i:;l?é electronics

Article

Performance Evaluation of Solar PV-Based Z-Source Cascaded
Multilevel Inverter with Optimized Switching Scheme

Ahmad Faiz Minai 1, Akhlaque Ahmad Khan ¥, Rupendra Kumar Pachauri 2, Hasmat Malik 3*

Fausto Pedro Garcia Marquez *

check for
updates

Citation: Faiz Minai, A.; Khan, A.A.;
Pachauri, R K.; Malik, H.; Garcia
Marquez, EP,; Arcos Jiménez, A.
Performance Evaluation of Solar
PV-Based Z-Source Cascaded
Multilevel Inverter with Optimized
Switching Scheme. Electronics 2022,
11,3706. https://doi.org/10.3390/
electronics11223706

Academic Editors: Aitor Vazquez

Ardura and Diego Gonzalez Lamar

Received: 10 October 2022
Accepted: 7 November 2022
Published: 12 November 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Alfredo Arcos Jiménez **

Department of Electrical Engineering, Integral University, Lucknow 226026, India

Electrical and Electronics Engineering Department, School of Engineering, UPES, Dehradun 248007, India
Department of Electrical Power Engineering, Faculty of Electrical Engineering, UniversitiTeknologi
Malaysia (UTM), Johor Bahru 81310, Malaysia

Ingenium Research Group, Universidad Castilla-La Mancha, 13071 Ciudad Real, Spain

Correspondence: hasmat.malik@gmail.com (H.M.); alfredo.arcosjimenez@uclm.es (A.A.].)

Abstract: AC loads may demand a fixed or variable voltage at their input terminals. When using
inverters to power such loads, the response of the inverter must be precisely controlled to suit the
demands of the AC loads. Inverters with higher efficiency and sensitivity will play an increasingly
essential role as the need for solar PV applications in prospective green technology grows. To increase
power quality and provide a reliable power source, an inverter architecture with harmonic reduction
approaches is proposed. The multilevel inverter (MLI), unlike conventional inverters, is developed by
cascaded single inverter units and is often used to connect renewable energy sources. As a result, they
can be utilized to efficiently reduce harmonics. Among the three topologies, the most widely used in
industries is the neutral-point clamped MLI. When the levels are raised, however, they demand a
larger number of diodes. When the level of the flying capacitor exceeds three, several capacitors are
necessary. As a result, the optimum option for synthesizing the right output voltage from several DC
sources is a cascaded multilevel inverter (CMLI). Each link in a CMLI is connected by a single DC
source; therefore, there is no voltage imbalance. However, getting equal DC voltages at the input
of each unit is once again a limitation. In this work, various existing multilevel inverter topologies
including hybrid topologies with different switching strategies are investigated and reported. The
performance of a solar PV-based seven-level quasi-Z-source cascaded H-Bridge MLI (qZS-CHBMLI)
has been thoroughly examined with the best switching scheme and best topology of multilevel
inverters using MATLAB/Simulink.

Keywords: switching techniques; space vector PWM; Z-source cascaded MLI; ZS/qZS-CMIs

1. Introduction

Conventional carrier-based sinusoidal PWM (SPWM) and space vector PWM(SV-PWM)
are the two most popular high switching frequency (HSF) approaches. Low switching frequency
(LSF) approaches include space vector modulation (SVM) and selective harmonic removal.

In addition, to enhance the effective switching frequency in classic carrier-based SPWM
for industrial applications, phase shifting is typically used with HSFE.

The SVM strategy is another interesting method that has been used in three-level
converters. LSFs often accomplish one or two commutations of the semiconductor devices
to develop a multilevel waveform across one period of output voltages. These techniques
have such applications as space vector control and selective harmonic removal.

Another method for solving transcendental equations for angles of switches has re-
cently been established. Polynomial equations can be converted from transcendental
equations that characterize harmonic content. Specific odd harmonics have been elimi-
nated utilizing consequent elimination theory. However, if the number of DC voltages or
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switching angles rises, these equation’s degrees become too large to solve using elimination
theory, which is a limitation of today’s computer algebra software tools.

Reduced common mode voltages, high voltage capability, low dV/dt, close to si-
nusoidal responses, and little or no response filter make multilevel inverters ideal for
high-power applications [1].

Z5/qZSCMIs alleviate the disadvantages of traditional CMIs by integrating the
ZS/qZS network with the H-bridge module due to the buck/boost and single stage inver-
sion of the Z source (ZS)/quasi-Z source (qZS) inverter.

There are two operating states for typical H-bridge modules in CMI: active and zero.
However, operating states for ZS/qZS-CMI are a little more complicated due to additional
shoot-through stages while evaluating inverter efficiency [2,3].

Lower-order harmonics, as well as modified sinusoidal output voltage, can be avoided
or decreased using PWM approaches.

The number of necessary bidirectional switches is eight, which is smaller than all other
topologies except the new hybrid asymmetric H-bridge multilevel inverter (NHAH-MLI),
which has a major drawback of voltage balancing due to asymmetric capacitors. CHB-MLI
does not require any unidirectional switches, which is also a benefit. In comparison to the
other topologies addressed, the switching operation in CHB-MLI is likewise relatively easy.
The possibility of adding a separate DC source or photovoltaic (PV) string to CHB-MLI
boosts its versatility.

The CHB-MLI has improved THD, according to the topological analysis of multilevel
inverters. Because there are fewer switching devices, there is a lower danger of failure. For
photovoltaic (PV) applications, the cascaded H-bridge MLI appears to have more promise.

A simulation was carried out for the seven-level qZS-CHBMLI with SPV as a source
at each H-bridge due to the presence of the “Z” network between the PV source and the
H-bridge converter. Due to the presence of a “Z” network between the PV source and the
H-bridge converter, the qZS-CHBMLI has a continuous current characteristic. Because it
operates in the shoot-through state, it will not help reduce the output voltage. A lower
THD is associated with a higher modulation index. As a result, it can be concluded that
qZSCHBMLI is suitable for photovoltaic applications.

The analysis of a solar photovoltaic system, as well as the design of a stand-alone SPV
system, was carried out in this research paper.

This paper is divided into seven sections. The first section is the introduction, the second
section focuses on modulation strategies, and the third section describes the different multi-
level inverters’ topologies and comparison and balance-control problems in multilevel invert-
ers. Section four discusses the performance of basic MLI topologies using MATLAB/Simulink.
The fifth and sixth sections focus on modeling and analyzing SPV-based quasi-Z-source cas-
caded H-bridge (qZSCHBMLI) with the best switching (phase shift) and best MLI topology
(CHB-MLI) using MATLab/Simulink, respectively. Section seven contains the results and
discussion. Section eight presents the conclusion of this work.

2. Modulation Strategies

High-frequency switching methods have many commutations for the power semicon-
ductors of the fundamental output voltage in one cycle. Figure 1 depicts the classification
of various approaches based on the switching frequency of multilevel inverters [4].

2.1. PWM Space Vector

Modulation is a technique for controlling motor devices that is very new and widely
used. The output voltage is estimated in the SVPWM approach by utilizing the three
response vectors in the inverter’s space vector diagram that are closest to the nodes of the
triangle containing the reference vector. The key benefit of this method is that it produces
lower THD in output currents and voltages [5].
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Figure 1. Classification of modulation strategies.

2.2. Sinusoidal PWM Techniques (Multicarrier)

The carrier signal in multicarrier PWM systems is a triangle wave as shown in Figure 2
for the different carrier arrangements, while the reference wave is a sinusoidal signal.

SV
AMANMAAAAA

3712 2z

i

-1
0 0
0.5 0.5
1 1
7l2 V4 3712 2 0 ml2 T
(@) (b)
1 _
-0.5 -0.5 A
0 0
0.5 0.5
1 1
0 wl2 V4 rl2 2z 0 w2 V4
(© (d)

3rl2 2

Figure 2. Carrier arrangements of (a) phase disposition (PD); (b) phase opposition disposition (POD);

(c) alternative phase opposition disposition (APOD); and (d) phase shifted (PS) techniques.

The unipolar switched inverter generates less EMI and offers reduced switching losses,
and is beneficial from the efficiency point of view.
When the amplitude modulation index (m,) is more than unity, over modulation
occurs. It causes the creation of lower-order harmonics, which reduces the number of
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pulses in the line to line voltage waveform. Moreover, the pulse width tends to disappear
in the middle of the positive and negative half cycles. The switching operations of the
device, as well as the minimum notch and pulse widths, must be preserved. A temporary
spike in load current will occur whenever the minimum width notches and pulses are
eliminated [6].

2.3. Selective Harmonic Elimination (SHE)

The basic switching frequency approach, and hence the notion of harmonic elimination,
underpins the SHE technique.

Unipolar PWM and bipolar PWM could be needed for multilevel appropriateness
when modulation indices are too low. Low modulation indices can also benefit from virtual
stage PWM, which provides a viable low modulation index control alternative to unipolar
PWM and bipolar PWM.

For SHE methodologies like the virtual stage PWM technique and the fundamental switch-
ing frequency technique, the transcendental equation for switching angles is a serious issue [5].

2.4. Space Vector PWM at Fundamental Frequency

For each state, the SVPWM determines the constant switching time. This SVPWM
might simply be set to a greater value. SVPWM effectively utilizes the DC link voltage, has
a low current ripple, and is reasonably simple to implement in hardware using DSP [7].

In comparison to SPWM, SVPWM has a 15% higher voltage consumption ratio. The
number of duplicate switching states and the difficulty of picking switching states grows
in tandem with the number of levels.

As shown in Table 1, for each cycle, each sector has seven different switching states
(000 and 111 counts as a single state). It has a zero vector at the beginning (for 000) and the
end (for 111). Even numbers travel clockwise, whereas odd numbers travel counterclockwise
in each sector.

Table 1. Switching of the inverter.

S. No. Switching Signal Switching States *
1 000 0
001
010
011
100
101
110

8 111
* 1 denotes active state and 0 denotes zero state.

N |G| = W DN

OlRr|mr|kRk|R|FR| =

Because of these merits, it is favorable for converter switching control, but a demerit of
this method is that it will become more difficult to achieve as the number of levels increases.
In addition, this strategy is not capable of completely reducing low-order harmonics
(LOH) [8].

An inverter’s output should ideally be a sinusoidal voltage. Practical inverter outputs,
on the other hand, are non-sinusoidal and can be separated into fundamental and harmonic
components. THD is commonly used to evaluate inverter performance [9].

At various m, values, analysis of total harmonic distortion (THD) was performed using
numerous SPWM techniques, such as POD, APOD, PD, and PS, for the modulation indices
0.8, 0.9, and 1. Figure 3a,b demonstrate a graphical examination of THD vs. modulation
indices for unipolar and bipolar modes, respectively.
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Figure 3. (a) Total harmonic distortion; (b) total harmonic distortion (THD) using unipolar technique
(THD) using bipolar technique.

Therefore, it is proven that at different value of modulation index (m,), the phase shift
technique is best for switching, as shown in Figure 4.

50 =06
B m =0.7
B m =038
B3 m=0.9
B m=10
B m = 1.05

PD POD APOD PS

Figure 4. THD of the output voltage for varied m, at different switching approaches.

3. Topologies of Multilevel Inverters (MLIs)
The topologies of MLIs are classified into two types:
e  Basic topologies

o diode-clamped multilevel inverter (DC-MLI)
o flying-capacitor multilevel inverter (FC-MLI)
° cascaded H-bridge multilevel inverter (CHB-MLI)

e  Hybrid topologies
) asymmetric hybrid multilevel inverter (AH-MLI):

o new symmetrical hybrid multilevel inverter (NSH-MLI)
o hybrid clamped multilevel inverter (HC-MLI)

3.1. Diode-Clamped Multilevel Inverter (DC-MLI)

Figure 5 depicts an MLI with four capacitors on the DC line and a five-level diode
clamp (Cq, Cy, C3, & C4). Through clamping diodes for DC-bus voltage V4., the voltage
stress of each device is fixed to a capacitor voltage level of Vq4./4 [5].
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Figure 5. Circuit topologies for 5-leveldiode-clamped multilevel inverters.

In each leg, four parallel switch pairs are installed. The parallel switch pairs are set up
in such a way that turning on one prevents the other from turning on. (S1, S1’), (52, S2’),
(S3,S3’), and (S4, Sy’) are the four parallel pairs in this scenario. Reverse voltage clamping
diodes must have different voltage ratings, despite the fact that any working switching
device only has to block a voltage level of V4./(m-1) [10].

3.2. Flying-Capacitor Multilevel Inverters (FC-MLI)

Figure 6 depicts a basic flying-capacitor MLI. The device voltage is clamped to one
capacitor voltage level by independent capacitors, which is why it is termed a flying-
capacitor inverter [11].
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Figure 6. Five-level FC-MLIL.

The flexibility of voltage combination in a five-level capacitor-clamped multilevel
inverter is more with respect to a neutral-point clamped inverter. The output voltage across
leg “a” and neutral-point “n” of the five-level MLI can be examined using various switching
combinations.

In the previous analysis, the capacitors with negative signals were assumed to be
charging and those with positive signs to be discharging. It is manageable to control the

charge of a capacitor by using the right capacitor combinations. To clamp the voltage,
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capacitor clamping inverters, like diode clamping inverters, require a higher number of
high-rated capacitors.

An m-level inverter requires a total of (m-1) (m-2)/2 clamping capacitors per leg, in
addition to the main DC-line capacitors, assuming that the voltage rating of each essential
capacitor is the same as the main power switch [5].

3.3. Cascaded H-Bridge Multilevel Inverters (CHB-MLI)

The output waveforms of cascaded H-bridge multilevel inverters (CHB-MLI) are
combined by connecting the AC terminals of two-level bridges in series. The circuit
arrangement for a five-level H-bridge MLI with two cascaded cells is shown in Figure 7.
The CMLI relies on a variety of DC sources, including batteries, fuel cells, and solar cells.

Full bridge 1
S
o D, S D,
E=—= °
sa, Da, Sb; Dy,
|
Sc, Dc, Sq Dy
Ez_:
Sc; Dc, Sd, D,
Full bridge 2

Figure 7. Topology of a 5-level CHB-MLI.

Five alternative voltage outputs, +V4./2, V4., 0, =V4./2, and —V4., may be formed
by altering the patterns of each cell’s four switches and each inverter level. Combining
the inverter outputs yields the AC output voltage and n = 2N+1 is the number of output
voltage levels, where N is the number of DC sources.

Although the cascaded architecture necessitates a large number of independent DC
sources, batteries or PV panels can be utilized to link them in some systems. This sort of
inverter without the need of a transformer has been utilized, and its efficiency is greatly
improved due to the lack of filters [12].

3.4. Asymmetric Hybrid Multilevel Inverter (AH-MLI)

The DC voltages of each cell in cascaded MLI are the same. However, it is possible
for the cells to have different voltage values [13], and that type of circuit is known as
asymmetric hybrid MLI. Figure 8 shows two different DC-line levels, one low voltage
and the other high voltage. Low-voltage switches, such as IGBT, are 5;—S4, whereas high-
voltage switches, such as GTO, are S11-S4;. Utilizing unequal DC voltages, the voltage
levels can be increased without increasing the number of bridge cells in the inverter circuit.
This results in multilevel waveform for similarly used devices. [14].

In this case, voltage levels are only dependent upon the availability of the DC sources.
This property permits the creation of output voltage with higher levels, and due to this
increase in level, harmonics will be reduced and thus the obtained voltage has less THD.

Inverter topology is depicted in Figure 8, in which the input DC voltages of the H-
bridge inverter are unequal. The DC voltages for the first and second H-bridges are V4.
and 2V 4, respectively, in this configuration, and3V4., 2V4c, Vde, 0~V4ae2Vge, and-3V g,
are the output voltage levels that the two legs of the inverter can generate. The DC voltage
of the second H-bridge is three times that of the first H-bridge in a nine-level inverter. By
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replacing the second H-bridge output voltage of Vp =£2 V4. with Vo = £3 V4. and then
evaluating the inverter output voltage, all nine output voltage levels can be achieved [15].

2 S, L( S, Ik

Figure 8. Five-level asymmetric hybrid MLIL

Using dissimilar DC voltages, there are some limitations reported with the CHB MLI
The benefits of the flexible topology are no longer available. Because of the absence of repet-
itive switching states, the switching strategy becomes substantially more difficult [14]. Due
to this limitation of asymmetric MLI topology, it only suits industrial requirements, though
it is feasible—with the equal voltage level among them—to implement high-frequency
PWM for the first H-bridge, and at a lower rate for the other switches.

3.5. New Symmetrical Hybrid Multilevel Inverters (NSH-MLI)

It is possible to construct a voltage waveform between points a and b using a certain
switching strategy for switches 5,-S4 and the H-bridge switches. Figure 9 depicts the
operation of a five-level multilevel inverter. The single-leg switches reject voltages of the
magnitude V4. and use a specific modulation mechanism to function at a high frequency.
The higher-voltage2V 4. will not flow through the H-bridge switches Ss, S¢, Sy, or Sg [16].

Figure 9. New 5-level symmetrical hybrid multilevel inverter.

Because the output voltage is only half-cycled, these switches only activate every
half-cycle. As a result, they operate at a lower frequency while commuting at 0 voltage [16],
and thus this MLI could also be chosen among the hybrid MLIs [15,16].

This is accomplished by wiring switches S5—Sg as a full-bridge inverter, which is respon-
sible for switching the load terminals in relation to the gate’s output. Negative and positive
voltages are produced by turning on the pairings Ss, Sg, and Sg, Sy in that order. To provide
a certain load voltage, the three-level DC-DC converter switches S;-S4 are modulated and
switched. Figure 9 depicts a five-level symmetrical hybrid MLI with high-frequency switches
S; through Sy rated for half the DC-link voltage E. S5-Sg switches are rated with a total DC-link
voltage of 2V4.. Low-frequency switches could be used to build switches S5—Sg for GTOs,
IGCTs, and other applications because they have the property of only switching once per



Electronics 2022, 11, 3706

9 of 27

load-voltage interval when the voltage is zero. On the basis of this technique, this inverter
is a symmetric (same DC sources) hybrid (multiple carrier frequencies) MLIL. The number of
steps in the staircase waveform can be extended by cascading or merging various H-bridge
inverters, much like in other examples of cascaded inverters.

3.6. Hybrid Clamped Multilevel Inverter (HC-MLI)

Figure 10 depicts one leg of the five-level hybrid clamped MLI system [15]. This
self-voltage-balancing architecture is explored by [17]. The upper switches (N1, Naz, Na3,
andN,,) are in duality with lower switches (N,1/, Nao/, Nas’, andNay'), and switch Ny
complements switch S, [18].

=

T Saclx Nazk
3Vdc C_S_
C, Sac2| x
Sac Cs x
ZVC p—
T s N
G | |
T Sacsx C ' x
V,, L
SacG N
€L L 4

Figure 10. HC 5-level inverter.

The neighboring switches and the clamped switches S,.1—S,c6 are complementary to
each other. Switching from one device switching mode to another achieves self-voltage
balancing in capacitors [18].

3.7. Analysis of Components Required for Various Topologies

An inverter with fewer switches leads to reduced power loss, is cost-effective, and
reduced switching loss, and is reliable. Therefore, a comparison is made for the components
required in various topologies of multilevel inverters. As per Table 2, CHB-MLI contains fewer
switches than other topologies, and thus it is superior to other MLIs. In Table 3, performance
parameters and output levels of the different inverters are shown and compared.

3.8. Complexity in MLI Balance Control

The balanced voltages needed for actual power transformation cannot be achieved
with the neutral-point clamped (NPC) MLI without a performance penalty in output
voltage. To make voltage balancing easier, neutral-point clamped MLI should be adjusted
for reactive and harmonic compensation. To address the issue of imbalanced voltage, a
back-to-back converter system and precise voltage-balancing control can be utilized. Also,
with the help of extra voltage-balancing circuits, the complexity of voltage balancing can
be sorted out. DC choppers can also be used as an additional voltage-balancing circuit [43].

The flying-capacitor-clamped MLI is generally applied for high-voltage DC/DC conver-
sions. For such requirements, when the load current is DC, the balancing of voltage can be
easily achieved. Voltage balancing is more challenging with flying-capacitor-clamped MLIs,
since they cannot have self-balanced voltage when modified for reactive power conversion.
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Table 2. Comparison of components required for various topologies.

Inverter DC- FC- CHB- AH- NSH- HC-

Configuration MLI MLI MLI MLI MLI MLI
Main sv‘.iltchmg 8 8 3 3 3 14

devices

Clamping diodes 12 0 0 8 8 6
Balancing capacitors 0 12 0 0 0 3
DC bus capacitors 4 4 0 2 2 4
Main diodes 0 0 0 6

Table 3. Methods for inverter level comparisons.

S. No. References Levels Switches THD (%)

1 [19] 3 8 16.86
2 [11] 5 8 7.19
3 [20] 3 4 15
4 [21] 9 8 16.3
5 [22] 11 12 12.8
6 [23] 9 8 10.4
7 [24] 6 10 6.3
8 [25] 7 6 2432
9 [26] 5 6 3
10 [27] 7 6 22
11 [28] 5 8 2.3
12 [29] 13 14 1.44
13 [30] 9 12 19.7
14 [31] 13 18 14.1
15 [32] 5 8 0.64
16 [33] 31 10 0.94
17 [34] 10 18 48
18 [35] 15 8 1.65
19 [36] 5 8 3.33
20 [37] 15 11 4.01
21 [38] 25 48 2.81
22 [39] 5 8 6.02
23 [40] 8 19.9
24 [41] 7 6 3.03
25 [42] 19 10 43

Each H-bridge inverter needs its own DC supply in cascaded H-bridge MLI. This MLI
is costs less, has greater performance and lower electromagnetic interference, and is more
efficient than the conventional PWM inverters for power-conditioning requirements. The
CHB-MLI is suitable for overall power conditioning. CHB-MLI has an inbuilt self-voltage-
balancing feature, but a marginal voltage imbalance could take place because of the losses
in network devices and restricted controller resolution. A method that promises balancing
control of DC voltage could be used for reactive and harmonic compensation [43].
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4. Trial of Basic SPV-Based MLI Topologies Using MATLAB/Simulink

This section goes through some of the fundamental topologies of MLIs. MATLAB/Simulink
is also used for the full comparison [4].

4.1. Simulation of an NPC or DC Five-Level Sinusoidal PWM MLI and Its Output Voltage

A two-leg, five-level DC inverter is shown in Figure 11. It was the first multilevel
topology to gain widespread acceptance, and it is still in use in commercial applications
today. The DC inverter was subsequently generalized for a larger number of levels using
the same diode-clamped voltage level concept, resulting in the present diode-clamped
converter architecture. Figure 12 illustrates the voltage output of a five-level NPC multilevel
inverter with capacitors providing an intermediate voltage level and voltages across the
switches that are only half of the DC input voltage.

Control Circuit 1 Control Circuit 2

' L—»{in2

;

4

L —-

Conn3

R Load %

Voltage Output

Inverter Leg-1 Inverter Leg-2

PV Source

Figure 11. Simulation of a 2-leg, 5-level DC-MLI

500 - T T T T T T 7

i fifl Il
11101 1111 111
!J / WH |

500 - L 1 L L L L 1
0 0.01 0.02 0.03 0.04 0.05 0.08 0.07 0.08

Time (sec)

Voltage (volt)
o

Figure 12. Five-level DC-MLI output voltage waveform.
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The DC bus capacitor is split in two on the inverter’s DC side, resulting in a neutral
point, as seen in Figure 11. Clamping diodes are diodes attached to the neutral point.

When the inverter’s two switches are turned on, one of the clamping diodes connects
the inverter output terminal to the neutral point.

Each of the DC capacitors has an E voltage, which is generally half of the total DC
output voltage. The capacitors can be charged or discharged by neutral current with a
limited value, generating neutral-point voltage fluctuation. Without the need of extra
components, dynamic voltage sharing and static voltage equalization are not a concern
with a diode clamped (NPC) MLL

A five-level NPC-switching MLI’s states and output voltage are shown in Table 4.

Table 4. A five-level NPC-switching MLI’s states and output voltage.

State Transition Voltage
S S, S; Sy S,/ S,/ S5’ S4/ Vo
1 1 1 1 0 0 0 0 4E
0 1 1 1 1 0 0 0 3E
0 0 1 1 1 1 0 0 2E
0 0 0 1 1 1 1 0 E
0 0 0 0 1 1 1 1 0

Uneven loss distribution in the devices, volatility of the DC bus midway voltage, extra
clamping diodes, and difficult PWM switching pattern design are the key drawbacks of
diode clamped (NPC) MLI

4.2. Simulation of a FC Five-Level Sinusoidal PWM MLI and Its Output Voltage

Figure 13 shows the five-level FC-MLI simulation diagram, while Figure 14 shows the
output voltage. Table 5 depicts the switching diagram.

Discrete
le-05s.

Control Circuit 1
Control Circuit 2

Conn4

1 In3

Ln Connt Voltage Output

c2

- -

Inverter Leg-1

Inverter Leg-2

PV Source

Figure 13. Simulation of a five-level FC-MLI.
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500

Voltage (volt)
o
1

500 | J | | | J |
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Time (sec)
Figure 14. A five-level FC-MLI Simulink model’s voltage output.

Table 5. Switching diagram of an FC five-level Sinusoidal PWM-MLIL

Switching States Voltage

S Sz Ss Sq Vo
1 1 1 1 4E
1 1 1 0

0 1 1 1 3E
1 0 1 1

1 1 0 1

1 1 0 0

0 0 1 1

1 0 0 1 2B
0 1 1 0

1 0 1 0

0 1 0 1

1 0 0 0

0 1 0 0 E
0 0 1 0

0 0 0 1

0 0 0 0 0

In FC-MLI, capacitors of unequal rating are connected at the supply side, as shown
in Figure 14, which produces unequal voltage, and this creates the problem of voltage
imbalance, the main disadvantage of FC-MLL

4.3. Basic Principle and Simulation of CHB Five-Level Sinusoidal PWM MLIs and Their
Output Voltage

Figure 15 depicts a Simulink model of a five-level CHBMLI simulation model, while
Figure 16 depicts the output voltage waveform.
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Figure 15. Cascaded 5-level CHB-MLI simulation model.
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Figure 16. Five-level CHB-MLI output voltage waveform.

Table 6 shows the switching pattern of the switches used in CHB-MLI through which
five levels of voltage output with low THD is achieved.

Each converter level may provide three distinct voltage outputs by adjusting the four
switches on both cells: +V4., 0, —V4.. The AC output is the total of all of the individual
converter outputs. Because two photovoltaic sources are employed, there are five output
phase voltage levels [12].

There are many advantages of cascaded H-bridge MLI over the first two topologies. It
is widely used for multisource systems, in which more than one source is used, renewable
or nonrenewable.
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Table 6. Switching pattern of the switches used in CHB-MLIL

Switching States Vi Vv, Voi;cage

S11 Sa1 S12 S32 °

1 0 1 0 \% v 2V

1 0 1 1 \Y 0

1

0 0 0 \ 0 v

1 1 1 0 0 A%

0 0 1 0 0 v

0 0 0 0 0 0

0 0 1 1 0 0

1 1 1 1 0 0

0

1 1 0 0 0 0

1 0 0 1 \% -V

0 1 1 0 -V v

0 1 1 1 -V 0

0 1 0 0 -V 0

-V

1 1 0 1 -V

0 0 0 1 0 -V

0 1 0 1 -V -V -2V

4.4. Power Quality Analysis

Total Harmonic Distortion (THD)
Table 7 compares the THD of DC, FC, and CHB five-level MLI, and it is seen that the
THD of five-level CHB-MLI is better than the other inverters.

Table 7. Different inverters’ THDs compared.

Modulation Index %THD
(m,) 5-Level DC-MLI Five-Level FC-MLI  Five-Level CHB-MLI
0.8 30.56 25.64 16.71

5. Modeling and Performance of SPV-Based Quasi-Z-Source Cascaded Multilevel
Inverter (qZSCMLI) with Phase Shift (PS) Switching Using MATLAB/Simulink

Figure 17 depicts the structure of a quasi-Z-source inverter [44,45]. The analogous depiction
of the topology is shown in Figure 18. There are two types of operation. Figure 18a depicts the
shoot-through condition, whereas Figure 18b depicts the non-shoot-through state [30].

PV

Figure 17. qZSMLI with PV power generation system.
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(b) Non-shoot-through condition.
Figure 18. qZSI’s equivalent circuit.

5.1. Switching Strategy Used for 5-Level gZSCMLI

Figure 19 shows the PV sourced five-level cascaded H-bridge qZMLI, in which there
are two H-bridge circuits cascaded at the output side and two PV sources used for the
supply of each bridge. In both the circuits, inductors at the source side are used to boost
the voltage level.

Figure 19. Five level qZSMLI with PV source.

Table 5 presents the different switching states of the cascaded circuit shown in Figure 19
[46,47]. There are mainly three states of switching in PV sourced five-level cascaded H-bridge
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gZMLI: active, shoot through, and zero. To achieve the favorable results, the “turn on’

switching pattern shown in Table 8 is designed.

Table 8. Five-level gZMLI switching states.

7

Vo Switch “Turn on” State
2Vs 51,52,55,5 Active
Vs 51, 53,55,56 Active
Vs 51,52,53,54,55,56 Shoot-through
Vs 51,52,55,57 Active
Vs 51,52,55,56,57,5s Shoot-through
0 51,53,55,57 Zero
0 51,52,53,54,55,57 Shoot-through
0 51,53,55,56,57,5s Shoot-through
—Vs 51,53,57,58 Active
—Vs 51,52,53,54,57,58 Shoot-through
—Vs 53,54,55,57 Active
—Vs 53,54,55,56,57,58 Shoot-through
—2Vs S3,54,57,58 Active

5.2. Switching Strategy Used for 7-Level gZSCMLI

MATLAB/Simulink is used to do a detailed investigation of seven levels of gZS-CMLI
in this section. Figure 20 depicts the structure of the seven-level cascaded H-Bridge ZS-MLI.

Module-1

Module-2

VH VGnd

Grid

Figure 20. Seven-level qZSMLI with PV source.

When compared to the operational states of a typical H-bridge module, the gZSI mod-
ule adds shoot-through states 1 and 2. As a result, T has five operational states: traditional
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zero states 1 and 2, shoot-through states 1 and 2, and active state [2]. Figure 21 depicts
the corresponding circuit for each operational condition. During one switching cycle, the
ON-state currents of the devices in the qZSI module differ, affecting the device’s power
loss [31]. For all devices, Table 6 summarizes the conduction currents and time intervals.
The parameters of qZS-CHBMLI used in MATLAB/Simulink are listed in Table 7 [2,48-50].

I

PV

I

(e) Active state, S1224=100 1.

Figure 21. Equivalent circuits in one switching cycle.

6. Modeling and Performance of a 7-Level Quasi Z-Source Cascaded Multilevel
Inverter (@ZSCMLI) with Phase Shift (PS) Switching Based on SPV

As per the analysis in this paper, phase shift (PS) switching strategy is the best switch-
ing scheme and CHB-MLI the best multilevel inverter topology. Therefore, to avoid the
limitation of large voltage change of voltage source inverters (VSI) due to extra DC-DC con-
verters being used at the source side, in the system, a quasi-Z-source inverter is used with
the best switching scheme, i.e., PS, and the best MLI topology, i.e., CHB-MLI [51,52]. Power
inverters, which switch from direct current to alternating current in a single stage include
Z-source inverters. Due to its distinctive circuit design, it performs as a buck-boost inverter
without using a DC-DC converter bridge. Modifications and new Z-source topologies
have increased dramatically in quantity. Recently, it has also been suggested to enhance
impedance networks by adding linked magnetism in order to improve voltage even more
with a reduced shoot-through time [53-56].

The quasi-Z-source cascaded multilevel inverter has increased reliability and wide
voltage control through a boost factor and modulation index, and it can perform single-stage
power conversion. Reduced THD and dependability against short circuits are additional
benefits of the quasi-Z-source modified cascaded multilevel inverter. By combining the
multicarrier pulse-width-modulation technique with straightforward boost control, which
launches shoot-through states into the conventional zero states to control the quasi-Z-source
CMLI module, a multilevel output voltage waveform of the quasi-Z-source CMLI is created.
The boost control approach produces output voltage with a large voltage gain by using the
maximum modulation index. This study analyzes the phase shift pulse-width-modulation
control system on the proposed topology in conjunction with a straightforward boost
control [57-61].
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The suggested multilevel inverter’s general circuit diagram is shown in Figure 20. If
the number of levels rises, add a switch for every additional level in the control circuits.
This topology can use special modulation techniques. A very simple formula can be used
to determine how many switches are needed for each level. The current flow from point
source side to load side will produce a positive polarity, whereas the flow from load side to
source side will produce a negative polarity, as illustrated in the accompanying Figure 21.
To obtain a positive half, properly turn on the switches. Generally, the same and equal DC
source voltage should be used in order to obtain equivalent voltage steps. The various
voltage steps are produced by the uneven V4.. A new PV system based on a quasi-Z-source
CHBMLI is proposed with phase shift switching topology in this paper. Due to some
distinct qualities, Z-source inverters and quasi-Z-source inverters are now frequently used
for renewable energy power-generating systems. Because shoot-through cases no longer
harm the inverter, they can implement voltage boost and power conversion concurrently
in a single stage and increase dependability. PV systems are entirely dependent on solar
energy, which repeatedly demonstrates their immense ability to function as a pure and
limitless renewable energy source. Each PV array and quasi-Z-source capacitors charge the
inductors during shoot-through states, and the diode is cut off by the negative voltage.

With fewer switches, a voltage-boost capability that is not restricted to input voltage
(DC source) summing, single-stage conversion, and durability against short circuits, the
proposed qZS-CHBMLI topology offers appealing benefits. The qZS-CHBMLI performance
parameters are examined and displayed using the phase shift PWM control method. Better
outcomes are obtained when the phase shift PWM control approach is paired with a
straightforward boost control technique. For photovoltaic-based applications, this proposed
qZS-CHBMLI topology is more appropriate and effective.

In the simulation circuit, conducting current and conducting time are assumed as per
Table 9, while the parameters’ values used are given in Table 10 for clarity.

Table 9. Devices, conducting currents, and conducting time durations of the qZSI module in one
switching cycle for the positive half fundamental cycle.

Devices Conducting Current Conducting Time
S, S4 ia Ts.(1+m)/2
2ir7 Ts.D/2
Dy, Ds ia Ts.[1-(1+m)/2]
2iL1 TS-(l_D_m)
D .
2011, Tg.m
Ly, Ly irg Ts
—ir7 Ts.D
C, G irg Ts.(1-D-m)
iu—ia T5.m

Table 10. Simulation parameters of gZMLL

qZSI Parameters Parameters
Capacitors (C; and Cy) 2000 uF
Inductors (L and L) 400 uH
Modulation index (mj,) 0.8
Duty-to-shoot ratio (D) 0.25
RL Load 8 O and 1 mH

Switching frequency “fs” 10 kHz
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Figures 22 and 23 depict the standard qZS CHB MLL It has a gZS network made up
of one diode (Dy), two inductors (Lj, Lp), and two capacitors (Cq, Cp). The inverter and
gZS network share a common ground and a continuous DC source. This topology is a
symmetric cascaded H-bridge inverter topology that has been simplified.

Figures 22 and 23 show the simulation circuit for the seven-level qZS-CHB-MLI. To
incorporate the shoot-through states into the PWM pulses, a simple boost control approach

is used.
VC2.
Discrete, ;Ii Inverter Control Circuit
Bridge-1

Ts = 1e-06 s.

C2

— e

powergui

Gate Signals

Bridge-1
’—-va-—-mv\--——--%-—* - ?
R1 L1 D1 - RZ.
+
—
ct
E— M
Solar PV Source 1
PWM LOGIC
Ve=Ve1+Ve2
Ly
o
n vel AC Grid
C4

Figure 22. An H-bridge PV-powered qZS CMLI modeled in Simulink.
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7. Results and Discussion

Lower-order harmonics, as well as the modified sinusoidal output voltage, can be
avoided or reduced using PWM approaches. The need for filters is also minimized. Fur-
thermore, it is seen from the various results that the unipolar phase-shifted technique has
more merits in comparison to others for multilevel inverters.

It could be summarized that every topology has its own merits and demerits. When
compared to CHB-MLI, just eight switches are required, which is fewer than any other
topology. In addition, this topology does not suffer from the major drawback of voltage
balancing due to asymmetric capacitors. CHB-MLI requires no unidirectional switches,
which is also an advantage. The switching operation is also very simple in CHB-MLI
relative to other discussed topologies. The capability of adding separate DC source or
photovoltaic (PV) string increases the modularity of CHB-MLI. Thus, CHB-MLI topology
is more beneficial and an effective solution for medium voltage requirements along with
higher efficiency and modular structure.

From the topological study of multilevel inverters, the cascaded H-bridge MLI has
better THD. Because there are fewer switching devices, there is a lower chance of failure. For
photovoltaic (PV) applications, cascaded H-bridge MLI is more promising. It necessitates
several or two distinct SPV array sources as a voltage supply for each cell of a multilevel
inverter, and it is also preferred over other topologies.

The simulation was run with SPV as a source at each H-bridge. Figure 24 shows the
source-side boost voltage across the capacitor of qZS-CHBMLI. The qZS-CHBMLI has
a continuous current waveform as shown in Figure 25 because of the presence of the Z
network between the PV source and the H-bridge inverter. Since it works in the shoot-
through state, it will not lessen the output voltage. Figure 26 depicts qZS-CHBMLI voltage
output with seven levels.

As seen in Table 11, the effect of the modulation index (m,) on qZS-CHBMLI voltage
output is that the greater modulation index (m,) value results in less THD. It can also be
verified through Figure 27a—e. As a result, it can be concluded that qZS-CHBMLI can be
used effectively in photovoltaic applications.

As such, according to the output obtained from the seven level Simulink model of
the qZS-CHBMLI, the electrical power quality improves when the modulation index rises
(Figure 27a-e).
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Figure 24. Source-side boost voltage across the capacitor of qZS-CHBMLI
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Figure 26. qZS-CHBMLI voltage output with seven levels.

Table 11. THD analysis of qZS-CHBMLI at different value of m,.

S.No. Modulation Index (m,) % THD
1. 0.2 9.33
2 0.4 7.99
3 0.6 6.77
4. 0.8 5.40
5 0.9 3.98
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Figure 27. qZS-CHBMLI THD analysis.

8. Conclusions

)

() At ma=0.9

Frequency (Hz)

The primary contributions of this research paper are as follows.

An analysis of solar photovoltaic based inverters with different switching strategies
was conducted, and it was seen from the various results that the unipolar phase-shifted
technique has more advantages in comparison to others for multilevel inverters. From
the topological study of multilevel inverters, the cascaded H-bridge MLI had better THD.
Because there are fewer switching devices, for photovoltaic (PV) applications, the CHB-MLI

is more promising.

One more contribution of this scheme is to avoid the major drawback of typical voltage
source inverters that cannot handle large voltage changes and an additional DC-DC converter
must be used to provide additional voltage boost. This issue can be tackled with Z-source
inverters. The quasi-Z-source inverter (qZSI) adds a number of special features, including
the ability to pull a steady current from the input source and lessen the capacitor voltage
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rating. As a result, the qZS-CMI is more adapted for power generation using strings of solar
PV source.
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