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Abstract

Multilevel inverters (MLIs) have attracted the attention of researchers for their needs in industrial applications, renewable energy
systems, and electric vehicles. MLIs require a large number of power electronic components to synthesize higher levels at the
output voltage. However, overuse of power electronic devices increases the complexity, losses, and cost of MLIs. In this study,
a new MLI has been proposed with a reduced number of power switches. The basic unit of the proposed MLI comprises only
three independent DC sources and ten switches (eight unidirectional, and two bidirectional) to produce 21 levels at the output
voltage waveform. The nearest level control (NLC) modulation method has been used to produce gate pulses. Furthermore,
three extension topologies have been proposed to generate a higher number of levels and the extension parameters have been
compared with recently introduced and conventional topologies. The comparative study shows that the proposed MLI topology
requires fewer components in terms of power electronics parameters than the others. On the other hand, the presented first
extension study can be used for all non-extendable basic units is one of the prominent values of the study. Simulation studies
showing modulation methods, switching patterns, and signal outputs were performed with Matlab/Simulink. A prototype of
the proposed main module has been realized and tested in the laboratory with an FPGA processing board. Experimental results

have been verified with simulation results, and the performance of the proposed topology has been proven.
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1 | INTRODUCTION

Summary

Multilevel inverters (MLIs) have attracted the attention of researchers for their needs
in industrial applications, renewable energy systems, and electric vehicles. MLIs re-
quire a large number of power electronic components to synthesize higher levels at
the output voltage. However, overuse of power electronic devices increases the com-
plexity, losses, and cost of MLIs. In this study, a new MLI has been proposed with a
reduced number of power switches. The basic unit of the proposed MLI comprises
only three independent DC sources and ten switches (eight unidirectional, and two
bidirectional) to produce 21 levels at the output voltage waveform. The nearest level
control (NLC) modulation method has been used to produce gate pulses. Further-
more, three extension topologies have been proposed to generate a higher number
of levels and the extension parameters have been compared with recently introduced
and conventional topologies. The comparative study shows that the proposed MLI
topology requires fewer components in terms of power electronics parameters than
the others. On the other hand, the presented first extension study can be used for all
non-extendable basic units is one of the prominent values of the study. Simulation
studies showing modulation methods, switching patterns, and signal outputs were
performed with Matlab/Simulink. A prototype of the proposed main module has been
realized and tested in the laboratory with an FPGA processing board. Experimental
results have been verified with simulation results, and the performance of the pro-

posed topology has been proven.

KEYWORDS:
Multilevel Inverter, FPGA Implementation, Nearest Level Control, Reduced Switch Count

DC-AC power conversion is essential for applications that draw the current from DC power sources in AC form. Nowadays,
inverters have a wide range of applications for high-power operation systems. Many medium-voltage applications such as pho-
tovoltaic systems, wind farms, static synchronous compensators (STATCOM), flexible alternating current transmission systems
(FACTS), electric vehicles (EVs), AC motor drives, and renewable energy sources (RES) need DC-AC power conversion to
operate under AC load conditions!2.

0Abbreviations: ANA, anti-nuclear antibodies; APC, antigen-presenting cells; IRF, interferon regulatory factor
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Multi-level inverters (MLIs) are being substituted for traditional inverters because of their many well-known advantages such
as high-quality harmonic profiles, low voltage across switches, low electromagnetic interference (EMI), and high efficiency®.
Advances in power electronics have influenced the evolution of MLI topologies. The higher the output level, the greater the
number of power supplies and switches used, increasing the cost, control complexity, and volume. Therefore, researchers focused
on creating new hybrids by combining the superior features of different topologies. Traditional MLIs are grouped into three
main groups called neutral point clamped (NPC)?, flying capacitor (FC)?, and cascaded H bridge (CHB)8. All conventional
topologies can be expanded to synthesize the desired level at the output, but these are some disadvantages®'%. CHB topology
requires multiple independent DC voltage sources and more switches for higher output levels, while FC topology creates voltage
balancing problems and control complexity due to a large number of increased capacitors. Thus, the control will become more
complex when the number of capacitors increases for generating higher output voltage levels.

MLIs consist of an arrangement that may have power switches, diodes, DC voltage sources, and DC link capacitors for
generating a higher number of voltage levels at the output. The design of MLI topologies depends on the number of voltage
levels, total harmonic distortion (THD), modularity, extension model, total standing voltage (TSV), and the number of power
components such as power switches, DC sources, diodes, capacitors, etc.'l. Researchers have focused on new MLI topologies
with a lower number of power components to overcome the shortcomings of traditional topologies 21314L5I6I7ISIO

In'>, a new cascaded MLI topology is proposed in order to increase the number of output voltage levels with a lower number
of power switches. An algorithm is proposed to determine the magnitudes of the DC voltage sources. In this study, it is noted
that the proposed topology only uses one-way power switches. A single-phase cascaded MLI is proposed in''. The proposed
inverter is composed of the series connection of the H-bridge basic units. Authors have presented nine different algorithms to
determine the magnitude of DC voltage sources. Two other MLIs have been also presented in and?!. These two structures
can generate positive and negative levels at the output without the need for an H-Bridge. Using the proposed main structure,
modular and cascade expansion topologies have been proposed to synthesize higher levels at the output.

In2, the cascaded MLIs have been investigated and focused on topologies with asymmetric configurations. They reported that
to provide a large number of output levels with the same number of inverters, asymmetric MLIs can be used. Thus, they have
proposed an asymmetrical cascade MLI topology with reduced switch count and DC voltage sources. Although the asymmetric
configuration in the traditional CHB topology requires fewer power switches than the symmetric configuration, the researchers
focused on investigating topologies that require fewer switches. Another asymmetric topology is proposed in23 about two years
later. In this study, the authors proposed cascading topology with series-connected DC sources instead of CHBs as in the tra-
ditional CHB topology. One of the main constraints in this topology is requiring an H-bridge at the backend of the circuit and
therefore require the use of high voltage rating power switches.

In this study, the proposed 21-level topology does not require H-Bridge at the output to reduce the number of power switches
and port drivers. The main module comprises 10 power switches (two bidirectional and 8 unidirectional) and 3 DC sources. It is
suitable to work in different frequency and modulation index. Three different expansion methods have been presented with the
main module to synthesize higher voltage levels at the output voltage waveform. The symmetric and asymmetric modes of the
proposed topology are compared with conventional and recently proposed MLI topologies, and the same number of levels at the
output voltage are synthesized with fewer power components. The paper has been organized as follows: a detailed analysis of
the proposed main module and module configuration is carried out in section II. Section III introduces the extension topologies
for generating a higher number of levels at the output voltage. Section IV provides a comparative study of the proposed topology
with other MLIs considering power circuit parameters and TSV. The nearest level control modulation technique that is applied
to the proposed main module for producing gate driver pulses is presented in Section V. Section VI gives a detailed power loss
analysis. Simulation and experimental studies are performed in Section VII. And finally, the conclusions are presented in Section
VIIL

2 | PROPOSED TOPOLOGY

2.1 | Basic Module

The main module of the proposed 21-Level MLI is shown in Figure [T} It is composed of two parts, the first part consists of
surrounding switches S-S, operating at high frequency, while the switches in the second part operate at lower frequencies.
Further, It can generate 21 levels at the output voltage waveform with 3 DC sources and 10 power switches. According to
switching modes, it can be seen that the current changes direction in different switching modes on the .S; — S, switches. In all
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Figure 1 Proposed basic unit.

Table 1 Switching Pattern of Basic Unit
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other modes, current flows in one direction current path. Thus, S; — .S, should be bidirectional switches and all the others should
be unidirectional switches. The proposed asymmetrical source configuration for the main module is realized as V|, = V.,
V, =3Vpe, and Vi = 6V
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Figure 2 Different switching states of proposed module for (A) positive and (B) negative levels.

2.2 | Module Configuration

The switching states are defined in Table 1 and the circuit modes showing these states are presented in Figure 2} Figure ZA,B
shows the modes of positive and negative voltage levels, respectively. The switches on the current path are ON, while all the
others must be OFF. On the other hand, the switch pairs (S, Sy3) and (S, Sp4) must not be open at the same time, thus
they operate in complementary mode.

Figure3exhibits one cycle of the output voltage waveform and the pulse signals of the switches. As seen in the figure, switches
operate at different switching frequencies. Besides, it can be seen that the (Sy |, Sg3) and (Sg,, Sp4) switch pairs are triggered
inversely. From the switching signals in Figure[3] it can be seen that switches S and S, operate at the fundamental frequency,
while the other switches operate at multiples of the fundamental frequency.

Total standing voltage (TSV) is expressed as the sum of the maximum voltages across each switch. Maximum voltage blocking
of each switch for TSV calculation as,

Vs =Vsur =Vsuz = Vsua = 1Vpc
Vsi =Vs, =Vgs =V

=3Vpc+6Vpe=9Vpe M
Vs3 =Vsa =6Vpc
where Vg, is the blocking voltage of the switches .S respectively. Thus, TSV of the basic module is calculated as follows
4 6
TSV = Vi + ). Vs,
k=1 i=1 2

= 4.1Vpe + 4.9V e + 2.6Vpe = 52V



AUTHOR ONE ET AL 5

~Y

Figure 3 Switching pattern of the proposed module.

Figure[dand Figure[5|depicts the voltage stress across the switches for each level. As can be seen, the blocking voltage of higher-
frequency switches Sy, Sy, Sy3» Sga is 1 Ve, while the blocking voltage of lower-frequency switches S}, S,, Ss, S is 9
Ve, and Si, S, is 6 V. Note that some switches block different voltage amplitudes for different levels. However, the voltage
stress of the respective switch will be the maximum blocking voltage. Besides, it can be seen from the graphs, the sum of the
maximum blocking voltage of all switches will be 52 V..
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Figure 4 Voltage stress across to switches.
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Figure 5 Voltage stress across to switches.

3 | EXTENSION TOPOLOGIES OF PROPOSED MLI
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Figure [6] shows three options for extending the proposed topology. The first structure MODE-1 presented in Figure [JA has
asymmetrical cascaded H-Bridges. Furthermore, the proposed first configuration with H-Bridge can extend all non-extendable
topologies. The second one shown in Figure [6B is the classical symmetrical configuration. Figure [(C shows asymmetrical

configuration method.
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Figure 6 Proposed extension topologies (A) Cascaded with H-Bridge (Mode I), (B) Symmetrical Cascaded (Mode II), (C)
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Figure 7 Main structure of first proposed extension topology (MODE I)
3.1 | Hybrid CHB extension topology (MODE-1)

In this approach, the proposed topology is extended by successive H-bridges containing independent DC sources. Figure
[7] shows the main structure of the proposed extension structure with H-Bridge. The amplitude of the voltage source of each
additional module is equal to the maximum voltage amplitude synthesized by the cascade structure up to the previous module.
For example, the input voltage of the first H-bridge to be connected should be 21V}, and the input voltage of the second
H-bridge to be connected should be 63V}

For n number of module with such extension topology, the equations for the number of switches (N gy,), diodes (Np), DC
power supplies (N p), variety of dc power supplies (Ny, ), gate driver (INp), and the number of levels (/N ) are given as:

N, =213"
Ngy =4n+ 12

Npc=n+3 3)
Nyr=n+3
Ngp =4n+10
Calculation of TSV will be as follows

Voltage stress of switches on H-Bridges

Vii=Via=Vi3=Viy =21V

Vo=V =V =Vy= 213 Ve

Vi =Vay = Vag = V34 = 21.32 V¢ )
Vi =V =Vs=Vy= 21.3"! Vbe
A(1+3+F 4+ 43 =21 121

&)
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TSV, = 4. (21.%) =42.(3" - 1) 6)

TSV of the main module is calculated above in Eq. (2))
TSV, =52Vpe (N
TSV =TSV, +TSV,=42.(3" — 1)+ 52 ®)
TSV =42.3"+10
3.2 | Cascaded extension topologies (Symmetrical and Asymmetrical mode)

Two cascaded extension topologies with proposed 21 level MLI consists of a cascade serial connection of the main module
with asymmetrical and symmetrical dc sources respectively. Figure [8] shows the cascade connection of the proposed 21 level
MLI.

1% module
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Figure 8 Cascaded connection of proposed 21 level MLI

3.2.1 | Symmetrical extension topology (MODE-2)

Symmetric source configuration does not mean that the magnitude of the source voltages in the main module is equal, it means
that the magnitude of the source voltages in the same subindex in each module is symmetrical. In other words, the amplitudes
of the voltage sources in each module will be V, ;=1 V¢, V.= 3 V¢, and V3= 6 V., respectively. For the n number of
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modules, the equations of the cascade expansion structure with the symmetrical configuration shown in Figure [§]are given as

N; =21n
Ngy =12n
Npc=3n
Nyp=3
Ngp = 10n

()]

Since the maximum voltage stresses appearing on the switches are equal for the same numbered switches in each module, the

TSV of all modules will be equal. Sum of the TSVs of all submodules are

TSV =) TSV, =) 52Vpe=52nVpc
1 1

3.2.2 | Asymmetrical extension topology (MODE-3)

(10)

In the expansion structure shown in Figure[8] dc sources with the same subindex are configured with Trinary source configu-
ration in order to synthesize higher number of levels at the output voltage waveform. As a result of Trinary source configuration,

magnitudes of dc sources will be as seen in Eq. (TT).
Vii =1Vpe Vio =3Vpe Vis =6Vpc
Vo =3Vpe Vo =9Vpe Vs =18V
Vi =9Vpe Via =27TVpe Vi =54Vpe

Vi =3""Vpe Vi =3"Vpe Vi3 =23"Vy

n

Y

For the n number of modules, the equations of the cascade expansion structure with the Asymmetrical configuration are given as

N, =103"-9

Ngy = 12n
Npec =3n
Nyrp =2n+1
Ngp = 10n

12)

Since the amplitude of DC sources with the same subindex in each module is three times of the previous module, the TSV of

the relevant module will be three times of the previous module. TSV of the nth module will be as follow

TSV, = 52Vpe
TSV, = 52.3Vpe
TSV, = 52.3* V)

TSV, = 52.3*V,¢
The TSV sum of all modules will be as

TSV = z TSV, =52+52.3+52.3% + - +52.3""!
TSV =52 (1+3+3%+ - +31) =527
TSV =26(3"-1)
For calculation of the number of DC source variation, let we write all DC sources for n modules
1 3 6
3 9 18
9 2754 - 1,3,9,-,3",2.3,2.3%, ... ,2.3"

3n=1 3n 23"
We have 2n+1 unique DC sources from Eq.(I5). The number of DC source variations for n modules is

Nyrp=2n+1

13)

(14)

5)

(16)
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4 | COMPARATIVE STUDY

Table 2 Comparison of the Proposed Modes with Some Extendable MLI Topologies

Topology Nsw Np Npc Nvr Ncp TSV (XVbc)
(Comlll;ﬁonal) 2(Ni-1) Nit MNe-1) 72 1 2(Ni-1) 2(Ne-1)
(Convl;?tional) 2N 2N Ni-2 1 2(Ne-1) 2(Ni-1)
(ConStel?ional) 2Ny 2(Ne-1) (Ne-1)/2 1 2(Ne-1) 2(Ne-1)

(B(ii]fy) 4[log, (N_+1)-1] 4[log, N +1)-1] log, (N +1)-1 log, (N +1)-1 4[log, (N +1)-1] 2(Ni-1)
M[Lg]LC Nut3 N.+3 (N-1)/2 1 N3 3(NL-1)
ST[-2T4}]/pe 12log,, Ny 121og,, N, 4log,, N 2log,, Ny 9log,, Ny 2,5(Ni-1)
K[gsy]p © 14log,, Ny 141log,, Ny 4log,, Ny 2log,, N, 11log,, Ny 8N, +10)/3
SD{-zl\;lLl 3log (NL+0.5) +4  6log, (NL+0.5) +4 3log, (N.+0.5) 2log, (NL+0.5) 3log, (N +0.5) + 4  3log, (N_+0.5) + 4

(1\14{2113) r]fdl) 4log, (N /21) + 12 4log, (N/21)+ 12 log, (N./21) + 3 log, (N./21) + 3 4log, (N./21) + 10 ON+10
(Sl;frgr?f:;gc) 4N /7 N/7 N./7 3 10N./21 52N /21
( AI\S/I}?rrll)rE:tIrIic) 12log, (N, +9)/10)  12log, (N, +9)/10)  3log, (N, +9)/10) 2log, ((N,+9)/10)+1 10log, ((N,+9)/10) 2log, ((N,+9)/10)+1

The proposed topology has been compared with traditional and recently proposed MLI topologies based on reduced switch
count. The variation of the number of components of symmetric topologies against the number of levels at the output is generally
linear, while that of asymmetric topologies is logarithmic. Thus, the symmetric extension topology of the proposed module
(MODE II) has been compared with the symmetric topologies (NPC2, FC®, CHB”Z, MLDLC23), while the asymmetric extension
topologies (MODE I-III) have been compared with the asymmetric topologies (CHB Binary®, ST-Type#, K-Type”2>, SD-MLI%)
in the literature. The comparative study has been made for the number of switches (N, ), diodes (N ), DC power supplies
(N p¢). variety of DC power supplies (N, ), gate drivers (N p), and the number of levels (NN ) as shown in Table E} Figure E]
shows the variation of number of levels in the number of required power components of all symmetric and asymmetric MLIs.
Symmetric and asymmetric topologies are compared with themselves, and the results of the comparison are shown in the same
figures. Therefore, the curves of symmetric topologies are indicated with dashed lines and asymmetric topologies with straight
lines. The dashed lines in Figure[DJA show that the proposed MODE II topology needs fewer power switches. On the other hand,
MODE I is one of the topologies that require minimum number of switches among asymmetrical structures as seen in the figure.
Since curves of the CHB Binary, MODE 1, and SD-MLI topologies are closest, the zoomed version of the relevant region is
placed under the figure. In Figure[OB,C,D,E , MODE II and MODE I offer better results in all other symmetric and asymmetric
comparisons, respectively. Figure [OF shows that the TSV is lower than many other topologies.

S | NEAREST LEVEL CONTROL

There are several modulation techniques to generate the switching pulses of multilevel inverters. Modulation techniques in
multilevel inverters based on switching frequency are divided into two main categories, these are fundamental switching fre-
quency techniques and high switching frequency techniques. Especially in high-power applications, fundamental switching
frequency techniques are frequently used. Fundamental frequency modulation techniques that are optimal switching techniques,



AUTHOR ONE ET AL | n
CHB
FC CHB
MLDLC |~~~ Symmetric Topologies ~~ ~ Symmetric Topologies
>
»
" / / - 3
o e — — — Symmetric Topologies @ s
S 150 / Asymmetric Topologies 2 3
H 8 K Type o ST Type
5 100 KType 5 STType 2 K Type
5 ST Type 5 MODEN &5 MODE Ii
5 MODE Ill € somu £ SD MLI
Z 50 CHBBinary 2 MODEN 2 MODE Il
- MODE | - CHB Binary CHB Binary
) . . \ SD MLI = = . . | MODE | S\ MODE!
0 100 200 300 400 % 0 50 100 150 200 0 50 100 150 200 °
Number of Level Lo . Number of Level Number of Level L oo
A
B C
=9 —
g 9 wsu
> a =
o
» ~ — — Symmetric Topologies CHB MLDLC = 2 QK CHB
315 KType h NPC Pz == Symmetric Topologies _ FC
3 — SD MLI < Asymmetric Topologies NPC
o g s 80
S MODE Iil [
2 . 21 MODEIl
5 10 CHBBinary & 8 60
z MODE | o KType 2
5 MODE Il ° STType <
% 5 MLDLC 2 MODEN {2 - MODE Ill
5= CHB 3 CHBBinary _— SDMLI
€ FC SD MLI
Rl — == = = = = = = NPC MODE |
E

Number of Level

D

150 200

Number of Level

E

50
Number of Level

F
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selective harmonic elimination (SHE)29, and nearest level control methods?”28 are frequently preferred in high-power ap-
plications. SHE method mitigates lower-order harmonics notably thus reducing filter size and complexity but has nonlinear
transcendental equations that are used to eliminate lower-order harmonics. The main problem associated with SHE is solving
transcendental equations due to their complexity. The nearest level control technique is generally used to eliminate the draw-
backs of SHE. In this paper, the NLC modulation method has been used for trigger control of the proposed multilevel inverter, in
which the switching losses and lower-order harmonics are reduced. Figure [I0]shows the working principle and control diagram
of the NLC method. The reference voltage (Vref) is sampled at one point and then rounded to the nearest voltage level (VaN)
as shown in Figure[T0JA. Figure[IOB depicts the schematic representation of NLC implementation.

5 Ve
4 Vic
3 Vac

2 Ve

s

Inverter Output Voltage

2
Vref —®{(N-1)Vdc _—~—%|

Nearest
Voltage Inverter
Round{ } Level L,{glt»f,j Gate
Switching Pulses

Figure 10 Nearest level control modulation (A) sampled reference signal, (A) implementation of NLC.
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6 | RESULTS AND DISCUSSION

A laboratory prototype of the main module has been performed to verify the performance of the proposed topology. Simulation
and experimental studies have been carried out on this prototype. The simulation and experimental study have been discussed
in this section and the simulation results have been verified with the experimental results.

6.1 | Simulation Results

The proposed basic unit has been simulated with the NLC control method using MATLAB/Simulink software. For the sim-
ulation study, DC voltage sources are arranged as V;=10V, V,=30 V and V;=60 V. The simulation has been performed with
purely resistive (R;,,; = 100L2) and resistive-inductive loads (RL; ,, = 100Q + 50mH, RL; ,, = 100Q + 200mH). Figure
@A,B,C shows transient and steady state responses of the voltage and current with different load conditions, modulation in-
dexes, and frequencies respectively. The change of load type from purely resistive R; ,,, to resistive-inductive RL; ,,, loads has
been depicted in Figure[TZJA. All Y-axises in Figure[I2]are scaled differently on the right and left sides to show both voltage and
current waveform in one figure. The harmonic spectrum of the output voltage and current on R; load is depicted in Figure [T T}
The THD of voltage and current waveforms are evaluated 3.90% and 0.22%, respectively. It is observed that the magnitudes of
harmonic orders in the current waveform decrease compared to the voltage waveform due to the series-connected inductive load.

Fundamental (50Hz) = 100.3 , THD= 3.90%

—

Mag (% of Fundamental)
S = N WA L oo O

Harmonic Order

Figure 11 Harmonic analysis of the output voltage and current

6.2 | Experimental Study

A laboratory prototype has been developed to verify the performance of the proposed topology as shown in Figure[I3] For the
experimental study, step voltages of the three dc sources are set as Vdc=10V. Genesys 2 FPGA board has been used to generate
the switching pulses. The output waveforms of the voltage and current on the series-connected purely resistive load (R, =
100€2) are shown in Figure In Figure |15|the circuit has been tested under different resistive-inductive load conditions and
the output waveforms are presented. Furthermore, It has been tested at different modulation indexes and transient responses are
also shown in Figure[I6] Finally, 50 Hz and 100 Hz output waveforms are presented in Figure[I7|to demonstrate their operability
at higher frequencies. Experimental study shows that proposed MLIs synthesize all levels and proves that experimental results
and simulation results are confirmed.
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7 | CONCLUSION

This paper introduced a new MLI with an asymmetric source configuration. The proposed topology consists of two main
parts: high frequency H-Bridge circuit fed by one source and switched sources unit. The proposed MLI synthesizes 21 levels
with the minimum number of power switches. Experimental and simulation studies have been carried out and the results prove
that the proposed module generates higher output voltage levels with fewer components such as 3 DC sources and 10 switches.
Furthermore, for the accuracy of the proposed topology, the simulation, and experimental studies have been performed under
different load conditions, MI, and frequencies and results are compared. The other significant result is that the THD obtained
3.99% which meets the harmonics standard (IEE519). Since the topology is 21-level, pure sine output current can be obtained
with a low value filter. However, a high value filter is used to show that the topology can operate at low power factors. Also the
MLI supports variable MI and frequency. This shows that the proposed topology is suitable for use in electric vehicle and other
motor applications. In order to produce higher levels in the output voltage waveform, the proposed structure is extended by three
different methods, and compared with commonly used topologies in the literature. Comparison results show that the proposed
topology has the reasonable performance compared to its counterparts in the literature.
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