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Abstract. During an energy conversion process, the total harmonic distortion and losses will increase while its
power stability decreases. Multilevel inverter technology can be utilized to alleviate the shortcomings of conventional
inverters. These technologies have become recognized as cost-effective solutions for a wide range of industrial applica-
tions. Reduced component losses and lower switching losses, as well as improved output voltage and current wave-
forms are the first advantages of this design. In multilayer inverters, elimination of harmonic components in the inverter
output voltage and current is crucial. This paper proposes a system that consists of three different renewable energy
sources. Two of them are PV solar systems while the third is wind turbine simulated in MATLAB Simulink. Seven-
level inverters based on switch reduction techniques are proposed in this paper. The proposed system design is verified
in the absence of PV systems to produce five voltage levels as a contingency in PV systems.
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CHIKeHHe oTeph NpH MEPEeKITIOUCHIH, a TAKXKe YIIydIIeHHbIe (JOPMBI CHTHAJIOB BBIXOAHOTO HANPSHKEHUSI U TOKA SIBIITIOT-
Csl OCHOBHBIMU TIPEHMYILECTBAMU MPEANaraéMoil KOHCTPYKIMH. B MHOTOCIOMHBIX HHBEPTOpax pellaollee 3HadeHHe
HMeET YCTpaHEeHHE TapMOHHYECKHUX COCTABIIIONINX B BBIXOJHOM HAaNPsDKEHWH U TOKe HHBepTopa. B 3T0if craTthe mpea-
TaeTcs CUCTEMa MHMKPOTEHEPAIH, COCTOAINAs U3 TPEX PA3NIMIHBIX BO30OHOBIAEMBIX HCTOUHHKOB 3HEpruu. JIBe u3 HUX
MIPEJCTABISAIOT CO00M (POTOIMEKTPHIECKUE CONHEUHBIE CHUCTEMBI, a TPEThs — BETpsiHAs TypOMHA, CMOAEIMPOBAaHHAs B
MATLAB Simulink. B pmanHO# myOnmKanuy IpemIokKeHbl CeMUYPOBHEBBIE HMHBEPTOPHI, OCHOBAaHHBIE HAa METOMax
YMEHBIICHHS KOJIMYECTBa NepekiroueHuid. [Ipeaaraemas KOHCTPYKIMSA CUCTEMbI HHBEPTUPOBAHUS IIPOBEPSECTCS B OTCYT-
cTBHUE (POTOIIEKTPUIECKUX CHCTEM JUTS MOTyIEHNS IIATH YPOBHEH HaNPsHKEHUSI KaK aHaJIOT aBapUHHOI CHTYyaIHL.

Kniouesvie cnoga: ceMuypoBHEBBIC HHBEPTOPEI, (OTORIEKTPHUIECKasl CHCTEMa, BETpsiHask TypOUHA, OTCIIC)KUBAHHUE
TOYKH MaKCHMalbHOI MOIIHOCTH, IIMPOTHO-MMITYJIbCHAs MOAYJISIMS, CHHXPOHHBIN T€HEpaTop C MOCTOSIHHBIMU Mar-
nutamu (PMSG)

Bnrazooapnocmu: ViccnenoBaHue BBHINTOJIHEHO NP (HMHAHCOBOH mojnep)kke MHHHCTEpPCTBa HAyKH W BBICIIETO
obpazoBanusi Poccuiickoit @enepaunu B pamkax IIporpammbl pa3ButHs Ypaibckoro (enepaibHOro YHHBEPCHTETA
umenu nepsoro IIpesunenta Poccun b.H. Enbliuna B cCOOTBETCTBHM € MIPOrPaMMOI CTPATErHYECKOr0 aKaJeMU4eCKOro

muaepcrBa «[Ipuoputer-2030»: Homep rpanta FEUZ-2022-0031.
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Introduction

Renewable energy sources (RES) have become
very important in recent years owing to their non-
degradability, eco-friendliness and self-sufficiency.
Systems using RES are reliable and can replace con-
ventional generation techniques. Fossil fuels are de-
gradable, non-renewable and contribute to climate
change and ecological imbalance. Solar, wind and
geothermal energies, as well as other renewable
energy resources, are forms of RES. Solar and wind
energy are the most commonly used RES [1]. The be-
nefits of a solar photovoltaic systems over wind tur-
bines include their minimal maintenance, lack of mo-
ving parts and ease of installation. Wind-turbine sys-
tems are less expensive than solar panels, especially
when used in large quantities. However, they require
a professional staff for operation and maintenance.
The two technologies are typically combined using
multiple RES so that they may deliver continuous
power under various situations [2].

Since the amount of energy provided by renew-
able systems changes throughout the day, it is critical
to maximize the delivered energy [3]. The output
power of wind turbines and photovoltaic arrays is in-
fluenced by wind speed and solar irradiation. As a re-
sult, changes in these parameters must be handled ap-
propriately by system control mechanisms. With vari-
able wind, the turbine speed must be adjusted to opti-
mize the generation of power to ensure that the system
runs at its maximum power point (MPP). Similarly,
the DC voltage and current at the output of the PV
system must be modified to run the PV systems at
their MPP [4]. The biggest issue that some RES en-
counter is they produce DC electrical energy. This
requires equipment to convert DC to AC power. In-
verters serve this role. However, there are switching
components utilized during power conversion that
reduce the stability and quality of the electricity [5].

Multilevel Inverter (MLI) technology is used at
the DC output terminals of RES to convert the gene-
rated electricity into AC power and improve the power

quality and stability. The benefits of MLI include im-
proved voltage and current output waveforms, less
electro-magnetic interference (EMI), their small size,
and lower total harmonic distortion (THD) [6]. MLI
switches are used to interrupt the DC so that it is pro-
duced at different levels. They are essential because
they determine circuit size, installation dependability,
control complexity and cost. In conventional MLIs,
the size, cost and complexity of inverters increase with
the output voltage level [7]. In this research, MLI
switch reduction is used to provide a larger number of
output levels with fewer switching components,
thereby lowering costs. The proposed MLI circuit re-
duces the voltage stress on the switches, enhancing
protection against overvoltage [8].

There are three main types of reduced switch
MLlIs that can be used. The first is a reduced switch
symmetrical MLI (RSS-MLI) that produce many DC
levels with equal magnitude. This method is a lower
cost option. A reduced switch symmetrical MLI
(RSA-MLI) produces DC of different magnitudes.
Typically, this technology is used in a cascaded
H-bridge method. Finally, a reduced switch modified
MLI (RSM-MLI) does not use a cascaded H-bridge
configuration. It cannot be used for high power appli-
cations due to its excessive voltage stress on H-bridge
switches [9]. Fig. 1 shows the conventional and re-
duced switch MLIs.

Design and implementation of a single-phase
switching reduction MLI in a stand-alone system fed
from multiple individual RES are presented in this
work. A new logical switching method, pulse width
modulation (PWM), is used to create a seven-level
output voltage. In this research, two PV-solar systems
and one wind-turbine generator with a permanent
magnet synchronous generator (PMSG) are offered as
distinct energy sources. The proposed method is used
to reduce the number of switching devices, thereby
decreasing losses and THD.

The MATLAB Simulink program is used to si-
mulate a seven-level inverter for use with renewable
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Fig. 1. Conventional and reduced switch MLIs [9]

energies. RES continue to be more dominant in local
power production for stand-alone networks than fossil
fuel units. In this research, PV and wind turbine tech-
nologies are used to create a self-contained system
with high reliability and security that can work under
a variety of operational conditions. The contingency
of reduced PV solar system performance (due to
cloudy winter days, nighttime or fault event) is taken
into consideration in this work. Multilevel inverters
are an ideal way to employ inverters for stand-alone
use in systems that produce just a few kilowatts.

Literature review

Table 1 summarizes the suggested seven-level
PWM inverter and contemporary MLI designs using
several performance metrics. These metrics include
the numbers of semiconductor switches, elements
(such as diodes and/or capacitors), transformers and
input DC sources, as well as THD before and after
incorporation of an LC filter, in addition to contingen-
cy analysis. Each MLI design uses a different number
of components to achieve the same output-voltage
level, as seen in the comparison below.

Proposed system
The proposed system, shown in Fig. 2, is com-
prised of three distinct RES inputs. Two of them are

PV solar systems and the third is a PMSG-type wind
turbine generator. The PV solar systems are both con-
nected to a DC-DC boost converter to increase
the output voltages of the two systems to the same
level (E/3, and 2E/3). A perturb and observe (P&O)
algorithm approach is employed to accomplish maxi-
mum power point tracking (MPPT) of the PV solar
system and the wind energy conversion system
(WECS). The wind turbine output power is AC and
thus, an AC-DC rectifier is needed to convert it to DC.
A DC-DC hoost converter is needed to boost the volt-
age (E). The wind turbine generator is a three-phase
PMSG.

A. PV solar systems

Photovoltaic (PV) systems utilize the photovolta-
ic effect to convert sunlight into direct current (DC).
A combination of P- and N-type semiconductor mate-
rials make up the PV cell. As a result, a PV cell can be
represented as a diode. When the diode absorbs light,
the photovoltaic effect creates current [19]. In most
applications, a PV module requires a large humber of
solar cells connected in parallel or series to provide
sufficient voltage and power. An array is a system
made up of a large number of PV modules connected
on the same panel to generate sufficient power. The
MPPT algorithm approach is used to manage the posi-
tion of the PV system panels so that the maximum

Table 1
Comparison of MLI topologies
Reference N_o. No. No. of DC THD pefore THD _after Usg RES Continge_ncy
of switches | of elements | voltage sources | LC filter LC filter as inputs analysis
[10] 10 — 3 — 3.53 Not used Verified
[11] 8 — 2 — 1.83 Not used Not verified
[12] 6 11 1 — 3.9 Not used Not verified
[13] 8 — 2 — 2.8 Not used Not verified
[14] 10 3 1 — 1.11 Used Not verified
[15] 12 — 3 19.28 — Not used Not verified
[16] 8 — 2 18.05 — Not used Not verified
[17] 12 — 3 32.1 — Not used Verified
[18] 9 — 3 — 2.38 Not used Not verified
In this 7 - 3 20.51 2.09 Used Verified
work
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Fig. 2. The proposed system
generation power of a PV solar system can be ob- The MPPT of a wind turbine is achieved using
tained [20]. In this study, we will apply the P&O algo- the P&O algorithm. Fig. 4 shows the operational prin-
rithm method to achieve the MPPT. ciple of this algorithm [22].
B. Wind turbine C. Switch reduction MLI
Three-phase PMSGs powered by adjustable pitch Inverters are devices that convert DC to AC
wind turbines are considered the best choice for wind power. They are often used in household power appli-
energy producers because of their great efficiency and cations such as motors, UPSs and similar devices.
dependability. The output AC power is converted to In high-power switching applications, MLIs are be-
DC using a three-phase uncontrolled rectifier. To step coming more popular. To enhance power quality, high
up the output voltage and supply a DC bus, a boost switching frequencies are employed to eliminate rip-
converter is also required. Fig. 3 depicts the key com- ple in the output voltage or current waveform. Due to
ponents of the WECS [21]. switching losses and device rating constraints, switch
Wind Turbine Uncontrolled DC Boost
Rectifier Converter

Fig. 3. Wind Energy Conversion System WECS
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Fig. 4. Operational principle of the P&O algorithm [22]
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reduction MLIs have significant challenges in high-
frequency high-power and medium-voltage applica-
tions [23].

Among the inverter internal voltage control ap-
proaches, pulse width modulation (PWM) is one of
the most effective control strategies. In essence, pulse
width refers to the width of an inverter's output pulse,
which is dictated by the conduction period of each
switch. This is especially true for bridge inverters,
where each switch conducts for the duration of its gate
pulse and the output pulse width is directly propor-
tional to the gate pulse period [24]. As a result of
changing the gate pulse duration, the output pulse
width changes, thus modifying or regulating the vol-
tage. PWM may be classified into two groups based
on the approaches for adjusting gate pulse duration.
Fig. 5 depicts a multicarrier PWM used to generate
seven-voltage levels using a reference sine wave.

Fig. 6 shows the implemented PWM control sys-

Volitage (V)

tem for a switch reduction MLI of the proposed system.
A simple PWM approach is used to regulate gate puls-
es. The gate pulses for the switches are generated by
a PWM pulse generator. Different modulation indices
(Ma) are explored under varying output-voltage levels
to highlight the influence of various modulation ratios
on output-voltage levels. The output voltage has just
three values when Ma is less than 0.33 (+E/3, 0, —E/3).
The output voltage has five levels with a modulation
index of 0.33 to 0.67 (+2E/3, +E/3, 0, —E/3, —2E/3).
A seven-level output voltage may be generated with
a modulation index of 0.67 to 1 (+E, +2E/3, +E/3, 0,
—E/3, —2E/3, -E).

The switching functions are separated into six
modes of operation that are linked to the output-
voltage levels considering one output-voltage/refe-
rence signal cycle, with the entire switching states
based on a comparison of the reference and carrier
waveforms, as indicated in Table 2.

Time (sec)

Fig. 5. Multicarrier PWM seven-shifted levels of a sine wave
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Fig. 6. Proposed control based on PWM
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Table 2
Switching status and output voltages of the proposed MLI
Voltage Level Sm Spl Sp2 S1 S2 S3 S4
E 1 0 0 1 0 0 1
2/13E 0 0 1 1 0 0 1
1/3E 0 1 0 1 0 0 1
0 0 0 0 0 1 1 1
-1/3E 0 1 0 0 1 1 0
—2/3E 0 0 1 0 1 1 0
-E 1 0 0 0 1 1 0
The switches (Spl, Sp2 and St) are connected in L. =2 (1-D)*R, @)
parallel with the solar PV system-1, solar PV system-2 i 2f
and the turbine generator. The pairs of switches = +, )
(S1, S4) and (S2, S3) operate alternately to provide R(V_:)f
the MLI of voltages across the load. The three RES where R is output resistance calculated from the out-

are connected to switch reduction MLI consisting of
seven switches. The output voltage is equal to tur-
bine wvoltage E (400V), while PV source-1
(1/3-400=133.3V) and PV solar source-2
(2/3 - 400 = 266.6 V) are the algebraic sum of the two
PV sources and is equal to the output voltage of
the WECS.

D. Auxiliary circuits

DC-DC step-up and AC-DC rectifier converters
are the main auxiliary circuits used with PV and wind
turbine systems.

DC-DC step-up converter. One of the most
widely used converters to enhance DC output voltage
of a PV solar systems to match the needed DC bus
voltage is the DC-DC step-up, or boost converter. Sys-
tem losses are reduced as the voltage is increased.
Fig. 7 depicts a boost converter circuit diagram. When
the switch is “ON” and the diode is an open circuit,
the inductor “L” charges the power. However, when
the switch is “OFF”, the diode conducts while the in-
put and inductor voltages are received at the output
side. Capacitor “C” is used in the output waveform
[25] to lower the ripple factor.

The following equation gives the duty cycle (D)
of a step-up converter [26]:

Vin

D=1- . 1
Vout ()

Inductance (L) and capacitance (C) of a step-up
converter are given in Equations (2) and (3), respec-
tively [11]:

L

put power and voltage. (Avﬁ) is the output ripple vol-
tage, normally about 1% to 2%, and f is the switching
frequency [10].

DC-AC rectifier circuit. This is a power elec-
tronic circuit that used to convert or transform DC
power into AC. This three-phase circuit is made up of
three parallel branches. Each branch has two diodes in
series. The anode of the upper diode is connected to
the cathode of the lower diode. A rectifier circuit is
used to convert the generated AC wind turbine power
to DC, which is then stepped up by a boost converter.
The primary purpose of this conversion is to manage
the DC voltage and to achieve the maximum power
point [27-29].

A DC link capacitor is used to fix the voltage and
reduce the ripple. An LC filter is used at the output of
the MLI to reduce the harmonics to acceptable IEEE
519-2014 standard limits.

Simulation and results

Fig. 8 shows the proposed system modeling using
MATLAB Simulink.

The system consists of a WECS with an output
DC voltage of 400 V and two PV systems with output
DC voltages of 133.3V and 266.6 V, respectively.
The temperatures of the two PV systems were
assumed to be constant at 25 °C and the irradiance
was 1000 W/m?. The output power of each system was
2000 W, and the (I-V) and (P-V) characteristics of

o

PV System Vin

J

B

+

o R § VYout

Fig. 7. A schematic of a DC-DC boost converter
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At bt

Fig. 8. The proposed system modeled using MATLAB Simulink
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the selected PV panel are given in Fig. 9. Each PV
system consists of 10 solar panels connected in paral-
lel, the output voltage of the system is 37.26 V and
current is 53.7 A (10-5.37 A). The total power is
2 kW for each solar system. Fig. 10 shows the output
voltage, current and power of each PV system. An LC
filter is used to reduce the harmonics and make
the output waveform as sinusoidal as possible so that
it is within the IEEE 519-2014 standard.

The output voltages of the DC-DC boost con-
verters are (E/3) 133.3 V and (2E/3) 266.6 V for PV-
system-1 and PV-system-2, respectively. The DC-DC

boost converter circuit of the WECS is (E) 400 V DC.
Parameters of the step-up converters are given in
Table 3. The selected switching frequency is 4 kHz
and the ripple voltage is about 1%. Fig. 11 shows
the output voltage of the three boost inverters.

The wind speed was assumed to be constant in
the current work at 10m/s and the rated output power
at this speed is 17 kW. Fig. 12 shows curves of
the input/output characteristics of the wind speed,
electrical torque, output power, stator current, three-
phase stator voltage, and turbine speed in rad/sec as
well as pitch angle.
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1 series modules; 10 parallel strings
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Fig. 9. The (V-I) and (P-V) characteristics of each PV system
Voltage (V)
PV Voltage
T T T 1 T T ok
40 | I ,
30 T -1
>
a
> 201 =t
10~ =1
0 1 1 1 | 1 1 ! 1 1
0 01 02 0.3 04 05 0.6 0.7 08 09 1
Time (sec)
Current (A) PV Current
T T T T T T T T
60— T T =1
S50 -
401 -
>
B =
20— -1
10 -1
0 | 1 | ! 1 | ! 1 1
0 01 02 0.3 04 05 0.6 0.7 08 09 1
Time (sec)
Power (W) PV Power
T T T T T T T T
2000
1500 -t
1000~ =k
500 1 i =1
0 1 1 L 1 1 1 1 1 1
0 0.1 02 03 04 05 06 07 08 09 1
Time (sec)

Fig. 10. Output voltage and current for each PV system
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Table 3
Step-up converter parameters
Converter Input voltage | Output voltage Power Duty cycle Inductor Capacitor
No. V) V) (W) (mH) (uF)
1 37.26 133.3 2000 0.72 0.125 0.02
2 37.26 266.6 2000 0.86 0.15 0.6
3 160 400 17 000 0.6 0.22 0.79
Vfﬂtuge v \’n:o\ (Boost ;‘ » Voltage (V) Vout (boost) V?Nagn [\J] V°f" (Boost) -
* nme“‘.:m b o M " T|meut;ec] N Y > b ‘ 08
(a) PV System-1 (b) PV System-2 o
(¢) WECS

Fig. 11. The output boost voltages of the PV systems
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Fig. 12. Characteristics of the WECS

A seven-level voltage waveform without a filter
is shown in Fig. 13. The same waveform after con-
necting an LC filter is shown in Fig. 14.

Harmonics on the low voltage side (below 1 kV)
should have a maximum value of less than 5%, ac-
cording to IEEE519-2014. It is clearly seen in Fig. 15
and 16 that the LC filter reduces the THD, making the
output waveforms as sinusoidal as possible. The THD
values of the output voltage are 2.09% and 20.51%
with and without an LC filter, respectively.

Contingency analysis is important when the sys-
tem has multi-RES to ensure the reliability of
the overall system. When PV solar system-1 is out of
service for any reason, the system must still provide
the required output voltage. However, the voltage will
decrease from seven to five levels and the THD will
increased. Fig. 17 shows the output voltage without
an LC filter at t = 0.1 sec when the PV solar system-1
is out of service. The THD of the five level inverter,
which consists of wind turbine and PV solar system-2,
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is increased to 47.87%. When an LC is used, the THD consisting of wind turbine and PV solar system-1, is
is reduced to 5.16%. If PV solar system-2 is out of increased to 31.39% and the THD is reduced to 3.72%
service, the output voltages without an LC filter are as when an LC is used.

shown in Fig. 18. The THD of a five level inverter,

Voltage (V) Output Voltage (without LC filter) -
4001 -
av0
200 4
100 i

o i
100}~ 4
o0l

a a0z 001 006 008 01 a1z a1a ate 018
Time (sec)
Fig. 13. Output voltage of a seven-level inverter without an LC filter
Voltage (V) -

1 ) - , -
0 0.02 0.04 0.06 0.08 01 0.12
Time (sec)

Fig. 14. Output voltage of a seven-level inverter with an LC filter
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Fig. 15. THD of the output voltage waveform without an LC filter
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Fig. 16. THD of the output voltage waveform with an LC filter
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Fig. 17. Output voltage transition from seven to five levels (PV system-1 out of service)
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Fig. 18. Output voltage transition from seven to five levels (PV system-2 out of service)

Conclusions

In this study, a seven-level inverter fed by solar-
wind systems was designed and simulated using
MATLAB Simulink. Three RES are suggested. Two
of them are PV systems with output voltages (E/3

and (2E/3), while the third is a wind turbine with
voltage (+E). A multicarrier PWM approach was used
to build the control circuit. The THD of the voltage
waveform with an LC filter is about 2.09%, meeting
the IEEE519-2014 standard. When one of the PV sys-
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tems is removed from the system, the voltage level of keeps the THD within standards during contingencies.

the output waveform will have five levels. However, The system performed well, demonstrating the effi-

the THD will increase. Good design of an LC filter ciency of the designed control and power circuits.
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