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ABSTRACT

A novel multilevel inverter design for electric vehicle applications is presented in this research.
In order to generate the necessary twenty-nine levels of output voltage and current waveforms,
this multilevel inverter is developed using ten power switches and four distinct asymmetrical
DC sources. Pulse width modulation is the most often utilized control method in multilevel

inverters. This multilevel inverter uses sinusoidal pulse width modulation to remove low order
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harmonics. MATLAB is used for simulation, and a resistive load and resistive-inductive load
is used for testing. A 210V, single phase, 29 level proposed architectural prototype uses
MOSFETs as switching devices. In the hardware configuration, IRF840 MOSFETsSs are used.
For inverter switches, the Ardiuno micro controller generates the gate signal. To achieve a
twenty-nine level output waveform, typical multi-level inverters require a greater number of
power components, which raises switching losses, costs, and harmonic distortion. By using 10
switches, the suggested inverter greatly reduces switching losses, low order harmonics, and

switching costs, which in turn lowers overall harmonic distortions.
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1. INTRODUCTION

Numerous power applications, such as electric cars, solar systems, low-power loads, and grid
integration systems (Ravanan et al., 2022; Anssari and Othman, 2019), now make extensive
use of multilevel inverters (MLI) (Rodriguez et al., 2001). It’s very low harmonic distortion,
short installation footprint, switching losses, minimal number of drivers, lack of filters, and
reduced voltage stress make it more attractive (Rodriguez et al., 2010). A new single-DC source
MLI inverter is available for low power applications. Flying capacitor, diode clamped or neutral
point clamped, and cascaded H-Bridge topologies are the general categories of MLIs. Cascaded
multilayer inverters have been employed in hybrid systems in recent years (Amirreza et al.,
2021). Examining several MLI setups in terms of switching device count and modulation
techniques, the recommended inverter's output voltage is eight times higher than the input
voltage (Abdul et al., 2021). Staircase voltages may be constructed using a variety of topologies
that need fewer devices for greater levels. It has been observed that the harmonic content of the
load voltage and current waveforms reduces with an increase in the voltage or current output
levels (Tolbert et al., 1998). For the suggested inverter, the total harmonic distortion for resistive
and resist-inductive loads is investigated. Diodes and capacitors are employed in the inverter
circuits, and a variety of symmetrical, asymmetrical, and hybrid MLI topologies were
developed with varying numbers of switches (Tolbert et al., 1999). Additionally, a study of
each setup's total standing voltages and THD production is conducted. The number of switches,
voltage imbalance, and number of DC sources are among the few shortcomings of all topologies
(Corzine et al., 2004). Modern multilayer inverters with fewer switches are primarily focused
on higher voltage levels. Higher voltage levels can be achieved by using separated DC voltage
sources and cascaded H bridge MLI. The main unit's design serves as the foundation for power
component reduction (Fracchia et al., 1992; Corzine and Baker, 2002). Several pulse width
modulation (PWM) methods were examined using the decreased switch count structure
(Barzegarkhoo et al., 2022). There are now two new MLI structures that are linked to the PV
system (Peng, 2004; Manjrekar et al., 2000). Nine output levels are produced by both MLI
architectures, which have the same number of power switches (Chiasson et al., 2003).

The setup of traditional multi-level inverters is shown in Fig. 1. To generate 29 levels, each cell
needs four independent DC asymmetrical voltage sources (1Vdc, 2Vde, 4Vae, and 7Vqc) linked
in series. Sixteen power components in the first arrangement provide twenty-nine output
voltage or current levels. In this construction, four H-bridges are involved (Amirreza et al.,
2021; Tolbert et al., 1998; Manjrekar et al., 2000). The identical twenty-nine-stage output is

produced by the second design using twelve components. Each of the four cells in this
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arrangement has two power switches and an asymmetrical DC source, resulting in a multi-stage
unidirectional output. Before connecting to the load, an H-bridge circuit is utilized to create a
positive and negative half-cycle waveform in the output (Peng, 2004). The need of additional

power switches is the main issue with these cascaded MLIs.
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Fig. 1. Topology of four H-bridges
Eighteen switch MLI has been presented with the involvement of four capacitors and 18
separate switches (Barzegarkhoo et al., 2022). Thirty-one level MLI is explained with the help
of 12 switches, 4 capacitors, and 3 separate DC sources (Dhanamjayulu et al., 2020). Thirty-
one level MLI is presented with the help of 16 switches, 2 diodes, 4 capacitors and 2 separate
DC sources (Meraj et al., 2019). 31 level MLI is constructed with 10 switches and 4 separate
sources (Hamidi et al., 2020). From the literature, it is found that Total harmonics distortion,
total standing voltage, cost functions are important factors for the multilevel inverters.
A novel MLI is proposed with only ten power components to generate 29 output voltage or
current levels. This construction drastically reduces overall harmonic distortion by 29 levels by
using the sinusoidal PWM approach. It provides outstanding output voltage quality with low
THD, low TSV per unit, low CF per level that is appropriate for EVs while lowering cost,
weight, and complexity.
2. PROPOSED SYSTEM
The assemblage of the projected multi-level inverter is depicted in Fig. 2. There are four
asymmetrical DC voltages sources which are linked to ten switches (4 bi-directional-S1, S3,
S4, S6, 6 uni-directional) for producing 29-level output.

The number of DC sources required can be calculated by using the following equation,

NDcz%‘l‘l (1)
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The number of levels with respect to DC sources can be calculated by using the equation,

3Npc

Niever = 3 )

The number of diodes required with respect to DC sources can be calculated by using the

equation,

Naiode = ~2 (3)
Various operating modes of proposed MLI is explained,
Mode 1: Switches S4, S5 & S6 conduct and gives zero output voltage.
Mode 2: Switches S2, S3 & S4 conduct and produces 1Vgc=15V.
Mode 3: Switches S2, S3, S4 & S7 conduct and produces 2V4.=30V.
Mode 4: Switches S2, S3, S4, & S8 conduct and produces 1V4c+2Vac=3Vac =45V it supplies to
the load.
Mode 5: Here, switches S1, S2, S6 and S10 conduct and produces 4V4.=60V, it supplies to the
load.
Mode 6: Switch S2, S4, S6 and S10 conduct and produces 4V gct+1Vae =5V4c=75V, it supplies
to the load.
Mode 7: Switch S2, S4, S6, S7 and S10 conduct and produces 4V 4c+2V4c=6Vi~=90V.

Mode 8: S1, S2 and S6 conduct and load voltage is 7V4.=105V.
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Fig. 2. Proposed Multilevel Inverter
Mode 9: Switches S2, S4 and S6 conduct and now the output voltage is 7Vact+1Vic=8Vy=120V.
Mode 10: Devices S2, S4, S6 and S7 conduct and now the output voltage is 7Vact2Vqc

=9V4=135V, supplies to the load.

Mode 11: Switches S2, S4, S6 and S8 conduct and load voltage is
TVdct2Vict1Vae=10Va=150V.

Mode 12: Switches S1, S2, S6 and S9 conduct and the output is 7Vgct4Vac=11V4=165V.
Mode 13: Switches S2, S4, S6 and S9 conduct and output is 7V4c+4Vac+1Vde =12V4=180V

across the load.
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Mode 14: Switches S2, S4, S7 and S9 conduct and output is 7V4ct4Vact2Vae =13Vac=195V
across the load.

Mode 15: Switches S2, S4, S6, S8 and S9 conduct and output voltage is 7Vac+4Vact2Vict1 Ve
=14V4.=210V across the load.

As previously mentioned, it repeats in descending sequence from mode 14 to mode 1, providing
the positive half cycle of the output voltage waveform with 29 levels. To create a negative half
cycle, the same modes will recur. The output voltage waveform of the suggested MLI is
displayed in Fig. 3, and the modes of operation for producing a positive half-cycle output
waveform are displayed in Fig. 4. The modes of operation of the suggested MLI for producing
an output waveform during the negative half cycle are displayed in Fig. 5. The suggested

multilayer inverter's modes of operation are displayed in Table 1.
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Fig. 3. Output voltage waveform of Proposed Multilevel Inverter
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Fig. 5. Operation of Proposed MLI for producing negative half cycle
Table 1. Operation of Proposed Multilevel Inverter
Modes Load current path Output Voltage(V)
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10

1 0 0 0 1 1 1 0 0 0 0 0Vdce ov

2 0 1 1 1 0 0 0 0 0 0 1Vdc +15V

3 0 1 1 1 0 0 1 0 0 0 2Vdce +30V

4 0 1 1 1 0 0 0 1 0 0 3Vdc +45V

5 1 1 0 0 0 1 0 0 0 1 4Vdc +60V

6 0 1 0 1 0 1 0 0 0 1 5Vde +75V

7 0 1 0 1 0 1 1 0 0 1 6Vdc +90V

8 0 1 0 1 0 1 0 1 0 1 7Vdc +105V

9 1 1 0 0 0 1 0 0 0 0 8Vdc +120V
S 10 0 1 0 1 0 1 0 0 0 0 9Vdc +135V
S 110 1 0 1 0 1 1 0 0 0 10Vdc +150V
= 120 1 0 1 0 1 1 0 1 0 11Vde +165V
= 13 1 1 1 0 0 1 0 0 1 0 12Vdc +180V
S 14 0 1 0 1 0 1 0 0 1 0 13Vdc +195V
Z 15 0 1 0 1 0 1 1 0 1 0 14Vdc +210V
£ 16 0 1 o0 1 0o 1 0 0 1 0  13vde  +195V

17 1 1 1 0 0 1 0 0 1 0 12Vdc +180V

18 0 1 0 1 0 1 1 0 1 0 11Vdc +165V

19 0 1 0 1 0 1 1 0 0 0 10Vdc +150V

20 0 1 0 1 0 1 0 0 0 0 9Vdc +135V

21 1 1 0 0 0 1 0 0 0 0 8Vdc +120V

220 1 0 1 0 1 0 1 0 1 7Vdc +105V

23 0 1 0 1 0 1 1 0 0 1 6Vdc +90V

24 0 1 0 1 0 1 0 0 0 1 5Vde +75V

25 1 1 0 0 0 1 0 0 0 1 4Vdc +60V
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2 0 1 1L 1L 0 0 0 1 0 0 3Vde +45V
270 1 1 1 0 0 1 0 0 0 2Vde +30V
22 0 1 1 1 0 0 O 0 O 0 1Vde +15V
29 0 0 0 I 1 1 0 0 0 0 0Vdc ov
1 o o o0 1 1 1 0 0 O 0 0Vdc ov
2 1 0 o0 0 1 1 0 0 0 0 -1Vde -15V
31 0 O O 1 1 1 0 O 0 -2Vdc -30V
4 1 0 0 O 1 0 0 1 0 0 -3Vdc -45V
5 0 o0 1 1 1 0 0 0 o0 1 -4Vdc -60V
6 1 0 1 o0 1 0 0 0 0 1 -5Vdc 75V
7 1 0 1 O 1 0 1 0 O 1 -6Vdc 90V
8§ 1 o0 1 o0 1 0 0 1 0 1 -7Vdc -105V
9 o0 o0 1 1 1 0 0 0 0 0 -8Vdc -120V
v 1 o 1 o0 1 0 0 0 0 0 -9Vde -135V
, 1 1 o 1 0 1 0 1 0 0 0 -10Vdc -150V
5 12 1 0 1 o0 1 0 0 1 0 0 -11Vde -165V
S 130 0 1 1 1 0 0 0 1 0  -12Vdc -180V
= 14 1 o0 1 o0 1 0 0 0 1 0  -13Vdc -195V
= 15 1 o0 1 o0 1 o0 1 0 1 0  -14Vdc 210V
£ 16 1 0 1 0 1 0 0 0 1 0  -13Vdc -195V
5 17 0o o0 1 1 1 0 0 0 1 0 -12Vdc -180V
z 18 1 0 1 o0 1 0 0 1 0 0 -11Vde -165V
9 1 0 1 o0 1 0 1 0 0 0  -10Vdc -150V
20 1 0 1 0 1 0 0 0 0 0 -9Vde -135V
2.0 0 1 I 1 0 O 0 O 0 -8Vdc -120V
2 1 0 1 0 1 0 0 1 0 1 -7Vde -105V
22 1 0 1 0 1 0 1 0 0 1 -6Vdc 90V
4 1 0 1 0 1 0 0 0 0 1 -5Vdc 715V
20 0 1 1 1 0 0O 0 O 1 -4Vdc -60V
2.1 0 0 0 1 0 0 1 0 0 -3Vdc -45V
2710 0 0 I 1 1 0 0 0 -2Vdc 30V
2.1 0 0 0 I 1 0 0 O 0 -1Vde -15V
29 0 0 0 1 1 1 0 0 0 0 0Vdc ov

This section gives a brief synopsis of the main ideas and techniques that went into building and
testing our system. Our approach's robustness and repeatability can be better understood by
detailing the materials and procedures that were used. Fig.1 shows the block diagram of the

proposed systems and Figure illustrates the schematic diagram of the suggested method.

2.1. PWM FOR HARMONIC REDUCTION

In multi-level inverters, the PWM technique is most frequently employed to remove detrimental
low-order harmonics (Jing Zhao, 2010). In PWM control, the output voltage is adjusted by
altering the pulse width, and switches are continually turned on and off for both positive and
negative half cycles (Ismail, 2006). Inverter circuits frequently employ sinusoidal PWM as a
control technique. Low switching losses, less output harmonics, and ease of implementation are
some of its benefits. Its benefits include minimal switching losses, a less harmonic output
waveform, and an easy-to-implement methodology. Constant amplitude pulses with a distinct

duty cycle for each cycle are used to calculate the sinusoidal PWM. These pulses are produced
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in order to reduce the output's harmonic content and achieve the necessary output voltage
control. The most popular technique for inverter-fed electric drive-controlled applications is
sinusoidal PWM (Ismail, 2006, Jing Zhao, 2010). A programmed SPWM is utilized to achieve
the necessary switching angles, and the suggested multistage inverter performs at the desired
output with amplitude and decreased harmonic content. It is demonstrated that the "n+1"
equation is exacting in its control of the output voltage and the removal of "n" harmonics. The
29-level inverter's lower order harmonic removal technique is described. We found solutions
for fourteen distinct angles.

The output voltage waveform's Fourier series may be extended using the following simple
frequency conversion method: The friction coefficient is determined by Eq. 4 for compressible
and completely turbulent flow (Abdul-Abbas et al., 2021, Tolbert, 1998).

V,(wt) = Z?‘f=1,3,5% (cos(nBy)) + cos(nb,) + --- + cos (nby))sin (nwt) (4)
where K is the number of switching angles needed for the inverter with 29 levels. It is necessary
to determine the switching angles 64, 8,, ..., Ok for a specific fundamental voltage V1. So that
a certain higher harmonic of Vn(nwt) equals zero and the output voltage Vo(wt)=V1sin(wt).
The following formulas can be used to solve the switching angles.

cos(6;) + cos(6,) + cos(63) +cos(0,) + cos(Bs) + cos(fy) = m
cos(56;) + cos(56,) + cos(563) +cos(560,) + cos(565) + cos(56,) =0
cos(76;) + cos(76,) + cos(763) +cos(76,) + cos(76s) + cos(76,) = 0 (5)

V1
Ve
e

Where modulation index, m =

The fifth, seventh, eleventh, thirteenth, seventeenth, nineteenth, twenty-third, and so on
harmonic components will not be present in the output voltage of the 29-level inverter. Iterative
techniques like the Newton-Raphson method (Corzine and Baker, 2002) are used to solve the
set of non-linear transcendental Eq.5. The current methodology, in contrast to the iterative
method, is based on employing resultant theory to solve polynomial equations, producing all
potential solutions (Peng, 2004). It is possible to transform the transcendental equation that
describes the harmonic content into a polynomial equation. Solutions are then found when they
become available using the resultant approach. The total harmonic distortion (THD) of each of
these solution sets must be examined in order to determine which one provides the least amount
of harmonic distortion, mostly from the fifth, seventh, and eleventh harmonics.

THD is calculated as a percentage determined by

\/V32 +VE+VE+-+VE
THD% = 2 x 100 (6)

1
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3. RESULTS AND DISCUSSION

Through MAT Lab simulation for resistive load, the suggested multilevel inverter's

performance is confirmed. For 29 levels, the total single-phase peak voltage is 210 V.
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Fig. 6 Simulation Output voltage waveform for 29 level
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Fig. 8 Simulation -FFT Analysis

The output voltage waveform for 29 levels is displayed in Fig. 6. The output is a twenty-nine-
level waveform that seems almost sinusoidal, as this image makes evident. Results of proposed
MLI has been verified for Resistive Inductive (RL) load of real power —2MW & reactive power
-250VAR, Fig.7 shows the output current waveform for RL load. A 29-level inverter's THD
value is 2.39%, as seen in Fig. 8. Hardware configuration validates simulation findings. A
210V, single phase, twenty-nine level recommended architectural prototype uses MOSFETs as
switching devices. Ten MOSFET switches make up the inverter. In the hardware configuration,
IRF840 MOSFETs are used. The Ardiuno micro controller generates the gate signal for inverter

switches. The suggested 29-level inverter has four asymmetric DC sources installed on its input

side: 15V, 30V, 60V, and 105V. A resistive load (3K-50W) is powered by the recommended
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inverter output. The resistive load's hardware output voltage waveform is displayed in Fig. 9,

and the output current waveform for the same load is displayed in Fig. 10. In Fig. 11, the

experimental THD is displayed. According to this analysis, THD is 2.44 percent, which is less

than the IEEE THD norm of 5%. The harmonics and overall harmonic distortion will decrease

as the number of levels rises.
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Fig. 11 Experimental THD

4. CALCULATION OF COST FUNCTION.

The total standing voltage of projected multilevel inverter is calculated as follows:
Total Standing Voltage =Y., MBVj;

TSV = MBVg; + MBVg, + MBVg3; + MBVg,+MBVgs + MBVg + MBVg, + MBVgg
TSV = 11V4ct5.5Vact11Vact11Vaet5.5Vact11VaetOVact0Vact4 Ve
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TSV =59V
_ TSV _ 59Vac_
TSVpy = MBV  1aVg 4.214

The Cost function of the proposed MLI calculated by equation (26),
Cost Function = (Ngwrt + Npriy + Npj + Neap + aTSVpy) X Npcs
Cost function is,

Ns=10, Npriv = 10, Np; = 2, Ncap =0, a =0.5 and Npc = 4

Cost Function = (10 + 10+ 2 + 0 + 1 X 4.214) X 4 =96.428

Cost function per level is calculated as,

CF _ 96.428

CF/Level = =3.325
29

Number of Levels

Cost function is,
Ns =10, Npriv = 10, Npi =2, Ncap =0, a =1 and Npc =4

Cost Function = (10 + 10+ 2+ 0+ 1 X 4.214) X 4 = 104.56

CF _104.56
Number of Levels 29

CF/Level = =3.616

5. COMPARISON OF MULTILEVEL INVERTERS

Comparison of various existing MLIs are done based on the switches, diodes, capacitors, driver

circuits, DC sources and total standing voltage per unit. Table 2. shows that TSV per unit for

the proposed 27 level MLIs is 4.214 when compare to the other existing MLIs. Number of

switches used also 10 and diodes required is 2 and there four unsymmetrical DC sources. Cost

function per level is also 3.32 only for cost coefficient 0.5 and cost function per level is 3.616

for cost coefficient 1. Fig.11 shows the comparison chart of various MLIs based on the switches

and TSV per unit.
Table 2. Performance Comparison of Conventional and Proposed MLI
Topologies Levels Nswr Nbi Ncap Nporiv Nocs MBV TSV
[18] 31 18 0 4 18 18 15Vi. 5.66
[19] 31 12 0 4 10 3 15Vie  5.87
[20] 31 16 2 4 16 2 15Vie  5.67
[21] 31 10 0 0 10 4 15Vie 5.12
[22] 33 22 16 0 0 9 16Vie 9.50
[23] 33 24 15 0 0 9 16Vie 9.63
[24] 33 14 14 0 8 5 16Vie 4.38
[25] 33 16 11 0 0 7 16Vie  6.00
[26] 33 20 13 0 0 9 16Vic 10.56
[27] 33 12 12 0 0 7 16Vie  5.88
Proposed 29 10 2 0 10 4 14Ve. 4214
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Comparison of Switches used and TSVpu
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Fig. 12 Performance Comparison of MLIs

4. CONCLUSION

A novel multi-level inverter with reduced power components is the subject of this essay. The
circuit and functioning of this multi-level inverter have been explained. In the traditional
arrangement, the number of necessary power components rises in tandem with the number of
output levels. More power switches are used, which raises THD, costs, switch losses, and
harmonics. The suggested topology greatly decreases the power semiconductor switches to 10
for 29 nine levels. Total standing voltage of proposed MLIs is 4.214 and cost function per level
1s 3.325 for the weighted co-efficient of 0.5 and 3.616 for the weighted co-efficient of 1. Multi-
level inverters are less complicated and less expensive overall because there are fewer devices.
For electric vehicle applications, this suggested structure is therefore thought to be the most

appropriate.
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