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This paper proposes a developed basic Multi-Level Inverter (MLI) topology that is commercially suited
for higher number of levels. The suggested topology can produce larger ratios of steps per DC sources,
switches, gate-driver circuits and total devices than recently presented similar structures. The increased
levels of suggested topology has led to low Total Harmonic Distortion (THD) and better power quality.
Accordingly, the output-side filter can be removed or its size can be reduced. Also, the proposed topol-
ogy doesn’t employ an H-bridge to produce negative levels. So, the total voltage stress on switches is
reduced in great extent. All the aforementioned properties make the suggested topology a compact, light
and cheaper structure. Also, the suitability for supplying resistive-inductive (R-L) loads is another merit
of suggested topology. Since the magnitude of DC sources influences the number of levels, three dif-
ferent scenarios have been considered for selecting magnitude of DC sources in basic topology. Then,
the switching states, key parameters and blocking voltage on switches of suggested basic topology have
been presented for each scenario. In the following, the generalized topology have been proposed that
is consisted of cascaded basic units. Then, a generalized methodology has been suggested for selecting
magnitude of DC sources in generalized topology to minimize redundant switching states and maximize
number of voltage levels. To verify properties of suggested topology, it has been compared with similar
novel structures. Also, to check correct performance of suggested topology, its basic version has been sim-
ulated in PSCAD/EMTDC software. The comparison and simulation outcomes certify advantages and
correct operation of proposed topology. © 2020 Journal of Energy Management and Technology
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NOMENCLATURE

NSource Number of DC sources

NSwitch Number of switches

NIGBT Number of IGBTs

NDriver Number of gate-driver circuits

NLevel Number of voltage levels

NDevice Number of total devices

NVariety Variety of DC sources

Vo,max Maximum output voltage

VS Voltage stress

TVS Total voltage stress

1. INTRODUCTION

The conventional two-level inverters suffer from high Total Har-
monic Distortion (THD) and low power quality issues, which
necessitates employment of a bulky filter at the end-side [1].
Also, at medium or high power applications, the semiconduc-
tors are imposed to high voltage stress that leads to increased
cost and loss and reduced efficiency. The aforementioned prob-
lems have been resolved by the advent of Multi-Level Inverters
(MLIs) [2]. Simple structure, reduced output voltage THD, high
power quality, low EMI, low dv/dt and low voltage stress on
devices are the main merits that have increased popularity of
MLIs [3, 4]. In recent decades, various MLI structures have been
presented in the literature that can be categorized into 3 groups:
Cascaded MLIs (CMLIs), Diode-Clamped MLIs (DCMLIs) and
Flying Capacitor MLIs (FCMLIs) [5–9]. This work concentrates
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only on DCMLIs. The CMLIs are formed by DC sources and
semiconductors. Many sources and semiconductors are required
to produce high levels, which leads to increased cost, weight,
size and losses of converter. But, the effect of DC sources on
size and cost of MLIs is much more than semiconductors. So,
the reduction of DC sources is one of the main objectives of pre-
sented MLI structures. The number of semiconductors (switches
or diodes) and gate-driver circuits are also important factors
that directly influences the size/cost of inverter. Note that the
unidirectional and common-emitter bidirectional switches re-
quire only one gate-driver circuit, where non-common-emitter
bidirectional switches need two gate-driver circuits. Thus, an-
other main design purpose of CMLIs is to produce maximum
levels by means of minimum switching devices. A new 35-level
developed H-bridge based inverter has been presented in [10]
that benefits from large ratio of number of steps per number
of sources and switches, but the high voltage stress on Su and
Sd switches is its main shortcoming. A new reduced-source
switched-capacitor based CMLI topology with voltage boost-
ing capability has been presented in [11]. Similar to [10], the
large voltage stress on Su and Sd switches is considered is its
big disadvantage. The [12–14] have presented extendable basic
units for CMLIs that require an H-bridge to produce negative
steps. So, the maximum output voltage is imposed to switches
of H-bridge, which increases the total voltage stress of converter.
The large number of bidirectional switches (IGBTs) and sources
required at extended versions, is another drawback of [12–14].
Two symmetrical compact 7 and 13-level CMLIs with decreased
conducting switches have been presented in [15]. The large num-
ber of bidirectional switches (IGBTs), driver circuits and sources
required for increased levels are disadvantage of [15]. Another
basic unit has been presented in [16] that requires an H-bridge
to generate zero and negative levels. Consequently, the total
voltage stress of converter is increased. Another 13-level basic
inverter (called "envelope type") with reduced voltage stress on
switches has been presented in [17]. The low ratio of levels to
sources as well as large number of devices on current flow path
are disadvantages of [17]. A 21-level basic topology has been pre-
sented in [18]. The topologies presented in [17, 18] can produce
negative levels without an end-side H-bridge. So, the total volt-
age stress is decreased. The large voltage stresses on switches
and numerous devices on current path are disadvantages of [18].

This paper suggests a modified basic topology (derived from
[19]) that produces higher maximum output voltage and larger
ratio of steps per devices (sources, switches, gate drivers) than
[19]. The proposed basic topology can produce negative and
zero levels without an end-side H-bridge. This reduces the total
voltage stress of converter. The suggested basic units can be
cascaded to achieve more steps. Also, the suggested topology
can efficiently supply the resistive-inductive (R-L) loads. In the
following, the suggested basic topology is introduced and its
operational modes and switching states for three different sets
of DC sources are illustrated. The extended version of suggested
basic topology is investigated in Section 3. The comparative
analysis and modulation technique are presented in Sections
4 and 5. The simulation outcomes are given in Section 6. The
conclusions are presented in Section 7.

2. PROPOSED BASIC TOPOLOGY

A. Topology of basic topology
The suggested basic topology (shown in Fig. 1b ) has been
derived from topology presented in [19] (shown in Fig. 1a).
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Fig. 1. (a) 25-level topology presented in [19], (b) Proposed
basic topology.

The topology of [19] produces 25 voltage levels by means of 4
DC sources, 4 bidirectional and 6 unidirectional switches. In
order to produce negative, zero and positive levels, the DC
sources on each leg of [19] must be identical. This increases
the redundant states and decreases distinct voltage steps. This
problem has been resolved in proposed topology by adding
only 5 switches, where the amplitude of DC sources can be
freely selected such that maximum possible (distinct) voltage
levels be achieved. The suggested basic unit is formed by 4
DC sources (the same as [19]) and 15 power switches. The S1,
S2, S5, S6, T2, and T3 switches are unidirectional (realized by
an IGBT and an antiparallel diode) and the others are bidirec-
tional switches (two series-connected common-emitter IGBTs
with antiparallel diodes). Since the common-emitter bidirec-
tional switches require only one gate driver circuit, the total
demanded driver count (NDriver) of suggested basic unit is the
same as switch count (NSwitch). The total component count (de-
fined as NSource + NSwitch + NDriver) is equal to NDevice = 34.
So:

NSource = 4, NSwitch = 15, NDriver = 15, NDevice = 34 (1)

B. Operation of basic topology
The number of levels of MLIs is depended on the magnitude of
input DC sources. In this subsection, the operation of proposed
topology during three different scenarios and sets of DC sources
is investigated.

B.1. Symmetric form (P1)

This scenario is known as "Symmetric" version, where the size
of input sources are the same (V1 = V2 = V3 = V4 = Vdc). Table
1 illustrates switching scheme of proposed basic symmetric unit.

As seen from Table 1, the proposed symmetric basic topology
has 79 switching states but only 9 of them lead to distinct voltage
levels of 0, ±Vdc, ±2Vdc, ±3Vdc and ±4Vdc (NLevel = 9). The
other remaining 70 switching states are all redundant. Also, the
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maximum producible output voltage is Vo,max = 4Vdc. Since
all the input DC sources are the same, the variety number of
sources is 1.

Vo,max,P1 = 4Vdc, NVariety,P1 = 1

NLevel,P1
= 2(Vo,max,P1 /Vdc) + 1 = 9

(2)

Please note that the variety of DC sources is equal to number of
distinct (unique) amplitudes that have been considered for DC
sources.

The Voltage Stress (VS) and Normalized Voltage Stress (NVS)
on switches of suggested basic structure during first scenario (P1)
have been shown in Table 2. It is observed that only 2 switches
(T2, T3) have VS of Vo,max, the VS on other switches is much less
than Vo,max. Note that, high VSs increases expense and losses of
switches and decreases efficiency of converter. The Average of
Normalized Voltage Stresses (ANVS) on switches is about 56.7%,
which is almost half of Vo,max.

B.2. First asymmetric form (P2)

In this Scenario, the amplitude of input sources are supposed
to be V3 = V4 = 2V1 = 2V2 = 2Vdc. Table 3 illustrates the
switching pattern of proposed basic topology and produced
output voltage levels during second scenario.

Table 3 shows that the first asymmetric form of proposed
basic topology can produce 13 different voltage levels of
0,±Vdc, . . . ,±5Vdc and ±6Vdc (NLevel = 13). So, compared with
symmetric version, the redundant switching states has decreased
from 70 to 66, which still is considerable amount. The peak out-
put voltage is 6Vdc and variety number of DC sources is 2.

Vo,max,P2 = 6Vdc, NVariety,P2 = 2

NLevel,P2 = 2(Vo,max,P2 /Vdc) + 1 = 13
(3)

The VS on switches of proposed basic topology in second sce-
nario have been shown in Table 4. As evident from Table 4, the
VS on T2, T3 switches is Vo,max and the this amount for other
switches is less than Vo,max. The least NVS is about 16.67% that
belongs to S3 switch. Also, the ANVS is about 60%, which is
slightly higher than that of symmetric version (P1).

B.3. Second asymmetric form (P3)

As presented in Sub-sections B.1 and B.2, there exists numerous
redundant switching states in first and second scenarios. In third
scenario, the size of input sources are chosen as (4) to reduce
redundant states and increase number of diverse steps.

V1 = Vdc, V2 = 2Vdc, V3 = 7Vdc, V4 = 14Vdc (4)

The switching pattern of proposed basic topology in such situa-
tion (P3) has been shown in Table 5. As seen, the suggested basic
unit produces 49 unique voltage levels of 0, ±Vdc, . . . ,±23Vdc
and ±24Vdc (NLevel = 49) by applying third scenario. The max-
imum output voltage and also the variety number of input
sources are respectively 24Vdc and 4 as (5). Vo,max,P3 = 24Vdc, NVariety,P3 = 4

NLevel,P3 = 2(Vo,max,P3 /Vdc) + 1 = 49
(5)

The VS and also the NVS on switches of proposed basic unit
in third scenario have been shown in Table 6. Similar to 1st and
2nd scenarios, the VS of T2, T3 switches is Vo,max. But, the VS of
other switches are much less than Vo,max. The least NVS belongs
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Fig. 2. Proposed cascaded topology.

to S3, which is about 8.3%. The ANVS of proposed basic unit in
third scenario is about 68% that is higher than that of 1st and 2nd

scenarios.

3. PROPOSED CASCADED TOPOLOGY

A. Topology

The proposed extended topology with increased number of lev-
els can be realized by cascading suggested basic units, as shown
in Fig. 2. The proposed cascaded topology is consisted of 4n
input DC sources, 15n switches and 15n gate driver circuits, as
presented in (6). The number of required unidirectional and
bidirectional switches are 9n and 6n, respectively. The total
number of required devices of proposed cascaded topology is
NDevice = 34n.

NSource = 4n, NSwitch = NDriver = 15n, NDevice = 34n (6)

B. Decision on magnitude of DC sources

As mentioned in Section 2, the number of levels in MLIs directly
depends on magnitude of DC sources. This section proposes
an algorithm for choosing the size of DC sources in suggested
cascaded topology, by which the redundant states are reduced
and number of steps are increased. The Vi1, Vi2, Vi3 and Vi4
represent the input DC sources of cascaded ith unit. Note that
the size of each DC source is equal to maximum producible
voltage of previous sources plus Vdc, as (7).

V11 = Vdc, V12 = 2Vdc, V13 = 7Vdc, V14 = 14Vdc

Vj1

(j=2,··· ,n)︷︸︸︷
=

(
j−1
∑

i=1

(Vo,maxi
Vdc

)
+ 1

)
Vdc

Vj2 = 2Vj1, Vj3 = 7Vj1, Vj4 = 14Vj1

(7)

By simplifying (7), the magnitude of input DC sources of ith unit
can be achieved as (8). Vi1 = 25(i−1)Vdc, Vi2 = 2 × 25(i−1)Vdc

Vi3 = 7 × 25(i−1)Vdc, Vi4 = 14 × 25(i−1)Vdc
(8)
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Table 2. Voltage Stress (VS) on switches of proposed symmetric basic topology (P1)
Switch VS NVS [%] Switch VS NVS [%]

S1 V1 + V2 = 2Vdc 50 Su3 V1 + V3 + V4 = 3Vdc 75

S2 V4 + V3 = 2Vdc 50 Sd1 V3 + V4 = 2Vdc 50

S3 V2 = Vdc 25 Sd2 V1 + V2 + V4 = 3Vdc 75

S4 V4 = Vdc 25 Sd3 V2 + V3 + V4 = 3Vdc 75

S5 V1 + V2 = 2Vdc 50 T1 V1 + V4 = 2Vdc 50

S6 V4 + V3 = 2Vdc 50 T2 V1 + V2 + V3 + V4 = 4Vdc 100

Su1 V4 + V3 = 2Vdc 50
T3 V1 + V2 + V3 + V4 = 4Vdc 100

Su2 V4 = Vdc 25

Average of VSs= ∑ VSS,T
Nswitch

2.267 Vdc Average of NVSs= ∑ VSS,T
Nswitch×Vo,max

56.67%

Table 4. Voltage Stress (VS) on switches of proposed basic topology in second scenario (P2)
Switch VS NVS [%] Switch VS NVS [%]

S1 V1 + V2 = 2Vdc 33.33 Su3 V1 + V3 + V4 = 5Vdc 83.33

S2 V4 + V3 = 4Vdc 66.67 Sd1 V3 + V4 = 4Vdc 66.67

S3 V2 = Vdc 16.67 Sd2 V1 + V2 + V4 = 4Vdc 66.67

S4 V4 = 2Vdc 33.33 Sd3 V2 + V3 + V4 = 5Vdc 83.33

S5 V1 + V2 = 2Vdc 33.33 T1 V1 + V4 = 3Vdc 50

S6 V4 + V3 = 4Vdc 66.67 T2 V1 + V2 + V3 + V4 = 6Vdc 100

Su1 V4 + V3 = 4Vdc 66.67
T3 V1 + V2 + V3 + V4 = 6Vdc 100

Su2 V4 = 2Vdc 33.33

Average of VSs= ∑ VSS,T
Nswitch

3.6Vdc Average of NVSs= ∑ VSS,T
Nswitch×Vo,max

60%

Table 6. Voltage Stress (VS) on switches of proposed basic topology in second scenario (P3)
Switch VS NVS [%] Switch VS NVS [%]

S1 V1 + V2 = 3Vdc 12.50 Su3 V1 + V3 + V4 = 22Vdc 58.33

S2 V4 + V3 = 21Vdc 87.5 Sd1 V3 + V4 = 21Vdc 87.5

S3 V2 = 2Vdc 8.33 Sd2 V1 + V2 + V4 = 17Vdc 70.83

S4 V4 = 14Vdc 58.33 Sd3 V2 + V3 + V4 = 23Vdc 95.83

S5 V1 + V2 = 3Vdc 12.5 T1 V1 + V4 = 15Vdc 62.5

S6 V4 + V3 = 21Vdc 87.5 T2 V1 + V2 + V3 + V4 = 24Vdc 100

Su1 V4 + V3 = 21Vdc 87.5
T3 V1 + V2 + V3 + V4 = 24Vdc 100

Su2 V4 = 14Vdc 58.33

Average of VSs= ∑ VSS,T
Nswitch

16.33Vdc Average of NVSs= ∑ VSS,T
Nswitch×Vo,max

68%

Also, Vo,maxi represents peak output voltage of ith unit that can
be obtained from (9).

Vo,maxi=Vi1 + Vi2 + Vi3 + Vi4 = 24 × 25(i−1)Vdc (9)

The maximum output voltage and also the number of steps of
suggested structure with n cascaded units can be computed re-
spectively from (10) and (11). The (10) and (11) confirm that the
maximum output voltage and number of levels of proposed cas-
caded topology dramatically increase by increment of cascaded
units (n). For example, the maximum output voltage and num-
ber of levels of suggested extended topology with only two cas-
caded units (n=2) are considerable amounts of Vo,max = 624Vdc
and NLevel = 1249, respectively.

Vo,max =
n

∑
i=1

Vo,maxi = (25n − 1)Vdc (10)

NLevel = 2(Vo,max/Vdc) + 1 = (2 × 25n)− 1 (11)

The variety of DC sources in proposed cascaded topology is
NVariety = 4n.

C. Voltage stress calculations

The VS on switches of suggested cascaded converter is investi-
gated in this subsection. It is observed from Tables 2, 4, and 6
that the VS on switches of suggested basic unit are as (12):

VSSi1 = VSSi5 = (Vi1 + Vi2)

VSSi2 = VSSi6 = VSSiu1 = VSSid1
= (Vi3 + Vi4)

VSSi3 = (Vi2), VSSi4 = VSSiu2 = (Vi4)

VSSiu3 = (Vi1 + Vi3 + Vi4), VSSid2
= (Vi1 + Vi2 + Vi4)

VSSid3
= (Vi2 + Vi3 + Vi4), VSTi1 = (Vi1 + Vi4)

VSTi2 = VSTi3 = (Vi1 + Vi2 + Vi3 + Vi4)

(12)
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Fig. 3. ANVS of suggested cascaded topology for various
number of cascaded units (n).

So, the Total Voltage Stress (TVS) on switches of unit i can be
obtained by (13):

TVSi = ∑ VSSi ,Ti ,Sui ,Sdi

= (7Vi1 + 7Vi2 + 8Vi3 + 12Vi4)
(13)

The TVS of proposed cascaded topology (with n cascaded unit)
can be achieved by replacing (8) in (13) and summing up the
TVS of cascaded units (TVSi), as (14):

TVS =
n

∑
i=1

TVSi =
245
24

(25n − 1)Vdc (14)

The ANVS of suggested cascaded topology can be calculated
from (15):

ANVS =

[
n
∑

i=1
VSi/ (NSwitch × Vo,max)

]
= [49/ (72n)]

(15)

The ANVS of suggested cascaded topology (with n cascaded
units) has been illustrated in Fig. 3. This figure shows that the
ANVS of suggested topology is always less than 70%. Also, it is
observed that by increment of cascaded units (n), the ANVS of
suggested converter dramatically decreases. For example, the
ANVS of suggested converter with 4 cascaded units is less than
20%.

4. COMPARISON RESULTS

To validate superiority of suggested cascaded topology over
other similar structures, it has been compared with [16–18]
and conventional Cascaded H-Bridge (CHB) inverter [20]. The
comparisons have been done from viewpoints of number of
DC sources (NSource), switches (NSwitch), IGBTs (NIGBT), gate
driver circuits (NDriver), total devices (NDevice), number of lev-
els (NLevel), variety of DC sources (NVariety), maximum output
voltage (Vo,max) and Total Voltage Stress (TVS). The comparison
outcomes have been shown in Table 7 and Figs. 4-9. Based on
Fig. 4, the suggested topology produces larger steps per DC
sources than [16–18, 20]. In other words, at equal-level versions,
the suggested topology utilizes less DC sources than [[16–18, 20].
Thus, the proposed converter will be cheaper, lighter and more
compact than [16–18, 20]. Also, Fig. 4 indicates that with the
same number of sources, the suggested topology can produce
more levels than [16–18, 20]. According to Fig. 5a, the suggested

 

Fig. 4. Number of levels versus number of sources.
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Fig. 5. Number of levels versus number of (a) Switches (or
driver circuits); (b) IGBTs.

structure requires less switches and gate driver circuits than
[16–18, 20] to generate equal number of levels, which leads to
simple, small and cheaper structure and easy control strategy.
The proposed topology utilizes several bidirectional switches,
realized by two IGBTs. Then, the number of required IGBTs
has also been investigated in Fig. 5b. This figure shows that
at equal-level versions, the proposed topology requires more
IGBTs than [16, 20]. From this point of view, the suggested con-
verter has better condition than [17, 18]. Fig. 5b indicates that
the suggested structure can produce more steps than [17, 18]
with equal IGBTs. According to Fig. 6, with the same number
of devices, the suggested topology generates more levels than
[16–18, 20], which leads to less THD and accordingly reduced-
size output filter. Also, the suggested structure requires fewer
devices than other structures to produce equal number of levels.
This property results in a reduction in size, weight and expense
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Table 7. Comparison results
Topology [16] [17] [18] CHB Proposed (Cascaded)

NSource 3n+1 4n 3n n 4n

NSwitch 5n+6 8n 10n 4n 15n

NIGBT 5n+6 10n 12n 4n 24n

NDriver 5n+6 8n 10n 4n 15n

NLevel 2(n+3) − 5 12n+1 20n+1 2(n+1) − 1 2(25)n − 1

NDevice 13n+13 20n 23n 9n 34n

NVariety 3n+1 2 3 n 4n

Vo,max/Vdc 2(n+3) − 3 6n 10n 2n − 1 (25)n − 1

TVS/Vdc 7(2(n+2))− 22 20n 44n 4[2n − 1]
(

245
24

) [
(25)n − 1

]

 

Fig. 6. Number of levels versus number of total devices.

of converter.
Fig. 7 shows maximum output voltage (Vo,max) versus num-

ber of devices. Based on Fig. 7, the proposed converter uses
fewer components than [16–18, 20] to generate desired out-
put power (orVo,max), which reduces volume and expense of
proposed converter. Similar to Fig. 6, by employing equal
count of components, the proposed structure generates higher
Vo,max (and consequently higher output powers) than [16–18, 20],
which is an important advantage.

Fig. 8 shows that for different number of cascaded units, the
ANVS of proposed converter is higher than [16–18], which is
the main drawback of suggested topology. It must be note that
the size, cost and loss of switches are increased by increment
of ANVS. From this point of view, the [20] has worst condition.
It is evident from Fig. 8 that the ANVS of suggested structure
is always less than 70%.It is also observed that by increment of
cascaded units (n), the ANVS of suggested topology dramatically
decreases. For n>5, the ANVS of proposed topology is around
10%, which is small enough and acceptable. The variety of DC
sources influences the total cost of converter. Higher varieties
lead to increased cost. According to Table 7 and Fig. 9, the
least varieties belong to [17, 18] with 2 and 3 sets of sources,
respectively. Also it is observed that the (NLevel/NVariety) of
suggested converter is higher than [16, 20].

5. NEAREST LEVEL MODULATION STRATEGY

In this paper, the nearest level or so called "fundamental fre-
quency" strategy has been employed for producing switching
pulses. In this method, the reference waveform (with fundamen-
tal frequency of 50[Hz] and maximum amplitude of peak posi-

 

Fig. 7. Peak output voltage versus number of total devices.

 

Fig. 8. ANVS on switches versus number of cascaded units
(n).

tive level) is compared with producible voltage steps. Then, the
closest step to reference is produced. Note that the desired volt-
age levels are produced based on the switching tables presented
in Section 2. The ratio of amplitude of reference waveform to
peak positive level is called modulation index. The difference
between reference and producible voltage levels (called "error")
for both positive and negative half cycles has been shown in Fig.
10. It is seen that when the error reaches to its top value (0.5),
the level changes.

6. SIMULATION RESULTS

To evaluate correct operation of suggested structure, it has been
simulated in PSCAD/EMTDC. The parameter values used in
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Fig. 9. Number of levels versus variety number of DC sources.
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Fig. 10. Nearest level modulation technique, (a) Positive, (b)
Negative, half cycle.

simulations for previously stated 3 scenarios have been pre-
sented in Table 8.

Table 8. Simulation parameters

Scenario DC sources
V1, V2, V3, V4

Load
(R,L)

Modulation
index (m)

Fundamental
frequency (f )

1st (P1)
10[V],10[V],
10[V],10[V] 40[Ω], 0.1[H]

0.98 50[Hz]2nd(P2)
10[V],10[V],
20[V],20[V] 60[Ω], 0.15[H]

3rd(P3)
10[V],20[V],
70[V],140[V] 240[Ω], 0.6[H]

Fig. 11 shows the produced voltage and load current wave-
forms of suggested converter during aforementioned 3 scenarios.
It is observed from Fig. 11a-11c that the proposed topology can
produce 9, 13 and 49 voltage levels respectively in 1st, 2nd, and
3rd scenarios, which are confirmed by (2), (3), and (5). The max-
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Fig. 11. Load voltage and current waveform of proposed
topology during: (a) 1st, (b) 2nd, (c) 3rd, scenario.

imum output voltages (Vo,max) of proposed topology during
1st − 3rd scenarios are respectively about 40[V], 60[V] and 240[V].
The obtained values are confirmed respectively by (2), (3), and
(5). Also, the load peak currents (Io,max) during 1st − 3rd sce-
narios are respectively about 0.8[A], 0.79[A] and 0.79[A]. Please
note that for better view, the load current waveforms in 1st − 3rd

scenarios, have been shown with magnifying factors of 40, 60
and 240, respectively.

Also, due to the resistive-inductive (R-L) nature of load, the
phase difference of 38º is observed between load voltage and
current waveforms that is validated by ∆ϕ = arctan(Lω/R).
So, the proposed topology can efficiently supply the R-L load
types. The THD of suggested topology (taking 127 harmonic
orders into consideration) in 1st − 3rd scenarios, are respectively
about 8.98%, 5.97%, and 1.17%. It is observed that as the number
of levels increases, the quality of output voltage of proposed
topology is improved. Since the THD of proposed topology is
small, there exists no need to filter at the load side.

To evaluate dynamic response of suggested topology, it has
been simulated during sudden step-up and step-down load
changes. It has been considered that during first mode (0 ≤
t < 0.4[Sec]), the resistive load (R1 = R) is the same as Table 8.
But, at t=0.4[Sec] (second mode 0.4 ≤ t < 0.5[Sec]) it becomes
doubled (R2 = 2R), and finally at t=0.5[Sec] (third mode 0.5 ≤
t < 0.6[Sec]) it changes to half (R3 = R/2). Fig. 12 shows
the dynamic load change results of proposed topology during
1st − 3rd scenarios.

It is evident from Fig. 12 that the proposed topology has
kept its normal operation during sudden step-up (t=0.4[Sec])
and step-down (t=0.5[Sec]) load changes. As seen, the current of
proposed topology has been decreased by increment of resistive
load (R) in second mode and has been increased by decrement
of R in third mode. However, during these load changes, the
number of steps and the magnitude of Vo has not changed, which
confirms suitable dynamic performance of proposed topology.
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Fig. 12. Dynamic performance of proposed topology during:
(a) 1st, (b) 2nd, (c) 3rd, scenario [R1 = (R2/2) = 2R3 = R].

Normally, the expense and losses of switches are decided
by their voltage and current stress. Since the highest voltage
stresses (worst case) happen in 3rd scenario, only this scenario
is considered during voltage/current stress investigations. The
voltage waveform on switches of proposed topology (in 3rd

scenario) have been illustrated in Fig. 13.

Fig. 13 indicates that the voltage stress on switches
of proposed topology (in 3rd scenario) are: VSS1=30[V],
VSS2=210[V], VSS3=20[V], VSS4=140[V], VSS5=30[V],
VSS6=210[V], VSSu1=210[V], VSSu2=140[V], VSSu3=220[V],
VSSd1=210[V], VSSd2=170[V], VSSd3=230[V], VST1=150[V],
VST2=240[V], VST3=240[V]. As confirmed by Table 6, the
highest voltage stress among switches belongs to T2 and
T3 switches, which is equal to Vo,max. The other switches
experience less voltages than Vo,max.

In the proposed topology, the load current passes through
the switches. Consequently, the current stress of switches (peak
current) is the same as maximum load current (Io,max). The
current waveform flowing through the switches of proposed
topology have been shown in Fig. 14. It is observed that the
current stress of switches is equal to peak load current, which is
about Io,max = 0.79[A].

The efficiency of proposed topology (during 3rd scenario)
versus different load (R) values has been indicated in Fig. 15.

 

Fig. 15. Efficiency of proposed topology (3rd scenario) versus
different load (R) values.

This figure validates that the efficiency of suggested struc-
ture stays over 87% in wide range of load values. Note that
in efficiency analysis, the on-state resistances of unidirectional
and bidirectional switches (realized by MOSFETs) have been
assumed to be 0.55 Ω and 1.1 Ω, respectively.

7. CONCLUSION

This study has suggested a new single-phase basic 49-level in-
verter topology that benefits from simple structure, easy control
strategy, low voltage stress on switches, low THD and increased
number of steps per devices. Then, the operational modes
and switching states of suggested basic topology have been
explained for three different algorithms of selecting magnitude
of DC sources. The suggested basic topology can be extended by
cascading basic units, which increases the number of levels. Ac-
cordingly, the THD of suggested cascaded topology is reduced
and its quality is improved. Therefore, the end-side filter can be
removed or downsized. The comparison results certify that with
the same count of devices, the suggested topology can produce
more levels than others. In other words, the suggested topology
employs less devices than others to generate the same count
of levels. The reduction in number of devices leads to reduced
weight, size, cost and complexity of suggested converter. Also,
the suggested topology can efficiently supply the low power fac-
tor (R-L) loads. The comparison and simulation outcomes prove
the advantages and correct performance of suggested topology
during steady-state and load-change (dynamic) conditions.
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Table 1. Switching of proposed symmetric basic topology (P1)
No. S1S2S3S4S5S6Su1Su2Su3Sd1Sd2Sd3 T1 T2 T3 Vo

1 000011000100000

0

0

2 100001000000010

3 001001000001000

4 000110000010000

5 100100001000000

6 001100000000100

7 010010000000001

8 011000001000000

9 110000100000000

10 110000000000100 +(V1 − V3)

11 001100100000000 −(V1 − V3)

12 100100000001000 +(V1 − V4)

13 001001010000000 −(V1 − V4)

14 011000000010000 +(V2 − V3)

15 000110001000000 −(V2 − V3)

16 001100000100000 +(V2 − V4)

17 000011000000100 −(V2 − V4)

18 110000000100000 +(V1 + V2 − V3 − V4)

19 000011100000000 −(V1 + V2 − V3 − V4)

20 100100000000100

+V1

+Vdc

21 100001000001000

22 110000001000000

23 001001000100000

+V224 011000000000001

25 001100000010000

26 100100100000000
+V327 001100001000000

28 100001010000000

+V429 000011000010000

30 001001000000000

31 110000000010000 +(V1 + V2 − V3)

32 100100000100000 +(V1 + V2 − V4)

33 001001100000000 −(V1 − V3 − V4)

34 000011001000000 −(V2 − V3 − V4)

35 011000100000000

−V1

−Vdc

36 001001000000010

37 001100010000000

38 000110000000100

−V239 000011000001000

40 010010001000000

41 010010000010000

−V342 011000000000100

43 110000010000000

44 000110000100000
−V445 001100000001000

46 000110100000000 −(V1 + V2 − V3)

47 000011010000000 −(V1 + V2 − V4)

48 110000000001000 +(V1 − V3 − V4)

49 011000000100000 +(V2 − V3 − V4)

50 100001000100000

+(V1 + V2)

+2Vdc

51 100100000010000

52 110000000000001

53 100001100000000

+(V3 + V4)54 001001001000000

55 000011000000001

56 100100001000000 +(V1 + V3)

57 100001000000100 +(V1 + V4)

58 001100000000001 +(V2 + V3)

59 001001000010000 +(V2 + V4)

60 010010100000000

−(V1 + V2)

−2Vdc

61 000110001000000

62 000011000000010

63 010010000100000

−(V3 + V4)64 110000000000010

65 011000000001000

66 011000010000000 −(V1 + V3)

67 001100000000010 −(V1 + V4)

68 010010000000100 −(V2 + V3)

69 000110000001000 −(V2 + V3)

70 100100000000001 +(V1 + V2 + V3)

+3Vdc
71 100001000010000 +(V1 + V2 + V4)

72 100001001000000 +(V1 + V3 + V4)

73 001001000000001 +(V2 + V3 + V4)

74 010010010000000 −(V1 + V2 + V3)

−3Vdc
75 000110000000010 −(V1 + V2 + V4)

76 011000000000010 −(V2 + V3 + V4)

77 010010000001000 −(V1 + V2 + V3)

78 100001000000001 +(V1 + V2 + V3 + V4) +4Vdc
79 010010000000010 −(V1 + V2 + V3 + V4) −4Vdc
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Table 3. Switching of proposed basic topology in 2nd scenario
No. S1S2S3S4S5S6Su1Su2Su3Sd1Sd2Sd3 T1 T2 T3 Vo

1 000011000100000

0

0

2 100001000000010

3 001001000001000

4 000110000010000

5 100100001000000

6 001100000000100

7 010010000000001

8 011000001000000

9 110000100000000

10 110000000010000 +(V1 + V2 − V3)

11 000110100000000 −(V1 + V2 − V3)

12 100100000100000 +(V1 + V2 − V4)

13 000011010000000 −(V1 + V2 − V4)

14 100100000000100

+V1

+Vdc

15 100001000001000

16 110000001000000

17 001001000100000

+V218 011000000000001

19 001100000010000

20 001100100000000 −(V1 − V3)

21 001001010000000 −(V1 − V4)

22 000110001000000 −(V2 − V3)

23 000011000000100 −(V2 − V4)

24 001100100000000

−V1

−Vdc

25 001001000000010

26 001100010000000

27 000110000000100

−V228 000011000001000

29 010010001000000

30 110000000000100 +(V1 − V3)

31 100100000001000 +(V1 − V4)

32 011000000010000 +(V2 − V3)

33 001100000100000 +(V2 − V4)

34 100100100000000
+V3

+2Vdc

35 001100001000000

36 100001010000000

+V437 000011000010000

38 001001000000000

39 100001000100000

+(V1 + V2)40 100100000010000

41 110000000000001

42 000011100000000 −(V1 + V2 − V3 − V4)

43 010010000010000
−V3

−2Vdc

44 011000000000100

45 110000010000000

−V446 000110000100000

47 001100000001000

48 010010100000000

−(V1 + V2)49 000110001000000

50 000011000000010

51 110000000100000 +(V1 + V2 − V3 − V4)

52 100100001000000 +(V1 + V3)

+3Vdc

53 100001000000100 +(V1 + V4)

54 001100000000001 +(V2 + V3)

55 001001000010000 +(V2 + V4)

56 001001100000000 −(V1 − V3 − V4)

57 000011001000000 −(V2 − V3 − V4)

58 011000010000000 −(V1 + V3)

−3Vdc

59 001100000000010 −(V1 + V4)

60 010010000000100 −(V2 + V3)

61 000110000001000 −(V2 + V4)

62 110000000001000 +(V1 − V3 − V4)

63 011000000100000 +(V2 − V3 − V4)

64 100001100000000

+(V3 + V4)

+4Vdc

65 001001001000000

66 000011000000001

67 100100000000001 +(V1 + V2 + V3)

68 100001000010000 +(V1 + V2 + V4)

69 010010000100000

−(V3 + V4)

−4Vdc

70 110000000000010

71 011000000001000

72 010010010000000 −(V1 + V2 + V3)

73 000110000000010 −(V1 + V2 + V4)

74 100001001000000 +(V1 + V3 + V4) +5Vdc75 001001000000001 +(V2 + V3 + V4)

76 011000000000010 −(V1 + V3 + V4) −5Vdc77 010010000001000 −(V2 + V3 + V4)

78 100001000000001 +(V1 + V2 + V3 + V4) +6Vdc
79 010010000000010 −(V1 + V2 + V3 + V4) −6Vdc

Table 5. Switching of proposed basic topology in 3rd scenario
No. S1S2S3S4S5S6Su1Su2Su3Sd1Sd2Sd3 T1 T2 T3 Vo

1 000011000100000

0 0

2 100001000000010

3 001001000001000

4 000110000010000

5 100100001000000

6 001100000000100

7 010010000000001

8 011000001000000

9 110000100000000

10 100100000000100

+V1 +Vdc11 100001000001000

12 110000001000000

13 011000100000000

−V1 −Vdc14 001001000000010

15 001100010000000

16 001001000100000

+V2 +2Vdc17 011000000000001

18 001100000010000

19 000110000000100

−V2 −2Vdc20 000011000001000

21 010010001000000

22 100001000100000

+(V1 + V2) +3Vdc23 100100000010000

24 110000000000001

25 010010100000000

−(V1 + V2) −3Vdc26 000110001000000

27 000011000000010

28 000110100000000 −(V1 + V2 − V3) +4Vdc
29 110000000010000 +(V1 + V2 − V3) −4Vdc
30 000110001000000 −(V2 − V3) +5Vdc
31 011000000010000 +(V2 − V3) −5Vdc
32 001100100000000 −(V1 − V3) +6Vdc
33 110000000000100 +(V1 − V3) −6Vdc
34 100100100000000

+V3 +7Vdc35 001100001000000

36 010010000010000

−V3 +7Vdc37 011000000000100

38 110000010000000

39 100100001000000 +(V1 + V3) +8Vdc
40 011000010000000 −(V1 + V3) −8Vdc
41 001100000000001 +(V2 + V3) +9Vdc
42 010010000000100 −(V2 + V3) −9Vdc
43 100100000000001 +(V1 + V2 + V3) +10Vdc
44 010010010000000 −(V1 + V2 + V3) −10Vdc
45 000011010000000 −(V1 + V2 − V4) +11Vdc
46 100100000100000 +(V1 + V2 − V4) −11Vdc
47 000011000000100 −(V2 − V4) +12Vdc
48 001100000100000 +(V2 − V4) −12Vdc
49 001001010000000 −(V1 − V4) +13Vdc
50 100100000001000 +(V1 − V4) −13Vdc
51 100001010000000

+V4 +14Vdc52 000011000010000

53 001001000000000

54 000110000100000
−V4 −14Vdc55 001100000001000

56 100001000000100 +(V1 + V4) +15Vdc
57 001100000000010 −(V1 + V4) −15Vdc
58 001001000010000 +(V2 + V4) +16Vdc
59 000110000001000 −(V2 + V4) −16Vdc
60 100001000010000 +(V1 + V2 + V4) +17Vdc
61 000110000000010 −(V1 + V2 + V4) −17Vdc
62 000011100000000 −(V1 + V2 − V3 − V4) +18Vdc
63 110000000100000 +(V1 + V2 − V3 − V4) −18Vdc
64 000011001000000 −(V2 − V3 − V4) +19Vdc
65 011000000100000 +(V2 − V3 − V4) −19Vdc
66 001001100000000 −(V1 − V3 − V4) +20Vdc
67 110000000001000 +(V1 − V3 − V4) −20Vdc
68 100001100000000

+(V3 + V4) +21Vdc69 001001001000000

70 000011000000001

71 010010000100000

−(V3 + V4) −21Vdc72 110000000000010

73 011000000001000

74 100001001000000 +(V1 + V3 + V4) +22Vdc
75 011000000000010 −(V1 + V3 + V4) −22Vdc
76 001001000000001 +(V2 + V3 + V4) +23Vdc
77 010010000001000 −(V2 + V3 + V4) −23Vdc
78 100001000000001 +(V1 + V2 + V3 + V4) +24Vdc
79 010010000000010 −(V1 + V2 + V3 + V4) −24Vdc
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Fig. 13. Voltage waveform (stress) of switches of proposed
topology during 3rd scenario.
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Fig. 14. Current waveform (stress) of switches of proposed
topology during 3rd scenario.
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