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Abstract—Multi-level converters have been used in several Several new structures for MLIs and their control are

industrial applications. The following work seeks to presat
a novel power inverter structure featuring a low amount of
devices for a multi-level converter with an asymmetric casaded
connection. The suggested architecture consists of a moaifi T-
type structure and a half-bridge inverter that is back-to-back
connected. The proposed circuit includes five dc voltage soes
and nine semiconductor switches that generate 23 levels. Show
the superiority of the proposed structure, a detailed compéson
is made with other comparable multi-level converter strucures.
Simulations in MATLAB/Simulink are shown to validate the
behaviour of the proposal.

Index Terms—symmetric and asymmetric, optimal struc-
ture,cascaded multi-level converter.

I. INTRODUCTION

developed in [14], [15]. The main driving force for the desig
of new multilevel inverter structures is the reduction oé th
components count and total standing voltage (TSV) of the
structures [16]-[18].

This research proposes a new module MLI which reduces
the components count compared to other MLI structures. The
total standing voltage is also reduced in this structurextNe
new cascaded MLI is introduced by choosing the magnitude of
dc sources differently. The capability of the proposedcitre
is demonstrated by a comparison between the new archigectur
and other MLIs, including aspects such as quantity of deyice
dc sources and the amount of TSV on switches.

Il. PROPOSEDSTRUCTURES

Multi-level inverters (MLI) are the main selected power eon
version devices in industrial applications. These appiies A. Proposed New Module

mostly comprise motor drives for all voltage and power rat- This paper seeks to introduced the general basic archigectu
ings. Multi-level inverters are also finding their applicais in  of a 23 voltage-level optimal inverter which is depicted in
grid-connected systems, uninterruptible power supplySJJP Fig. 1. The module has five dc sources along with nine
electric vehicles and FACTS devices. All these applicatiare unidirectional switching devices,, S1, Sa, So, Ty, 11, T», Ts
possible due to the ability of the MLI to provide a better atitp and one bidirectional switchS;. Dc sources values are
voltage with a more sinusoidal shaped waveform, improve®; = V,, V5,V, = Vs) wich are all different. Therefore,
efficiency due to lower switching frequency operation ofe proposed structure offers an asymmetric structures Thi
switches, lower blocking voltage requirement with reduceiodule uses a two-switch configurations: unidirectional an
dv/dt and improved electromagnetic compatibility. Anothepidirectional. To avert short-circuits in the dc sourcese t
positive impact of MLI is the reduction of the filter size andinidirectional switchess,, S;, So, So, Sz, Ty, Ty, Ts, T> oper-
cost due to reduced harmonics at the output [1]-[7]. Thge in an opposite mode. In this basic module, switchied
conventional multi-level inverter structures with the uistfial  are used to generate positive levels and switchgd’ are
application include flying capacitor (FC), cascade H-beidqused for negative levels. Considering this informatiorpl@a
(CHB) multi-level and neutral point clamped (NPC) invester| details the feasible switching combinations of the sutgps
[8]-[11]. Cascaded H-bridges inverter makes for modutatiz module. The optimal module creates nine levels by choosing
design and package. In CHB, the output levels count may @ values of dc sources equally. If these magnitudes are
double than the count of dc sources. CHB can be classifigifferent, the suggested inverter will generate more gata
into two groups: asymmetrical and symmetrical structureigvels. In this paper, they are considered as follows:

which are given by the dc source magnitudes. For a symmetric

architecture, the magnitude is the same for the different dc Vi=Ve=1Va 1)
voltage sources. For an asymmetrical architecture, the dc Vs = 3Vie @)
sources magnitudes are selected differently to reach maesim

output voltage level [12], [13]. Vi="Vs =06V )
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Fig. 1: Topology of the proposed twenty-three levels correr
TABLE I: Available Switching of the Twenty-Three Levels ogrter
No. OutputVoltages S S S3 Ti1 T1 T2 To
1 +11Vy4, 1 1 0 1 0 0 0
2 +10Vy, 0 1 1 1 0 0 0
3 +9Vye 0 1 0 1 0 0 0
4 +8Vye 1 0 0 1 0 0 0
5 +7V4e 0 0 1 1 0 0 0
6 46V, 0 0 0 1 0 0 0
7 +5V4e 1 1 0 0 1 0 0
8 +4Vy. 0 1 1 0 1 0 0
9 +3Vye 0 1 0 1 1 0 0
10 +2Vy. 1 0 0 1 1 0 0
11 +1Vye 0 0 1 1 1 0 0
12 0 1 1 0 0 0 0 1
13 —1Vye 0 1 1 0 0 0 1
14 —2Vye 0 1 0 0 0 0 1
15 —3Vie 1 0 0 0 0 0 1
16 —4Vy. 0 0 1 0 0 0 1
17 —5V4c 0 0 0 0 0 0 1
18 —6Vyc 1 1 0 0 0 1 0
19 —TVie 0 1 1 0 0 1 0
20 —8Vie 0 1 0 0 0 1 0
21 —9Vye 1 0 0 0 0 1 0
22 —10Vyge 0 0 1 0 0 1 0
23 —11Vy, 0 0 0 0 0 1 0

The TSV of the switching devices of this inverter is:

TSV =Va14+ Vs +Vsa+Vae+Vss+Vri + Vi + Ve + Vg
(4)

The blocking voltage of the pair of switches is equal to:

Va1 =Vg (5)
Vs2 = Vg (6)
Vi = Vipg (7)
Vra = Vs (8)

Thus, TSV by the power switch can be written as follows:

TSV =2(Vs1 + Vo + Viq + Vo) + Vs 9)

After calculation, the amount of TSV on each switch is
obtained as:

Vs1 =2V; (10)

Vga = 2V5 (11)

Vsg =01 (12)
Vip=2Vi+Va+ Vs (13)
Vra=Vi+Va+ V3 +Vy (14)

Considering the above relations and (9)SV is defined as:
TSV =13Vi +6(Va + V3) (15)

B. Proposed Cascaded Connection

Cascading several modules is another way to grow the level
counts (Fig. 2). In order to maintain the modularity, each
module connected in cascade is assumed to be identical, i.e.
the number of components is constant. This will generate
more levels count from the cascade connection with a constan
number of devices. The equations of components BS54
for the proposed configuration with modules are detailed in
Table II.

TABLE II: Equation of Cascaded Connection

Based on numbern modules

No. Switches In
No. Drivers In
No. IGBTs 12n
No. Diodes 12n
No. Dc Sources 5n
TSV 2?21 13V1; + 6Va; +6V3;

IIl. COMPARISONSSTUDIES

In this section a comparative study considering three cas-
caded MLIs detailed in [8], [11], [16], is presented. This
analysis is done to show the capability of the suggested
structure.

Table Il gives the comparison of the different basic modules
of the proposed structure, considering the quantity of com-
ponents, dc sources and TSV against the quantity of levels
in operation mode Il and mode Ill. Various amounts of dc
sources are chosen within the presented structures [8], [11
[16]. Thus, in all the structures the best modes of operation
are selected which can create a maximum number of levels
with the fewer devices count. For the selected structurgs [8
[11] and [16] two operation modes are considered for a better
comparison according to Table IV.

The variation of switches count against the levels count
in all presented structures and the proposed structurellare a
modes indicated in Fig. 3(a). It can be seen that the proposed
cascaded MLI produces the same voltage levels count wish les
switch counts compared to other cascaded MLIs. For example,
the proposed structure for the generating 31 voltage levels
in the proposed mode Il required nine switches and [16] in
mode I, twenty-two switches and other structures need up to
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TABLE Ill: Magnitudes Values of dc Voltage Sources and OtRarameters

Modes Mode | Mode II Mode Il
Magnitudes Vlj = ng = Ve, Vlj = VQJ' = 23‘7_1Vdcv
dc voltage sources Vlj = ng = V3j = V4j = V5j = Vdc V3j = 3Vdc, V3j = 3(23j71)VdC,
for ] =1, 2, BRI ¢ V4]' = V5]' = GVdC V4]' = V5‘7' = 6(23j_1)vdc
Maximum load voltage AnVy, 11nVy, [(23™ — 1) /2]Vge
Number of levels dn+1 22n 41 23"
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Fig. 2: The cascade arrangement of proposed structure.

twelve switches. In the proposed structure, the drivenstds
same as the switches count; so another benefit of the proposed
structure is the reduction of the drivers count.

The variation of IGBTs count against the levels count
among proposed cascaded MLI and other cascaded MLIs are
displayed in Fig. 3(b). The proposed structure producesesam
levels count with less IGBT count compared to other MLI
structures. Similarly, the proposed structure for genegadl
voltage-levels based on mode Il requires ten IGBTs, which
are lesser amount of IGBTs required compared to mode Il in
[16], which require twenty-three IGBTs and other structure
need up to twelve IGBTSs.

Reducing the number of dc voltage sources has been another
important criterion in selecting an MLI. Fig. 3(c) indicate
the variation between the dc voltage sources count required
among the proposed structure and other MLI structures in all
modes. According to Fig. 3(c), the proposed structure ereat
same number of levels with lower dc voltage sources in mode
Il compared to [11], [16] in mode I, except for the CHB and
[16] in mode II.

Fig. 3(d) displayed the variation betweéh, i, and levels
countin the proposed cascaded MLI and other cascaded MLIs.
As can be seen from Fig. 3(d), the cascaded MLI in mode II,
creates the same amount of level counts with [oWgF; i,
compared to other MLI structures.

The variation in TSV compared to the levels count among
the proposed MLI structures are indicated Fig. 3(e). The ISV
values are different in classical CHB and for present stmect
and MLI structures presented [16] are the same in both of the
proposed modes.

According to Fig. 3(d), the proposed cascaded structure is
decreasing the value of TSV compared to other MLI structures
except CHB. The CHB must be supplied differently with a
higher rate of switches because the rate of voltage on segtch
is higher in each unit than in the proposed structure. Alsi, i
clear that CHB structures require many switches, IGBT, and
drivers in comparison with the proposed cascaded structure

Generally, the application of autonomous dc voltage
amounts is not possible within MLI structures and the sug-
gested structure. There are two options for solving thigass
the first option applies the multistep transformer that ocain s
a desired input voltage by modifying the secondary turns of
the transformer [17]. The second option is employing dc-dc
converters that can generate the desired input voltage [18]

Therefore the proposed cascaded structure reduces the com-

ponents count based on this comparison using the same levels
count than other cascaded MLIs.



TABLE IV: Comparison Component Count and Other Calculatadaeters in different MLIs Structures and Proposed Siract

CHB (BUMLI) [11] (ST-Type) [16] Proposed
Binary | Tinary Il Mode | Mode 11 Mode | Mode 11 Mode 11 Mode 111
N. Switches  4[logi™"* "D —1]  4logl™  [(5NL)+87]/12 510g%N[‘+5> 8 (N —1)/2 10log N~ 9(Ny, — 1)/22 9loghit
N.IGBTs  4logi™* ™ —1]  4loght  [(5NL) + 87]/12 5logi VL T8 3(NL —1)/4  12log)F 10(Np — 1)/22 10logo
N. Diodes  4[log V=™ 1] 4loglt (5N +87)/12 5logi VL8 3(NL —1)/4  12logyE  10(Np —1)/22 12log o
N. dc sources  [logiV 2+ —1) logh't (Np +7)/4 [BlogNE T/ L1 (v —1)/4 4logNr 5(Np — 1)/22 5loght
TSV (x Vi) 2(Np — 1) 2(NL —1)  [(10Np) —9]/3 [(TNp) — 2]/2 5(Np —1)/2  5(Np —1)/2 67(Np —1)/22 67(Ng —1)/22
Nvariety [10ggNL+l) —-1] logévL 2 logéNLer/8 2 2 logjl\;’“ (Np —1)/22 310gé\73L
Negative Level With H-bridge With H-bridge Inherent Inhetre

IV. SIMULATION RESULTS 600 First unit output voltage (v)

In order to test the cascaded MLI, a single-phase 45-leveloo
cascade structure using mode Il is simulated under MAT200
LAB/Simulink software. Fig 4. indicates the power struetur o
of the single-phase 45-level proposed cascaded strudtate t 200
comprised two basic modules. The whole of semiconductor00

devices such as switches and diodes are supposed ideal A0,
this simulation. Here, the selected values of input dc gata
sources are established on mode Il i@, = V51 = Vi =
‘/272 =50V, ‘/371 = ‘/372 =150V, andV471 = ‘/572 = 300V.
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Fig. 4: Power structure of proposed single-phase 45 le\adsaded MLI.
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i\ i\ structures [19]. In the proposed cascaded MLI for productio
Ty 1 ]

of the gate pulse of switches, the fundamental frequency

control switching is applied because this strategy works
with the fundamental frequency. Namely, this strategy surn

The peak of the output voltage is 110thaving a voltage 0N _and tur_ns off switches oqu one time in each switching
step of 50/ with 50H = output frequency. For this simulation,Period, which reduces the switching losses compared ta othe
the kind of load is a series connected R-L load with amoun#itching strategies [20].

of 15002 and 10nH.
Fundamental

frequency commutation,

The output voltage curves of two cascaded module in each
space vectorodule of the proposed cascaded MLI are illustrated in Figs.

(SVPWM) and pulse-width modulation (PWM) technique$(a) and (b), respectively. Both inverters create the saahees
are conventional control strategies for the switching ofIMLof voltages from 0 to+550V with step of 50/ for the
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Fig. 3: Variation of; (a) switches count against, ; (b) IGBT count againstVy,; (c) dc voltage sources count agaimst,; (d) N,ariety againstNy; (e) TSV againstNy,.

positive and negative voltages. The 45-levels of the sugdes

Fundamental (50Hz) = 1100 , THD= 0.03%

005 cascaded MLI is illustrated in Fig. 5(c) which is very close
E 0.04 to a sinusoidal curve. The voltage’s peak of the cascaded
é 003l | connection is 1100 with a voltage step of 50. Fig. 5(d)
= illustrates the current output curve of two cascaded madule
g % ‘ I that peak of current i8.3A. FFT values for the output current
Z o0 | and voltage are shown in Figs. 6(a) and (b). From this figure,
o I||Illmm.............. ........... it is evident that the value of FFT for the load voltage is 0403
0 10 THarmonic order 0 * and for the output current is 0.86%.

2 Fupdamental SOI2) = 7331 THD=086% The simulation results of suggested cascaded inverters re-
?;)\1& | confirm the proposal of new suggested topology based on
E theoretical design. The suggested cascaded inverteragener
Z o sinusoidal waveform at the output with low harmonics withou
:\5 LC output filters that it can account a superior advantage of
205 | the suggested structure.
=

ot 1 .|.||.|._.|.|.|.|.| |

0 10 20 30 40 50 V. CONCLUSION
Harmonic order
Fig. 6: FFT analysis; (a) for output voltage; (b) for outputrent. A new 23-level optimal inverter structure has been intro-

duced in this paper with the advantage of having reduced



switching device and dc voltage sources as well as blocking] Nazemi Babadi, O. Salari, M. J. Mojibian and M. T. Bina, &ilified

voltage. To achieve all levels, two different modes of dda-vol
age selection have also been presented. Both of these mode

Multilevel Inverters With Reduced Structures Based on BdtkCell,”
in IEEE Journal of Emerging and Selected Topics in PowertElaics,

Svol. 6, no. 2, pp. 874-887, June 2018.

reduce the need for switching devices count and blocking vol[8] M. Manjrekar and T. A. Lipo, “A hybrid multilevel invertestructure

age, which makes the proposed structure more practical. An _ _
] M. A. Hosseinzadeh, M. Sarbanzadeh, L. Yazdani, E. Saddeh and

in-depth comparison with other recently presented strastu
demonstrates the benefit of the presented asymmetriciateuct
The theoretical explanation of the suggested structure V\faS

verified by simulations.
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