in [7] apply to different environments and
installation conditions.

Tests of electrical and electronic equipment immunity to electromagnetic voltage
surges are high-energy tests. During the occurrence of a disturbing impulse in the system,
the current can reach or exceed 100 A. This value of current even short term can cause
damage of the equipment under test (EUT). As a result of surge impact, the integrated
circuits on the circuit boards or wiring can be thermally damaged.

In view of the considerable difficulties in the performance of tests at the place of
installation of these kinds of device, their isolation from the impact of external electro-
magnetic fields and the risk of damage to or even destruction of the devices along with
the difficulties, which are encountered (due to the complexity of calculations) during
attempts at the analytical description of the phenomena related to the electromagnetic
compatibility, the use of computer simulation tools is becoming more and more frequent.
In the literature, a simulation approach is encountered using, for example, MATLAB and
Simulink software to analyze the impact of lightning induced effects on small-scale, rooftop,
and grid-connected PV systems [6], and observing the current and transient voltage that
appear in the photovoltaic system after a lightning strike [8,9]. The main components of
a photovoltaic installation are, among others, photovoltaic modules and inverters that
convert the DC voltage generated from the module into AC voltage for connection to the
power grid. An improved model of the PV module simulation based on a two-diode model
is presented in [10], while models of both single and three-phase inverters are presented
in [11,12]. More and more innovative solutions for photovoltaic installations are found
in the literature. In the work [13], a hybrid system, which is a combination of a module
being the source of energy and its storage system, was proposed. The system consists of
several different DC-DC converters. The first of the converters tracks the maximum power
point of the photovoltaic module, while the next regulates the microgrid DC bus voltage.
The third converter is bidirectional and allows control of the energy flow in the system,
including battery charging and discharging. In addition, the installation is equipped with
a system protecting the batteries against transients (including surges) from the power
grid. Photovoltaic installations are exposed to lightning surge. The example of an attacked
installation was described in work [14]. A lightning strike took place at two installation
points, namely: on the DC side between the solar module and the inverter and on the AC
side between the inverter and the substation. Photovoltaic protection measures have also
been described in the literature. The article [15] presents the basic requirements for the
installation of lightning protection systems for photovoltaic installations described in detail
in the relevant legal acts. Additionally, presented are various ways of realization protection
circuits against lightning surges for circuits with photovoltaic modules and barriers of this
type of solutions. Work [16] describes in detail the use of various computer simulation
tools in emerging lightning protection problems. The focus was mainly on the application
of the FDTD method used to simulate the protection of complex electrical installations
and high voltage overhead lines or wind turbine or telecommunications towers. The use
of EMI filters [17] and voltage suppression diodes (TVS), modeled, e.g., in the LTspice
environment [18], are also presented. In the article [19], the authors presented a model
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of the surge protection system in direct current circuits, made in the LTspice program,
consisting of gas discharge tube and a transient voltage suppressor diode. In addition, the
authors present their own combined surge generator system that introduced disturbances
to the tested protection circuit.

Large photovoltaic farms in rural areas are also at risk of overvoltages and surges.
The work [20] presents the impact of lightning surges on a medium-sized photovoltaic
farm. The impact of lightning surge on photovoltaic modules and the systems connected
to them were analyzed to demonstrate the risk of damage to the installation and the need
for lightning protection of such installation. An installation consisting of four photovoltaic
chains with a total of 10,000 modules in a series-parallel arrangement was examined. The
module systems were connected with inverters and connected to the power grid. The test
also used EMTP-RV software to demonstrate the impact of lightning surges on photovoltaic
systems connected to the power grid. Similarly in the article [21], the authors presented
a real-scale simulation model to assess the induced over-voltages on long DC cabling
loops. Additionally, the proposed model (on a smaller scale) was tested in the laboratory
to confirm its correctness. There are no reports on the computer simulation of the impact
of conducted voltage surge disturbances 1.2/50 ps on small photovoltaic installations in
the literature.

The aim of the paper was to develop a computer simulation model of a photovoltaic
system disturbed by a 1.2/50 us voltage surge pulse, while operating as part of the fixed
system of an intelligent building. The tested part of the system consisted of a single PV
module and a single-phase DC/AC voltage source converter provided with a maximum
power point tracking system. A 1.2/50 ps voltage surge pulse, generated by a modeled
waveform generator was introduced using a modeled coupling/decupling network into
the system from the power grid side. Significant changes in the value of the AC voltage
and current were found in the DC/AC converter system.

The results of the computer simulation tests conducted in the MATLAB/Simulink
environment were verified with measurements performed using a real EUT in an accredited
EMC laboratory according to the IEC 61000-4-5.

Good compatibility of simulation and measurement results indicates that the computer
simulation can in some cases be an alternative to laboratory EMC tests, especially those
where damage or destruction of the EUT is possible.

Completing the work required solving the problems listed below, the solutions to
which are elements of novelty:

- Development of mathematical model and simulation in MATLAB/Simulink environ-
ment of the generator of disturbing voltage pulses “surge” 1.2/50 ps, based on the
recommendations contained in the IEC 61000-4-5 standard,

- Performing of a frequency analysis of a 1.2/50 us voltage pulse and explain that the
surge waveform exhibits essentially a low frequency content. Thus, the frequencies
contained in the considered signal do not affect the changes in the impedance value
and the nature of individual elements of the analyzed electrical circuits such as
resistors, coils, capacitors, or transistors, which can therefore be treated as ideal ones,

- Development in MATLAB/Simulink of a coupling/decoupling network simulation
model for a “surge” 1.2/50 ps generator to isolate the impact of generated disturbances
on the power grid,

- Development in MATLAB/Simulink environment of simulation model of selected
electrical and electronic devices (photovoltaic system consisting of a photovoltaic
module and microinverter), which is a component of commonly used, modern
stationary installations,

- Simulation analysis of the impact of electromagnetic surge disturbances on electrical
parameters and time characteristics of selected installation in MATLAB/Simulink
environment,

- Preparation the laboratory stand and carrying out tests in an accredited EMC labora-
tory allowing experimental verification of the results of computer simulations,
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- Statistical analysis of the obtained results of laboratory tests and computer simulations
(not presented in the paper) to determine the degree of applicability of the proposed
simulation tools in electromagnetic immunity testing.

2. Materials and Methods
Surge Immunity Test

Standard IEC 61000-4-5-5:2014 + A1:2017 [7] relates to the testing of immunity of
electrical and electronic equipment. It describes the test methods and the range of recom-
mended test levels for equipment in the case of unidirectional surges. Such overvoltages
are usually caused by lightning or switching activities in a power system.

The main mechanisms for the generation of voltage surges as a result of lightning are
as follows:

e  Direct lightning strike in an external (outdoor) circuit, which induces voltage as a
result of a current flowing through the Earth’s resistance or as a result of a current
flowing through the impedance of the external circuit,

e Indirect lightning strike (discharge between clouds or to nearby objects) generating
electromagnetic field, which induces voltages in the conductors outside and/or inside
the building,

e  Current flow in the ground (as a result of nearby direct lightning strike), which couples

to the common circuit of the installation grounding network.

The switching activities can take place:

In main power supply systems like during switching of capacitor banks,

During changes of power load of distribution network,

During switching of thyristors connected to resonant circuits,

During short circuits and arc discharges to grounding installation.

Surges (transients) induced in equipment affected by direct or indirect lightning dis-
charges and switching activities may pose a risk to the integrity of the equipment/system
subjected to such electromagnetic interference (EMI).

The purpose of the standard [7] is to establish a reference for assessing the surge immu-
nity of electrical and electronic equipment whose power and connection lines are exposed
to high energy disturbances. The standard describes a consistent method for assessing the
immunity of equipment or system to the specific electromagnetic phenomenon (conducted
disturbance) and defines a range of test levels, test equipment (including wave generators
and coupling/decoupling networks), test bench configurations, and test procedures. The
standard outlines several levels of test voltages that relate to different environments and
operating conditions of the installation.

The objective of this test is to determine the reaction of an equipment under test
under specific operating conditions to voltage surges modeling power system switching
or lightning effects. It should be noted that this test is not intended to test the quality of
EUT insulation at high voltage. Moreover, the standard [7] does not apply in case of direct
lightning strikes.

According to the standard, the system under test is in a configuration as similar as
possible to the final one. The coupling circuit couples the surge pulse generated by the
waveform generator to the EUT whereas the decoupling part is to effectively suppress
disturbances propagated towards the mains and auxiliary equipment.

To introduce the form of the disturbance, the waveform of the normalized voltage
surge 1.2/50 ps vs. time is illustrated in Figure 1 with front time T¢ = 1.67 x T = 1.2 us and
duration (time to half value) Ty, = 50 us.
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Figure 1. Normalized waveform of a voltage surge [7].
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For AC mains voltage with an RMS value of 230 V, the surge voltage impulse is
introduced to the tested system at the moment of the mains voltage peak (amplitude). The
time between pulses is 1 min. The internal impedance of the pulse generator is 2 Q.

The IEC 61000-4-5 specifies several levels of tests depending on what environment a
system is designed for. Table 1 summarizes the magnitudes of surge voltages of different
test levels and what these levels mean. It is worth to mention that from the test level 1
and up, the system or equipment requires protection devices to minimize the surge energy
entering the internal circuit.

The open circuit test voltage levels are presented in Table 1:

Table 1. Open circuit test voltage levels [7].

Level Line-to-Line Line-to-Ground
kv kv
1 - 0.5
2 0.5 1
3 1 2
4 2 4
X Custom Custom

The test level must be chosen for different installation environments, in particular
for classes 1-4. Example Class 2: for electrical environments where the cables are well
separated but the earthing system is common to the mains power supply, so that it may be
affected by overvoltage generated by the electrical system itself or by lightning. Test level
Xis not specified. This level may be specified in the technical requirements for the product.

When voltage surges are applied to the EUT, the test results are categorized into four
pass/fail criteria. The reaction of the EUT corresponds to the classification as follows:

e Class A—normal operation of the device during and after occurrence of electromag-
netic disturbance;

e C(Class B—temporary deterioration of the device during the occurrence of the disorder
and return to normal operation after the electromagnetic disturbance has ceased;

e Class C—temporary deterioration of the device during the occurrence of electromag-
netic disturbance and return to normal operation after operator intervention;

e (Class D—permanent deterioration of the device or its destruction.

It is worth noting as a side note that the 1.2/50 us lightning voltage surge known
from laboratory practice, commonly used in testing insulation resistance [22-24], is not
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directly related to the voltage prevailing in the lightning channel between the cloud and
earth [25-29].

Identifying this surge with the parameters found in the lightning channel is a common
mistake even made by experienced researchers who are mainly involved in tests performed
in high voltage laboratories and EMC laboratories. Surge 1.2/50 us was adopted in the
normative regulations as a consensus, which allows one to hope that it reflects the voltage
generated in the analyzed system fairly faithfully during an earth lightning strike.

3. Results
3.1. MATLAB/Simulink Model of a Voltage Surge Immunity Test
In the MATLAB/Simulink environment, based on the data contained in IEC 61000-4-5,

the proprietary model of the voltage surge generator was developed. A double exponential
mathematical relation that describes 1.2/50 ps open circuit voltage waveform u(t), is given

by Equation (1) [30].
u(t) = AV, [1 exp(J)}exp(th) (1)

where, t is the time in ps (t > 0), V), is the peak value, A = 1.037, 77 = 0.4074 ps, and
Ty = 68.22 us.
The modeled surge pulse waveform with the amplitude 1 kV is presented in Figure 2.
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Figure 2. Voltage surge pulse vs. time: (a) the whole of the generated waveform; (b) view of the
fast-changing frontal of the surge pulse.
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Using the MATLAB/Simulink software, the frequency spectrum of the analyzed
1.2/50 ps voltage surge impulse with amplitude 1 kV was determined. The results are
shown in Figure 3.

0.08 T T T

0.07 1
0.06 [ 1
0.05 1
E0.04 5 =
p |
0.03 [ 1

0.02 - 1

0.01 1

0 1 1 1
10° 102 104 108
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Figure 3. Frequency spectrum of the voltage surge pulse.

The spectrum of the analyzed disturbing signal indicates a frequency range up to
maximum several hundred kilohertz. The frequencies contained in the spectrum of the
considered signal do not affect the changes in the impedance value and the nature of
individual elements of the analyzed electrical circuits such as resistors, coils, capacitors, or
transistors, which can therefore be treated as ideal elements.

It is possible to use the rise time of a transient signal to determine the signal’s highest
frequency of interest, which can be, e.g., used to help select test equipment such as an
oscilloscope or a spectrum analyzer.

According to [31] a double-exponential pulse function in the general form:

x(t) = Cle™™ — e Pyu(t) 2)

can be used to model a number of transient signals (e.g., lightning current, the voltage
surge 1.2/50 us—Equation (1) in our paper, etc.) that contain a single maximum or peak
value, whereas 1/« is referred as the fall-time constant and 1/ as the rise-time constant.

When the ratio B/« is greater than about 4, then 96% of the total energy is contained
within the second break frequency located at § rad/s. Thus, the highest frequency of
interest is probably around .

It should be noted that it is not necessary to use sophisticated expressions for the
delay and rise time (given in the literature) to determine the highest frequency of interest.
When  >> «, the exponential containing § will decay much faster than the exponential
containing «. Thus, the highest frequency of interest, which is equal to the inverse of this
exponential’s time constant, will be mainly determined by this faster decaying exponential.

It possible to transform Equation (1) into the general form (2) as shown below:

AVy[1 —exp(Z)]exp(5)) =

e _t  _Hotm) 3
=Cle 2 —¢ Te 2)u(t)=Cle 2 —e a2 )u(t)= ®)

=C(e ™ — e PHu(t)




Energies 2021, 14, 3646 8 of 22

where:

w=1 and ﬁzLdFTz 4

(% SN

It is easy to show that if Tp >> 1y:

'B_Tl—i-Tz_l—.—%Nl (5)
N T - T - T
On the basis of the parameter  one can define the highest frequency of interest:
highest frequency of interest = b1 6)
& q y o ” 21T

Taking into account that for an impulsive signal of 1.2/50 us 71 = 0.4074 ps, the highest
frequency of interest is roughly 391 kHz.

3.2. Photovoltaic System and Its MATLAB/Simulink Model

The system consisted of a monocrystalline photovoltaic module connected to a single-
phase microinverter operating in the synchronization mode with a power grid. The
electrical power of the used photoconverter was adapted to the electrical parameters of
the applied inverter in terms of the maximization of the energy efficiency of the DC/AC
converter and the possibility of the proper implementation of the maximum power tracking
algorithm, which, in real conditions, enables the adaptation of the inverter circuit to
changing weather conditions. The microinverter was designed for interoperation with one
photovoltaic module, which means the number of used DC/AC converters increases in
proportion to the number of photovoltaic modules in the case of more powerful systems.
The inverter has two major sections: the input section (which contains the filter capacitors
that stabilize the DC voltage, and the maximum power point tracking module for the
optimization of the value of the generated electrical power dependent on the power of the
receiver and the lighting conditions) and the output section (the system of LC elements,
which affect the improvement of the electricity quality parameters, surge arresters, and
optionally the disconnector section).

The transformer inverter in the input section used for the tests comprises a DC/AC
converter in the half-H bridge circuit with a square wave output, including the stabilization
and filtration system. After the repeated filtration of the variable component from voltage
on the secondary side of the high-frequency transformer, in the full-wave rectifier circuit
with a low pass filter, the proper formation of the output voltage in the full-bridge circuit
takes place, including further filtration, before synchronization with the power grid. An
important advantage of the used two-step inverter is its high efficiency when compared to
other converters (dependent on the load and DC voltage levels) and the guarantee of the
galvanic isolation of the AC and DC side. The object used for the tests is a grid inverter,
which means that it is possible to transmit electricity to the power grid (as opposed to the
island inverters operating in dedicated circuits with the function of charging electricity
storages). The grid inverter, in the event of power failure, is switched off, which is the
result of the application of protection against island operation, and thus protection against
potential electric shocks to operating staff [32-34].

The model of the analyzed system was provided in the MATLAB/Simulink environ-
ment. The diagram of the test system is presented in Figure 4.
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Figure 4. The structure of the tested system consisting of a photovoltaic module with a microinverter: (a) Detailed

description. (b) Block description.

The values of parameters in grid filter and in the filter located in DC system side are
presented in Table 2.

Table 2. Values of elements in filter blocks.

Element Value
R5 010
L1 25 uH
C 100 uF

050
RL4 220 uH

050
RL3 1mH

050
RC2 1 uF

3.3. MATLAB/Simulink Model of a Coupling/Decupling Network and Surge Generator

A coupling/decoupling network (CDN) is another integral part of the test setup. The
CDN is an electrical circuit, interconnected between the EUT and the auxiliary equipment
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(AE) to force the injected signal to flow through the EUT preventing the damage or malfunc-
tion of the AE. The component values of this impedance are specified by the standard [7].
The layout of the model, which is used for the surge immunity tests, is depicted in Figure 5.

function v = fcn(t,t0,Vp)
B E— A=1.037;
Clock tall=0.4074e-6;
j th—— Startpuisetime) | ta12=68.22e-6;

< v 4 tO czas=t-t0;
Surge generator fen vp 1e3 s#codegen
MATLAB Function  Pulse Magnitude if (czas>0)

v =A*Vp*(l-exp(-czas/tall))*exp(-czas/tal2):;

else

P
O
DERTENTS

v=0;

T A A%
RL1 W2 R1 !
to AC Grid -> - %

RL2 W3 R2

“"\/\/\z—'ﬂ*—
R4 W4

Figure 5. CDN model and surge generator implementation for the immunity test.

W1, W2, W3, and W4 circuit breakers in the system were used to switch on and off the
coupling and decoupling system at the time of voltage surge. This eliminated the influence
of RLC elements on the shape and nature of the current in the tested system except when
a surge occurred. The values of resistance (R1-R4), resistance-inductive (RL1 and RL2),
and resistance-capacitive RC1 elements were selected on the basis of IEC 61000—4-5 [7] and
summarized in Table 3.

Table 3. Values of elements of the coupling/decoupling system.

Element Value
R1 10
R2 10
R3 10
R4 10

100 OO

RC1 10 F
200

RL1 25 mH
RL2 20Q

25 mH
10

RC 15 uF

3.4. Computer Simulation Model of the Photovoltaic System Disturbed by a 1.2/50 us
Voltage Surge

The model tests covered the simulation of the operation of a PV system subjected to a
1.2/50 ps voltage surge with an amplitude of 1 kV.

The PV module, under the assumed test conditions generates a voltage of 29 V DC.
The inverter converts the DC voltage into AC voltage with an effective value of 230 V
and the quality parameters compliant with the power grid requirements. The amplitude
value of the sinusoidal alternating current in the inverter circuit at the output of the output
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block section was about 0.8 A. The voltage and current waveforms for the used inverter
are presented in Figures 6 and 7.

400 ' ' ' : ;

200 - 1

Uivl

-200 ]

-400 ' : : : :
0 0.01 0.02 0.03 0.04 0.05 0.06

t [s]

Figure 6. Input voltage waveform in the microinverter section.

| [A]

0 0.01 002 0.03 004 005 0.6
t[s]

Figure 7. Input current waveform in the microinverter section.

In view of the conducted nature of surge disturbances, the disturbing pulse was
introduced into the photovoltaic system from the side of the connection to the power grid.

The value of the surge voltage amplitude in the circuit was 1325 V, while the value of
the current amplitude at the moment of the surge was 38 A for the positive polarization,
and for the negative polarization —1325 V and —36 A respectively. The modeled voltage
and current waveforms are presented in Figure 8a,b for the positive polarization and in
Figures 9 and 10 for the negative polarization.
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Figure 8. Input (a) voltage and (b) current waveform in the microinverter section disturbed by
voltage surge with positive polarization.
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Figure 9. Input voltage waveform in the microinverter section disturbed by voltage surge with
negative polarization.
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Figure 10. Input current waveform in the microinverter section disturbed by voltage surge with
negative polarization.

The values of the current amplitudes at the moment of the surge were higher by 4750%
for the positive polarization and 4500% for the negative polarization than the value of the
amplitude of the current undisturbed by a voltage surge.

A current with such intensity may cause damage to the circuit. The voltage amplitude
in the disturbed circuit was higher by 408% than the voltage amplitude in the non-disturbed
circuit, equally for both polarizations.

As a complement, the authors also analyzed in Matlab/Simulink software current
waveforms in three selected places of the tested system: behind the transformer and in
the front of the rectifier bridge, before the H-bridge and after the H-bridge but before the
grid filter (Figures 11-13). The highest value of the amplitude of the current signal at
the moment of introducing the voltage surge occurred before the H-bridge, analyzing the
system from the surge generator side towards the DC part of the installation. As a result, a
damage of two metal-oxide-semiconductor-field-effect transistors in the H-bridge structure
was found after verification of the tested microinverter.

60 T T T T T T

40 1

b

Vo

_40 - 1 1 1 1 1
0.04 0.042 0.044 0.046 0.048 0.05 0.052 0.054

t[s]

Figure 11. Current waveform between the H-bridge and grid filter.
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Figure 12. Current waveform between the H-bridge and Graetz bridge.
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Figure 13. Current waveform between the Graetz bridge and transformer.

The analysis of the current signal, observed between the H-bridge and the rectifier,
shows a significant reduction in its amplitude. Observations of the current signal behind
the H-bridge indicate that the disturbance has been absorbed in the system. In this way,
the effect of the introduced voltage disturbance, with the use of a surge generator, is not

observed on the secondary side of the transformer.

3.5. Laboratory Tests for Surge Immunity

In order to confirm the correctness of the conducted computer simulation, a laboratory
test stand was provided for the analyzed photovoltaic system. Figure 14 presents a part of

the stand, which consists of the PV module lit with a set of halogen lighting fittings
total power of 6 kW.

with a
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Photovoltaic
module

Halogen lamps illuminating the PV module

Figure 14. First part of the test stand consisting of a photovoltaic module, halogen lighting, and a
cooling system.

In order to improve the quality of the power generated by the photovoltaic system,
the system was cooled with an axial fan. For the improvement of the stand’s mobility, the
inverter was installed in a specially prepared case, which is presented in Figure 15.

nm

Oscilloscope

for recording

waveforms ; ‘ DC/AC
= Inverter

A

Figure 15. The second part of the test stand, consisting of a microinverter, voltage and current probes,
and an oscilloscope.

Test results were recorded using probes (voltage and current probes) connected to
an oscilloscope. The photovoltaic system was disturbed by a series of voltage surges
obtained from a Teseq Schaffner 6150 generator, utilizing a coupling-decoupling network.
Test results were recorded using two probes: voltage—Rigol RP1050D and current—Rigol
RP1001C and a GW Instek GDS 1022 8 bit digital oscilloscope.

The parameters of the current and voltage probes are presented in Table 4.
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Table 4. The values of selected parameters for the current and voltage probes.

Rigol RP1001C Rigol RP1050D

Current Range

Frequency Range

Maximum
DC
Current

Maximum
AC Current
peak-peak

X200, X500 or X1000 attenuation ratio:
Bandwidth DC-50 MHz (—3dB)
X100 attenuation ratio: DC-25 MHz
X100 attenuation ratio: <700 Vpp,

10mV/A,
100 mV/A

(about 230 Vrms or DC)
Input Voltage Range X500 attenuation ratio: <3500 Vpp,
to 300 kHz (—3dB) (Dg +AC pegak-peagk) (about 1140 Vrms or DC) P
X1000 attenuation ratio: <7000 Vpp,
(2300 Vrms or DC)
+100 A .
(10 mV/A); M?:lm::tlm Maximum differential voltage:
10A Volft’age 7000 V (DC + AC peak-peak vale) or 450 Vrms
(100 mV/A)
200 A
(10 mV/A); Input Differential: 100 MQ)/1.2 pF
20 A Impedance Single-ended and to ground: 50 M(2/2.3 pF
(100 mV/A)

The first inverter was damaged during the first test; the second one was disturbed by
a series of five pulses. The test results for the second inverter were listed in Table 5, and
examples of the waveforms were presented in Figure 16, Figure 17, and Figure 18.

Table 5. The immunity test results of photovoltaic microinstallation disturbed by a 1.2/50 us
voltage surge.

Measurement Positive Polarization Negative Polarization
Number 1(A) U (W) I1(A) U (W)
1 44 1325 —41 —1325
2 43 1325 —42 —1325
3 43 1325 —43 —1325
4 42 1325 —42 —1325
5 43 1325 —42 —1325
arithmetic 43 1325 42 —1325
average
median 43 1325 —42 —1325
standard 0.63 0 0.63 0
deviation
coefficient of 147 0 15 0

variation %

In the laboratory tests, the authors focused on recording the amplitude of the current
and voltage signal, in the form of the system response at the moment of introducing a
voltage surge 1.2/50 us. In order to accurately measure the value of the occurring pulse,
the time and voltage divisions were set in such a way to record primarily this part of the
obtained electrical signal in the form of a high-energy pulse. The current and voltage
waveforms at the selected measuring point of the tested system were recorded using the
oscilloscope function in the form of “peak detect”.

The values of the voltage and current amplitudes obtained in laboratory tests and
computer simulation tests were convergent. The simulated voltage values reached the
same value, which was measured in the EMC laboratory, i.e., £1325 V. The values of the
currents obtained as a result of the computer simulation were 12% lower for the positive
polarization of the 1.2/50 ps voltage surge and 15% lower for the negative polarization of
the pulse than the values received in the laboratory tests.
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Figure 16. Current (yellow) and voltage (blue) waveform in a photovoltaic system disturbed by a
1.2/50 ps voltage surge with positive polarization.
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Figure 17. Current waveform in a photovoltaic system disturbed by a 1.2/50 us voltage surge with
negative polarization.
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Figure 18. Voltage waveform in a photovoltaic system disturbed by a 1.2/50 us voltage surge with
negative polarization.

4. Conclusions

This article presents the simulation model of a photovoltaic microsystem, which is part
of a fixed energy-saving building system. The model was made in the MATLAB/Simulink
computer environment and the PV system was disturbed by a 1.2/50 ps voltage pulse,
not observed in other simulation studies. The 1.2/50 pus voltage surge pulse, generated
by a modeled waveform generator was introduced using a modeled coupling/decupling
network into the system from the power grid side. Significant changes in the value of the
AC voltage and current were found in the DC/AC converter system.

The analysis of the obtained results of a computer simulation tests, presented in
Figures 11-13, shows that the most sensitive elements of a photovoltaic installation were not
the PV panels, exposed to direct lightning strikes, but DC/AC microinverters, converting
direct voltage into the sinusoidal alternating form. The course of the current signal, caused
by a voltage disturbance introduced from the power grid side, posed a threat to the
electrical elements of the inverter structure, which are semiconductor transistors. On
the basis of further verification, damage of two metal-oxide-semiconductor-field-effect
transistors in the H-bridge structure was found. Transistor failures frequently occur in PV
microinverters operating in high-voltage, high-current, or extreme temperature conditions
exceeding the manufacturer’s specification.

In general, microinverters from the DC side are exposed to both overvoltage induced
in series connected PV modules and partial lightning currents that can penetrate into the
installation during direct discharge. On the AC side, the DC/AC inverter may be exposed
to overvoltages in the power grid, especially when the main building electrical switchgear
is not properly protected.

For this reason, in accordance with the PN-HD 60364-7-712: 2016-05 standard, it is
recommended to use multistage protection devices in the photovoltaic installation like
surge protection devices (SPDs) of the appropriate type. In many cases, it is recommended
to use SPD before (DC side of the photovoltaic installation) and after (AC side of the
installation) the inverter and when the distance between the PV generator and the inverter
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exceeds 10 m also in close distance to PV modules. These protections are designed to
protect sensitive devices against the discharge current (current signal shape 8/20 ps), surge
current (10/350 ps), and voltage surge (1.2/50 ps). Paying attention to the proper protection
of photovoltaic inverters in order to ensure their long-term and failure-free operation is an
essential element in designing a highly efficient installation.

The conducted simulation studies, supplemented by EMC laboratory tests, of a photo-
voltaic microinstallation, consisting of a photovoltaic module and an individual voltage
inverter, showed that in the event of an external surge disturbance spreading from the
AC power grid side towards the constant voltage part of the electrical installation, the
photovoltaic generator has the ability to continue generating and delivering electric power
during periods of intense stress on energy system. Results do not indicate the propaga-
tion of the disturbance in the photovoltaic module section. Multiple introductions of the
1.2/50 ps voltage surge caused no damage to the photovoltaic solar cells. Additional tests
performed to verify the applied photovoltaic module, determining its current-voltage
characteristics, including thermovision examination of the silicon cells structure, confirmed
its good condition. It can be concluded that in the situation of a voltage disturbance propa-
gating from the power grid side, which is the place where the photovoltaic installation is
connected, the section of the photovoltaic generator will not be affected by its effects.

The results of the computer simulation were verified using a specially built test stand.
The test was carried out in an accredited electromagnetic compatibility laboratory. It was
also confirmed that the MATLAB/Simulink simulation environment is a useful tool for the
development of circuit models of electrical and electronic systems subjected to the impacts
of electromagnetic surge disturbances described in IEC 61000-4-5. The software allows for
very good mapping of the real elements of the system and devices.

The circuit was tested in the EMC laboratory using two identical inverters. The first of
them was damaged during the test. This confirms the usefulness of performing simulation
tests of electromagnetic compatibility. The PV modules and the DC/AC power electronic
converters cooperating with them are potentially exposed to damage as a result of the direct
impact of the lightning discharge and couplings with objects located in the direct vicinity.
Therefore, it is necessary to protect devices, which are part of a photovoltaic system, located
on the walls of buildings and other structures, due to the threat of a lightning discharge.

Good compeatibility of simulation and measurement results indicates that the computer
simulation can in some cases be an alternative to laboratory EMC tests, especially those
where damage or destruction of the ETU is possible. Moreover, computer simulation of
EMC immunity tests can be especially useful at the design stage of new electronic/electrical
devices. Contrary to laboratory tests computer simulation models (including the ETU
model) allow one to simulate (measure) voltages across and currents through each element
of the model, thus enabling potential problems to be identified before laboratory/site
testing becomes practicable or possible.

Photovoltaic systems, like all energy systems, must be constantly developed in order
to improve resilience. They need to simultaneously withstand extreme conditions that
cause grid power disruptions, be configured in a way that allows electricity to be delivered
with required quality parameters, and overcome disruptions arising from solar resource
intermittency. One of the methods to obtain resilience can be a hybrid configuration of the
photovoltaic installation in which photovoltaic modules can cooperate with electrochem-
ical energy storage units via a hybrid DC/AC inverter in switchable on-grid and island
topology. The energy storage unit is an additional separation between the photovoltaic
generator and the electricity grid. During the disturbance appropriate control systems will
enable further correct operation and energy transfer to the energy storage unit. This enables
the continuity of power supply to priority receivers and increases energy self-sufficiency.
Photovoltaic system can act as a self-sufficient microgrid.

The presented paper does not exhaust all the EMC immunity issues. It discusses the
modeling and simulation of one selected stationary installation for one selected type of a
conducted disturbance-voltage surge. There remain many other types of electromagnetic
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disturbances that may have a significant impact on the operation of electronic equipment.
This provides inspiration for further research work involving, among other things, the
development of a simulation model of an “EFT/Burst” fast electrical transient genera-
tor, which, together with a “surge” voltage surge generator, usually constitutes a single
laboratory device controlled for appropriate tests by computer software.

In subsequent studies, the authors plan to use numerous photovoltaic inverters that
also have IGBT (insulated gate bipolar transistor). The authors will also make a de-
tailed computer and experimental analysis of two more microinverters topologies like H5
and HERIC.

It should also be emphasized that the simulation and physical tests presented in
the work are limited to the testing of selected devices in the form of modern and widely
used components of photovoltaic installations. Research on the correct functioning of
photovoltaic microinverters, during the occurrence of disturbances in the form of voltage
surges, is particularly important for the energy efficiency of a complete photovoltaic
installation. Inverters are an essential part of a solar installation. They also have a significant
share in the overall costs and economic balance. Microinverters improved reliability
compared to central inverters due to lower power processing requirements for switches.
A microinverter is typically connected to a single photovoltaic module and optimize its
operation. There are significant advantages of deploying microinverters. Unlike a central
inverter, if a single microinverter fails, only a single solar module will not convert solar
energy into electric energy. In the case of central inverters, the entire installation stops
delivering power to the load or AC grid. Microinverters have also a better performance
ratio compared to string and central inverters in case of high shading effect. Improvement in
the reliability of solar photovoltaic inverters is a growing research area. Functional failures
associated with microinverters can decrease the return on investment (ROI) parameter.
Unfortunately, microinverters warranties are most often less than 15 years, whereas the PV
modules are described by a twenty-five year warranty period.
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