Industrial Electronics
UDC 621.314

https://doi.org/10.20998/2074-272X.2023.2.07

G. Priyanka, J. Surya Kumari, D. Lenine, P. Srinivasa Varma, S. Sneha Madhuri, V. Chandu

MATLAB-Simulink environment based power quality improvement
in photovoltaic system using multilevel inverter

Introduction. In this world of technical advancement, conventional resources are at the stage of destruction. To avoid such problems, we are
going to use an alternative energy source namely solar by photovoltaic effect. The demand for multilevel inverters increased as they are used
for different dynamic (high) voltage and dynamic (high) power appliances as they are capable of producing the output wave shape with low
total harmonic distortion. Novelty. A new multilevel inverter is used in adding a (bidirectional) two way switch in between the capacitor and
a traditional H-bridge module. This produces a better sine wave. By series connection of these two H-bridge modules, nine levels output
voltage including zero is possible. The purpose of the proposed topology is reduction in the number of switches and it gives the good result
with comparatively less power loss when it is compared with the other normal basic traditional inverters of the same output quality.
Methods. In this paper, sinusoidal pulse width modulation technique is used for the working of the switches in the multilevel inverter. The
results are verified by using simulation and also experimental setup is done. From the results it is observed that the proposed topology with
reduced number of switches gives lower electromagnetic interference, lower harmonic distortion. Practical value. The total harmonic
distortion value in the simulation is 14.4 % and practically it is 13.8 %. References 25, table 4, figures 15.

Key words: multilevel inverter, pulse width modulation, cascaded multilevel inverter, standard test conditions, cascaded H-bridge
multilevel, space vector modulation.

Bcemyn. 'V ceimi mexniunozo npoepecy 36uuaiini pecypcu nepebysaiomv y cmaoii pyuHayii. LLJo6 yHuxmymu makux npobnem, mu
30UpaEmMocs BUKOPUCIAMU albmMepHamugHe 0Jdcepeno eHepeli, a came COHAYHY eHepeilo 3 ¢homoenekmpuunum egpekmom. Tlonum na
bazamopisnesi iHeepmopu 30LTbUUBCS, OCKITbKU GOHU BUKOPUCTIOBYIOMbCS OISl PIHUX OUHAMIYHUX (BUCOKUX) HANnpye ma OUHAMIYHUX
(8ucoxux) nomysicHocmeil, OCKiIbKU 60HU 30amHi hopmyeamu GUXIOHY Gopmy XUl 3 HUZLKUM 2APMOHINHUM 3A2aTbHUM CHOMBOPEHHSM.
Hosusna. Hosuii 6aecamopienesutl ineepmop SUKOpUcmogyemocst 01t 000A6aHHSI OBOCIOPOHHbO20 NEPEMUKAYA MINC KOHOEHCAMOPOM I
mpaouyitinum mooynem H-wocma. Le oae navikpawgy curycoioy. Ilpu nocrioosnomy 3’conanni 06ox modynie H-mocma modxcnuso oeé ’smo
Pi6Hi6 8uUXIOHOI Hanpyeu, eKuouaiouy Hyb. Memor 3anponoHosanoi mononoeii € 3MeHueHHs KilbKoCmi nepemMukadis, wjo 0ae Xopouutl
pe3yibmam npu NOPiGHAHO MEHWUX 6MPamax NONyJICHOCMI NOPIGHAHO 3 THUMUMU MPAOUYIIHUMU 36UUAUHUMY THBEPMOPAMU 3 MAKOIO JIC
8uxionoro saxicmio. Memoou. Y yiti cmammi Ona pobomu nepemuxavis y 0azamopieHegoMy iHEepmMOopi BUKOPUCTOBYEMbCSA MEMOO
WUPOMHO-IMIYILCHOI CUHYCOIOATbHOT MOOYAAYil. Pesynemamu nepesiparomsvcsi 34 00NOMO20H0 MOOETIOBAHHS, A MAKONHC BUKOHYEMbCS
excnepumenm. 3 pe3yibmamie 6UOHO, WO NPONOHOBAHA MONONOIA 3i 3MEHUEHOIO KIbKICIMIO NepemMuKaiie 0ae MeHwi eneKmpomMacHimHi
nepewikoou, meHwi capmoniiini cnomsopenns. Ilpakmuuna yinnicme. Cymaphe 3Ha4eHHsi 2APMOHIIHUX CROMBOPEHb NPU MOOETIOBAHHI
cknaoae 14,4 %, a npakmuuno — 13,8 %. bion. 25, tabn. 4, puc. 15.

Kniouosi cnoea: daraTtopiBHeBUii iHBePTOpP, IIMPOTHO-IMITY/IbCHA MOAYJISIifA, KAaCKaJHMil OaraTopiBHeBuii iHBepTOp, CTAaHIAPTHI
YMOBM BUNIPOOYBaHb, KacKaHUii 6araropisHeBuii H-MicT, IpocTOpOBO-BeKTOPHA MOMYJIsILIisl.

Introduction. The command for non-conventional these MLIs will have a lower THD. The various types of

resources has increased drastically due to scarcity of fossil
fuels and greenhouse effect. Among these, wind and solar
energy are admired because of the improvement in power
electronics technology. Solar energy has many applications
because of its advantages of having low maintenance and
pollution free. Over the last 20 years, the necessity for non-
renewable solar energy has expanded by the range of 20-25
% per year. This is mainly because of its decrease in the
prices of solar panels. This resulted in the subsequent
modifications: 1) the # of solar cells has raised; 2)
industrialized machinery developments; 3) economies value
of the scale. The relevant harmonics can be decreased by
enhancing the output of the inverter. In current years,
researchers and manufacturers are concentrating on
multilevel inverters [1] because of their various benefits over
the conventional pulse width modulation (PWM) inverters
because as they have improved smaller filter size, lesser total
harmonic distortion (THD), output waveforms, lower
electromagnetic interference (EMI) and others [2].

One of the most desirable converters is the
multilevel inverters (MLIs). MLIs are nothing but the
converters which have the higher quantity of the output
voltage levels when compared with the conventional
inverters [3]. The main benefit of these MLIs is the higher
output voltage levels [4] i.e. like a staircase wave shape,
which is closer as that of the sinusoidal waveform. Hence

MLIs are cascaded H-bridge (CHB), flying capacitor
(capacitor clamped), and diode clamped (neutral
clamped). The most common type of MLIs is the CHB
because of its modular structure [5].

Among these three, cascaded MLI (CMLI) has a
modular structure and it has advantages of having less
number of components when compared with the other two
topologies, and moreover, it has many applications in the
electrical engineering field [6]. There are several
modulation and control strategies being, including the
following: [7] multilevel selective harmonic elimination,
multilevel sinusoidal, and space vector modulation (SVM).
The main disadvantage of the SVM is that the mathematical
modeling and the selection of switching states are
complicated [2, 8, 9]. To overcome these drawbacks,
multicarrier PWM is used as the control strategy.

PV array. The Earth has an abundant supply of
solar energy. The sun has the capability of providing
enough energy to the world per annum. In fact, the
proportion of solar radiation reaching the earth surface for
three-day duration is equal to the energy stored in all the
non-renewable energy sources.

The smallest building block of a solar module
comprises a P-N junction which is useful for converting
the light energy into electrical energy and it is called the
solar cell. The equivalent circuit of the solar cell is shown
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in Fig. 1. It is a form of a tool for which the electrical
parameters, such as current, voltage, or resistance, varies
when exposed to sunlight [10]. The solar panels can be
used as a light sensitive cell (photo detector), which is
helpful for detecting the solar light (infrared detectors),
near the visible range [11]. The basic principle of
operation of a photovoltaic (PV) cell has 3 basic
requirements:

e cither electron-hole pair generating or exacting by
the absorption of light;

o the detachment of charge carriers of opposing types;

e the distinct extraction of these carriers to another

exterior circuit.
RS !
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Fig. 1. Equivalent circuit of solar cell

On Fig. 1: [, is the light developed current; I, is the
diode current; Ry, is the shunt resistance that gives us the
information about the leakage current; R, is the series
resistance which tells us about the migration of charge
carriers. A group of PV cells forms the solar arrays and
solar modules. It consists of the following formula:

q
I:np~Ig—np~1,{exp(mj—l}, (1)
S

where #, is the count of cells that are coupled in parallel;
I, is the insulation current; /,, is the reverse saturation
current; n, is the series connected solar cells; 7T is the
temperature, K; A4 is the ideality factor; g is the charge;
k is the Boltzmann constant [12].

I-V and P-V characteristics. Figure 2 shows the I-V
and P-V characteristics of the solar cell. A curve drawn
between current and voltage is nothing but /-V curve. This
shows an inverse relation. The area of this curve gives us the
information about the maximum power that a panel could
produce at the maximum current and the maximum voltage
conditions. The region of this curve declines while
increasing the solar cell voltage due to its incline in
temperature. Because of the variations in habitat conditions,
the maximum power point will also change which indicates
the change in temperature and irradiance levels [13].
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Fig. 2. I-V and P-V characteristics of solar cell

The final PV solar model is evaluated in standard test
conditions (STC). These conditions are kept same in all over
the world and performed in irradiance of 1000 W/m” under a
temperature of 25 °C. Simulation of the solar PV model
executes the /-V and P-V characteristics curves. Generally a
good agreement was observed between various performance

parameters results of reference model and simulated PV
model at STC.

Proposed topology. The main disadvantage of
conventional CMLI is more number of DC sources and as
the level increases, the number of devices also inclines
[14-16]. So as to achieve this, an improved topology has
been introduced. The merits of this novel topology are the
number of switches and the numbers of sources that are
required are reduced [17]. The proposed topology is
shown in Fig. 3.

N
1l
I

Fig. 3. Five levels CMLI

Based on the operating principle, Fig. 3 generates
five levels of output voltage ie. 2FE, E, 0, -E,
—2FE. The switch combination has been shown in Table 1.

Table 1
Five level CMLI output voltage
Switching sequence* Output

S1 S2 S3 S4 S5 voltage (V,)

0 1 0 0 1 2E

1 0 0 0 1 E

0| Oorl lorO0 | Oorl lor0Q 0

1 0 0 1 0 -E

0 0 1 1 0 —2F

*(switch ON = 1, switch OFF = 0)

To obtain the output voltage 2F, S2 and S5 switches
have to be turned ON, and for obtaining the level E, S1
and S5 has to be in ON position. Similarly for 0 either S3
and S5 or S2 and S4 has to be in turn ON position, for
—E switches S1 and S4 need to be turned on; for —2F
devices S3 and S4 are to be turned ON.

Nine-level inverter. The circuit topology of a nine-
level inverter is shown in Fig. 4 and in Table 2.
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Fig. 4. Nine level CMLI
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In five-level each module in the inverter produces
2E, E, 0, —-E, —2E. Hence the proposed nine-level
multilevel inverter can be formed by cascading operation
of two five-level inverters. This produces the nine output
voltages as 4E, 3E, 2E, E, 0, -FE, -2E, —3E, —4E. Since
each of the terminal in the output of the inverter is
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connected in series; the output voltage will be obtained by
adding the terminal voltages of every inverter [18-20].

Table 2
Nine level CMLI output voltage
Switching sequence* Output

S1[S2|S3[S4|S5|S6|S7[S8|S9|S10]| voltage (V,)
oj1]/ojoj1]Oo]1]O]O] 1 4E
11]0[]0]O0O]1T]0O]1]0]0O 1 3E
0{0jO0|JO]JO|O]1]O]O] I 2F
0/]0J0jO0O]jO]T]O]JO]O] 1 E
0/]0J0jO0O]O]O]O]JO]O] O 0
ojojojojO|T]OJO|1] O -E
0](]0[0]O]JO|JO|O|T]1 0 —2F
1{ojo|J1]OojOjO|1]1] O —3E
ojoj1j1]j]o0ojoOojJoj1]|1] O —4E

*(switch ON = 1, switch OFF = 0)

Modulation technique. The classification of the
modulation techniques are shown in Fig. 5. MLI control
strategy uses two types of PWM methods. One of them is
the high switching frequency and the other is fundamental
switching frequency [21].

Multilevel Modulation

_| Low Switch Froquency | | High switch Frequency |

Selective Hybrid Modulation
armonic
Elimination

! 1 1

| Multicarrier PWM | | Space vector Modulation

2D-Algorithm

| Phase shifted | | Level shifted |
3D-Algorithm

Fig. 5. Classification of multilevel modulation

The categorization of high switching frequency is as
follows: space vector PWM, selective harmonics
elimination PWM and SPWM [22]. Among these
techniques, the popular method is SPWM that is used for
most of the multilevel inverters, because of its simplicity
and ease of implementation [23].

In this paper multicarrier PWM technique is used.
This can be used for three or more than three levels.
These are classified into two types namely level shift, and
phase shift.

Level shifting PWM. Level shift is again subdivided
into phase opposition disposition PWM (POD PWM),
alternate phase opposition disposition PWM (APODPWM)
and phase disposition PWM (PD PWM) [24, 25].

In this process, all carriers will be in phase with each
other and also have the identical magnitude along with the
identical frequency. This is done by comparing the reference
sinusoidal wave with the vertically shifted carrier wave as
shown in Fig. 6. This uses N-1 carrier signs to produce the
output voltage of the inverter with N-level.

Some of the advantages of PWM based switching
power converter over the other techniques and the
conventional PWM is the most widely used technique all
over the world because of its advantages or because of that
its disadvantages do not have that big concern in most of the
applications compared with its advantages. Some can be in

its easy to implement and control and in its compatibility
with almost all the modern digital applications. However it
has also some disadvantages that might reduce its volubility
in some applications, such as its attenuation of the
fundamental frequency amplitude, its THD is reduced by
increasing the switching frequency but that will lead to the
increase of switching losses; which means greater stresses on
the associated switching devices and creation of high
frequency components with high amplitudes.

9.965 9.97 9.975 9.98 9.985 999 9.995 10
Time (5)

Fig. 6. Multicarrier PWM technique

Simulation results. All this proposed work is
verified in MATLAB. The technique of multicarrier
modulation is used for pulse generation. The solar panel is
connected to the cascaded H-bridge MLI and the results
are observed in Simulink. Figures 7, 8 show the PV and
V-I characteristics of the solar collector. The output of this
solar collector is taken at the temperature of 25 °C and at
the radiance of 1000 W/m”.
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Fig. 7. I-V characteristics of solar panel
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Fig. 8. P-V characteristics of solar panel

Figures 9-12 show the different levels of the output
terminal voltage waveform. This concludes that as the
modulation index declines the count of levels also
declines and the magnitude of the voltage also gets
declined as shown in the Table 3. It is also observed that
the THD goes on increasing as the count of output voltage
levels declines. Hence it is recommended to use a
modulation index nearer to unity by which the count of
the output levels gets increased.
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Fig. 9. Nine-level output voltage and FFT analysis
of cascaded H-bridge MLI
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Fig. 11. Output voltage and FFT analysis
of cascaded H-bridge MLI at M = 0.5
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Experimental results. A prototype single phase 9-
level CHBM has been built using 12.3 V for each bridge,
1A MOSFET as switching device, firing pulses to the
switching devices are given through a delay circuit. The
experimental results are represented in Fig. 13-15.

Components which were used:
Switching device IRF840 MOSFET — 10 pcs;
Diodes FR107 — 8 pcs;
DC link capacitors 2200 uF/35 V —4 pcs;
Driver circuit IC for H-bridge IR2110 — 4 pcs;
e Diriver circuit IC for bidirectional switch TLP250 — 2 pcs;
e OPTO isolator used for all PWM inputs 6N137 — 10 pcs;
e Buffer circuit used for impedance matching purpose
¢d4050ic — 3 pcs;
o Isolated +15 V power supply for driver circuits — 4 pcs;
e Power circuit input supply 12/1A DC — 2 pcs.

FPGA SPARTANG will be used to generate the gate

signals for all switching devices miscellaneous items etc.

SCOPE UOLTS/AMPS/HERTZ
F_13.8 U |
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Fig. 13. 9-level output voltages
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Fig. 12. Output voltage and FFT analysis 00A
of cascaded H-bridge MLI at M = 0.25 ?‘EI—_—LI‘ A
Table 3 L|_JJ LUJ LLJJ LLH
Variations of THD with various modulation index
Modulation Output
index voltage (V,) No. of levels D
1 167.2 9 14.46 % 07722217 14:33:10 230U 50Hz 18 EH50160
0,
o aor T s ] [ el
. . . (V] . .
025 39.18 3 3757 % Fig. 15. Output of second H-bridge
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In the Table 4 the practical values along with the
simulated values are compared and the THD values are
shown.

Table 4
Comparison of THD, %
THD (practical) THD (simulated)
13.8 % 14.4 %

H-bridge
Nine-level

Other MLIs are not capable of producing higher level
of output voltage due to increase in switch, number of DC
sources and cost; however CMLI is capable of producing
higher level voltage with qualitative waveform by using
less number of switches. THD content in experimental and
in simulation is 13.8 % and 14.4 %, which indicate that the
output waveform is nearly sinusoidal. Thus the proposed
topology for MLI shows some encouraging attributes
when compared to traditional topologies. The keen
observation between the experimental and simulation is
that the THD is less in the experiment point of view when
compared to the simulation.

Conclusions. This undertaking deal with the outline
and execution implementation of single-phase nine-level
cascaded H-bridge multilevel inverter for R load with
multicarrier level-shifted pulse width modulation method fed
with solar panel. The proposed work has benefits like less
count of the switches, less electromagnetic interference,
lower harmonic distortion and the total harmonic distortion
obtained in this work is 14.4 %. The forthcoming work of
this topography can be enlarged by connecting it to the grid.
The equivalent multilevel inverter topography can be used
for the hybrid grid which uses the integration of DC and AC
sources like solar, wind, batteries, AC loads. It can also be
used for hybrid microgrid i.e., in the case of interlinking
converters which is bidirectional.
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