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A Switched-Capacitor Multilevel Inverter Using 
Series-Parallel Conversion With Reduced Components

Yaoqiang WANG, Juncheng YE, Chenglong ZHOU, Yuchen SHEN, Wenjun LIU, and Jun LIANG

Abstract—The switched-capacitor multilevel inverters (SC-
MLIs) are the popular type of multilevel inverter. This kind of 
inverter topology uses the on-off states of switches to control the 
charging and discharging of capacitors to achieve multilevel out-
put. Most SCMLIs make use of an H-bridge structure to change 
the polarity of the output voltage, which cause the switches to 
withstand the peak of the output voltage. The H-bridge is replaced 
by two half-bridges on both sides of the proposed inverters, and 
the maximum voltage stress (MVS) on switches in half bridge is 
kept within 2Vdc, as well as in the extended structure. Therefore, 
the voltage stress of the switches is greatly reduced. In addition, 
the topology has a modular structure, which makes the expansion 
and modulation of the topology simple, while achieving a higher 
voltage gain. Moreover, with the growth of output levels, the MVS 
of the switches in the topology remains unchanged, which has 
good practical application scenarios. In this study, the correctness 
and feasibility of the topology have been verified by experiments. 

Index Terms—Modular, multilevel inverter, switched-capacitor, 
voltage gain.

I. Introduction

TO achieve net-zero carbon emission, distributed renewable 
energy generation systems have been widely used thanks 

to its high reliability, less environmental pollution, low 
economic cost and system flexibility [1], [2]. Fig. 1 shows the 
distributed renewable energy generation system, inverters are 
the key link of power conversion and transmission. Multilevel 
inverters (MLIs) are widely applied in numerous areas, such as 
electric vehicles (EVs), renewable energy system, and flexible 
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ac transmission systems. Compared with the conventional two-
level inverter, MLIs have lots of excellent features like low 
total harmonic distortion (THD), reduced dv/dt on switches, 
lower switching frequency, etc. [3], [4]. Generally, the classic 
MLIs are divided into neutral-point clamped (NPC) inverter 
[5], flying capacitor (FC) inverter [6], and cascaded H-bridge 
(CHB) inverter [7]. However, the limitation of NPC multilevel 
inverter mainly lies in the imbalance of capacitor voltage, the 
same issues can be found on FC multilevel inverter which 
employs numerous capacitors to obtain appropriate output 
levels. The CHB inverters can output more levels by using 
multiple H-bridge cells. However, the demand for multiple 
isolated dc source limits the application range. With the rapid 
development of power industry, it is of great significance to 
find a new high-performance multilevel inverter with fewer 
devices, more output levels, and higher conversion efficiency 
[8]–[10].

To reduce the number of devices and make the control 
simpler, the switched capacitor (SC) technology is applied 
to MLIs in recent years [11]–[14]. SC is a typical non-
magnetic structure, which is composed of switching devices 
and capacitors. SC has the merits of small volume and high-
power density. In addition, due to the boosting capability of 
SC structure, SC inverter can connect the dc input side to the 
ac output side directly, reducing the need of a too high duty 
ratio of the intermediate voltage boost link and improving 
the inverter efficiency. In [15], a single-input switched-
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Fig. 1.  Distributed renewable energy generation system.
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capacitor five-level inverter is proposed. The inverter can 
generate multilevel voltage using a dc source and has the 
ability of voltage step-up. However, the limited 5-level output 
produce more voltage harmonics. The 7-level SC topology 
is presented in [16]. It can reduce the switching device count 
by the cooperation of series capacitors. However, a complex 
modulation algorithm is needed to achieve the voltage 
balance of capacitors. In [17] and [18], some new structures 
of multilevel converter are presented. These topologies can 
generate more levels with less switches, but a large number of 
capacitors and voltage balancing circuits are needed.

In order to output more levels with less devices, some MLIs 
based on SC with series-parallel conversion are proposed [19]–
[21]. In [22], a new cascaded MLI is proposed, which uses 
symmetric and asymmetric structures to produce even and odd 
levels. However, a large amount of isolated dc sources is needed 
with the growth of output levels. In [23], an SCMLI is proposed 
with voltage boosting capability. This inverter abandons the 
traditional H-bridge structure, and all power devices just need 
to withstand the same voltage of dc source. However, numerous 
devices are employed, which may increase the system cost. 
In [24], an SCMLI with strong voltage boosting capability 
and modular expansion capability is proposed, but the strong 
voltage boosting capability may cause a sharp accumulation of 
voltage stress on the H-bridge, and increase the total standing 
voltage (TSV) on switches. The single-phase SC inverter 
proposed in [25] can generate nine-level using single dc source 
and cut down the use of switching devices, but two additional 
modulation algorithms are needed to control the balance of 
capacitor voltage, which may complicate the control algorithm 
and increase the number of sensors.

In this article, a novel SCMLI is presented. Through series-
parallel conversion between capacitors and dc source, the 
proposed inverter can generate a lot of output levels with less 
of power devices. The proposed inverter can be used to drive 
inductive load independently, and the self-balancing of the 
capacitor voltage makes it unnecessary for additional voltage 
equalizing circuits or complex control algorithms. The selective 
harmonic elimination modulation strategy is used to reduce 
the switching frequency. Moreover, based on the basic SC unit 
of the proposed inverter, an extended structure is proposed to 
further increase output levels. 

II. Proposed Multilevel Inverter

A. Circuit Topology

Fig. 2 gives the circuit topology of the presented MLI, 
which consists of three parts: SC circuit, auxiliary bidirectional 
switches and polarity conversion circuit. In this topology, Vdc is 
the dc voltage source, which supply energy to capacitors and 
loads. Switches S5, S6, S7, S8, S9 and capacitors C1, C2 constitute 
the SC circuit, which realizes series-parallel conversion between 
power supply and capacitors, and generates the staircase voltage 
level. S10 and S11 are the auxiliary bidirectional switches, which 

connect the SC circuit and the polarity conversion circuit. S1, S2, 
S3, S4 are the switching devices of polarity conversion circuit, 
which determine the polarity of output voltage. Through the 
cooperation of the switches, the proposed inverter can output 
nine levels: ±2Vdc, ±3Vdc/2, ±Vdc, ±Vdc/2 and 0.

B. State Analysis

Table I lists the operating states of various devices, including 
on-off states of power switches, and charging and discharging 
states of capacitor. It can be seen that 1/0 indicate ON/OFF 
working states of switches, “C”, “D”, and “-” mean charging, 
discharging, and idle states of capacitors, respectively. The current 
paths of the nine-level of the inverter are shown in Fig. 3. Herein, 
the red solid line represents forward current path, and the blue 
dotted line represents the reverse current path. To simplify the 
analysis, assuming that the on-state resistance and forward 
voltage drop of power switches are zero; the capacitor is large 
enough and voltage ripple is negligible; the inverter has already 
entered the steady state.

When the load is a pure resistance load, the working state of 
the inverter is given in the aforementioned analysis. When the 
load is inductive, the reverse current paths are marked in blue 
dotted lines. Each working state of the inverter has a specific 
path corresponding to the forward current path. Therefore, the 
proposed topology has the ability to integrate inductive load 
without additional voltage regulations.

C. Modulation Strategy

To achieve a high-quality of voltage waveform with a low 
switching frequency, the selective harmonic elimination (SHE) 
method is used to drive the proposed nine-level topology. By 
selecting the conducting angle of the switching device, the 
SHE method can specifically eliminate the target harmonics 
and decrease the THD of output voltage.

The modulation principle of the SHE is shown in Fig. 4. The 
nine-level staircase waveform can be seen as the superposition 
of four quasi-square waveforms Voi (i = 1, 2, 3, 4) with the same 
frequency and amplitude. The amplitude and initial conducting 
angle of the four quasi-square waveforms are ±Vdc/2 and qi, 
respectively. These angles satisfy 0 < θ1 < θ2 < θ3 < θ4 < p/2.

The Fourier decomposition of each quasi-square waveform 
Voi can be expressed as
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Fig. 2.  Circuit topology of the proposed 9-level inverter.
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where ω is the angular frequency of the staircase output.
According to the principle of waveform synthesis, the output 
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Thus, the Fourier decomposition of the output voltage Vo is 
given by
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The amplitude modulation index Mof is expressed as
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The THD of the output waveform is given by
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TABLE I
Operating States of the Proposed Inverter

Fig. 3.  Current path for proposed inverter. (a) 2Vdc level, (b) 3Vdc/2 level, 
(c) Vdc level, (d) Vdc/2 level, (e) zero level, (f) -Vdc/2 level, (g) -Vdc level, (h) 
-3Vdc/2 level and (i) -2Vdc level.

States 
Switches Capacitors Output 

levels S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 C1 C2 

1 1 0 0 1 0 1 1 0 0 0 0 D D 2Vdc 
2 1 0 0 1 0 1 0 1 0 0 0 D � 3Vdc/2 
3 1 0 0 1 0 0 0 0 1 0 0 C C Vdc 
4 0 0 0 1 0 0 0 0 1 1 1 C D Vdc/2 
5 0 1 0 1 0 0 0 0 1 0 0 C C 0 
6 0 0 1 0 0 0 0 0 1 1 1 D C Vdc/2 
7 0 1 1 0 0 0 0 0 1 0 0 C C Vdc 
8 0 1 1 0 1 0 1 0 0 0 0 � D 3Vdc/2 
9 0 1 1 0 0 1 1 0 0 0 0 D D 2Vdc 

S1

S2

S3

S4

S5

Vdc

C1

C2

+

+

S6

S7

S8

S9

S10 S11 VAVB

S1

S2

S3

S4

S5

Vdc

C1

C2

+

+

S6

S7

S8

S9

S10 S11 VAVB

(a)                                                        (b) 

S1

S2

S3

S4

S5

Vdc

C1

C2

+

+

S6

S7

S8

S9

S10 S11 VAVB

S1

S2

S3

S4

S5

Vdc

C1

C2

+

+

S6

S7

S8

S9

S10 S11 VAVB

(c)                                                        (d) 

S1

S2

S3

S4

S5

Vdc

C1

C2

+

+

S6

S7

S8

S9

S10 S11VB VA

S1

S2

S3

S4

S5

Vdc

C1

C2

+

+

S6

S7

S8

S9

S10 S11 VAVB

(e)                                                        (f) 

S1

S2

S3

S4

S5

Vdc

C1

C2

+

+

S6

S7

S8

S9

S10 S11VB VA

S1

S2

S3

S4

S5

Vdc

C1

C2

+

+

S6

S7

S8

S9

S10 S11 VAVB

(g)                                                        (h) 
S1

S2

S3

S4

S5

Vdc

C1

C2

+

+

S6

S7

S8

S9

S10 S11 VAVB

 
(i) 

ωt
θ1θ2 θ3 θ4 π 2π 

2Vdc

Vdc

2Vdc

Vdc

0

ωt

π/2 

Vo4

Vo3

Vo2

Vo1

ωt

ωt

ωt

Fig. 4.  Modulation principle of the SHE.
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In the output waveforms of the inverter, the low-frequency 
harmonics are the dominant component of the total harmonic 
contents. Therefore, selective elimination of low-frequency 
harmonics can greatly improve the waveform quality of 
the output voltage. When the 5th, 7th and 11th harmonics 
are chosen to be removed, the mathematical equations for 
calculating the conducting angles of each quasi-square 
waveforms are as follows:
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According to the modulation principle and the operating 
principle of the proposed inverter, the operating waveforms of 
the switching devices S1-S11 are shown in Fig. 5. Table II lists 
the switching frequency and maximum voltage stress (MVS) 
on power devices. From Table II, the switching frequency is 
significantly reduced, and the average switching frequency is 
2.2 times of the reference frequency. The MVS on switches 
is twice of the input voltage, and the average voltage stress is 
1.2 times of the input voltage. With demonstrated modulation 
states, the switching frequency and voltage stress are both 
reduced which can help to cut down the switching losses and 
prolong the device lifetime.

III. Capacitance Analysis

A. Capacitor Voltage Balance Analysis

For SC inverters, the capacitor voltage balance is crucial 

to the generation of ideal output voltage. The unbalance of 
capacitor voltage will lead to output voltage bias, leading to 
overvoltage, overcurrent, capacitor breakdown etc. which 
will ultimately lead to system collapse. Therefore, the balance 
control of capacitor voltage needs special attentions for the 
stability of inverter system [26], [27]. According to the working 
principle, the charging circuit of two capacitors does not 
contain load. Therefore, the charging time and charging current 
are not affected by the load. In the charging state, the dc source 
is directly connected with two capacitors to charge them, and 
the capacitor voltage can reach the rated voltage quickly.

The essence of voltage balance is that the amount of charge 
and discharge of the capacitor are equal. Fig. 6 gives the 
charging and discharging status of capacitors and corresponding 
voltage waveforms in one cycle. It can be seen from the Fig. 6 
that the discharging intervals of the capacitor C1 are [θ3, p - θ3], 
[p + θ1, p + θ2], [p + θ4, 2p - θ4] and [2p - θ2, 2p - θ1], and the 
discharging current is the load current io. 

Therefore, the total discharging amount of the capacitor C1 
in one cycle is

Fig. 5.  Operational waveforms of each switching device.
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Fig. 6.  Operating states of capacitors C1 and C2.
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   (7)

where fo is the output frequency, and ω is the angular frequency 
of the output voltage.

The modulation interval is symmetrical, and the working 
state of the symmetrical modulation interval is the same. Thus, 
ΔQ1 can be calculated by

244
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where Ro is the load resistance.
From (2), the discharging amount of capacitor C1 is
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o o
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The discharging intervals of the capacitor C2 are [θ1, θ2], 
[θ4, p - θ4], [p - θ2, p - θ1] and [p + θ3, 2p - θ3], and the 
discharging current is also the load current io. Therefore, the 
total discharging amount of capacitor C2 in one cycle is

      (10)

Further calculation of the above formula:
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Then, the total discharging amount of capacitor C2 is
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From the above calculation results, the total discharging 
amount of capacitor C1 is equal to the total discharging amount 
of capacitor C2 in one cycle. Therefore, a self-balancing of 
capacitor voltage can be achieved for the proposed inverter.

B. Capacitor Determination Analysis

Capacitance is usually designed according to the principle 
that the voltage ripple of capacitor is kept within 10% of the 
rated capacitor voltage [28], [29]. The voltage ripple is mainly 

determined by the maximum continuous discharging amount 
of capacitor. As given in Fig. 6, the maximum continuous 
discharging interval of C1 is [θ3, p - θ3]. Discharging current 
is the load current io. The maximum continuous discharging 
interval of capacitor C2 is [p + θ3, 2p - θ3], and the discharging 
current is still the load current io. The maximum continuous 
discharging interval length and corresponding working status 
of capacitors C1 and C2 are the same. For simple analysis, only 
capacitor C1 is calculated. The maximum discharging amount 
of C1 is given by

Q i                          (13)

In the interval [θ3, θ4] and [p - θ4, p - θ3], the output voltage 
is 3Vdc/2. In the interval [θ4, p - θ4], the output voltage of the 
inverter is 2Vdc. The maximum continuous discharging amount 
DQ can be further calculated by

 (14)

Therefore, the maximum continuous discharging amount is

dc 3 4

o o

(2π 3 )
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2π 
V

Q
f R
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� .                          (15)

According to the design principle that the voltage ripple 
should be kept within 10% of the rated voltage of capacitors. 
Hence, the capacitance of C1 and C2 must satisfy

c0.1
QC
V

� .                                    (16)

where Vc is the rated voltage of C1 and C2.
Under the condition of allowable voltage ripples, the 

minimum capacitance is

dc 3 4
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o o rip

(2π 3 )
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2π 
V

,C
f R U
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                         (17)

where DUrip is voltage ripple of capacitor, and DUrip ≤ 10% Vc.
Fig. 7 gives the relationship of minimum capacitance 

versus output frequency and load resistance with 10% voltage 
ripple. The larger the output frequency and load resistance, 
the smaller the capacitor required by the inverter. On the other 
hand, a larger capacitor can reduce voltage ripple. However, 
in practice, a large capacitance means higher cost and will 
increase the cost and area cover. Therefore, the capacitance 
selection is a trade-off between cost and performance.

IV. Analyses of Power Losses

In the study, power losses of the inverters are calculated, 

Y. WANG et al.: A SWITCHED-CAPACITOR MULTILEVEL INVERTER USING SERIES-PARALLEL CONVERSION WITH REDUCED COMPONENTS
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which consists of switching losses (Psw), conduction losses 
(Pcon) and ripple losses of capacitors (Prip).

A. Conduction Losses

The power losses caused by on-state resistance of power 
devices and conduction voltage drop of diodes constitute 
conduction losses. Fig. 8(a)-(d) shows four equivalent circuits 
corresponding to the nine operating states of the proposed 
inverters. Assuming that the anti-parallel diodes of switches 
have the conduction voltage drop VD and internal resistance 
rD; the on-state resistance of switches is rS and the equivalent 
series resistance of each capacitor is ESRc.

The equal parameters of four circuits are shown in Table III. 
Herein, VDeq is the equivalent voltage drop of diode, and req is 
the equivalent resistance of power device.

The total conduction losses are expressed as follows:

� �
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B. Switching Losses

The switching losses are caused by the turn-on and turn-off 

processes. According to the linear approximation of the voltage 
and current, the switching losses of the i-th switch can be 
calculated as follows:
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where fsw is the switching frequency of the i-th switch, Vsw, i is 
the voltage stress on switch, Ii is the current through the i-th 
switch, ton is the turn-on time and toff is the turn-off time of 
switch. The total switching losses of proposed inverter is

( )
11

sw sw, on, sw, off, 
1

= i i
i

P P P
=

+∑ .                     (21)

According to the aforementioned analysis, the switching 
frequency and voltage stress of the proposed topology are low, 
which is helpful to reduce the switching loss of the inverter.

C. Ripple Losses

The ripple loss is caused by the voltage fluctuation of 
capacitor. The voltage ripple can be calculated by

rip 2π o o

U
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∆                        (22)

The ripple losses of two capacitors can be calculated as 
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Since the total ripple loss of the inverter is
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Fig. 7.  Relationship of capacitance versus frequency and load resistance.

TABLE III
Parameters of Equivalent Circuits

Fig. 8.  Equivalent circuits for each working state. (a) States 4, 6, (b) States 3, 7, 
(c) States 2, 8 and (d) States 1, 9.
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i Vout VDeq req 

1 Vdc/2 2VD 2rD + 2rS + ESRc 
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4 2Vdc 0 4rS + 2ESRc 
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The ripple loss is relevant to the operating frequency and 
capacitance, since a higher operating frequency and larger 
capacitance can reduce the ripple loss of the inverter. Overall, 
total power loss of the inverter is summarized as

                          (25)

The efficiency of the topology is given by

out

rip con switch out

=
P

P P P P
�

� � �
,                      (26)

where Pout is the output power.

V. Comparison and Discussion

In order to appraise the proposed inverter comprehensively, 
the comparison with the recently proposed SCMLIs has been 
carried out, as shown in Table IV. The total proposed inverter 
employs lowest components to output 9-level. Moreover, the 
proposed topology has the advantages of voltage gain, structure 
expanding, capacitor voltage self-balancing, and can be used to 
drive inductive load.

The comparative results of Table IV indicate that both 
inverters proposed in [18] and [19] have the minimum TSV 
but they lack the ability to boost voltage. The least switches 
are employed in the SCMLI of [20]. However, more diodes 
and capacitors are used. The inverter proposed in [23] has the 
largest number of switches, which leads to the increase of cost 

function (CF). Although the boosting factor is 4, the inverter 
proposed in [28] employs more devices and the TSV is highest. 

The proposed topology can output nine-level with only two 
capacitors. In addition, the voltage gain of 2 can be achieve 
and the TSV is reduced. Moreover, the proposed inverter has 
better performance in CF and a higher efficiency due to the use 
of selective harmonic elimination modulation strategy. The CF 
is expressed as

� �drive switch diode capacitor sourceCF =  + + + + TSVN N N N N� ,      
(27)

in which Ndrive is the number of driver gate, and the number of 
dc source is Nsource.

The factor α is used to indicate the significance of TSV, 
and it is set to 1.0 here. The CF of the inverter is compared in 
Table IV. It seemed obvious from the table that the CF of the 
proposed inverter is lower, which is due to its less devices and 
lower voltage stress.

Based on the aforementioned comparison, the proposed 
topology has the merits of single input source, low power 
device count, self-balancing of capacitor voltage, expansion 
ability, and feasibility of inductive loads. These advantages are 
helpful to expand the application range of the inverter.

VI. Extended Structure of the Proposed Inverter

The single SC unit in [24] and [30] can output more levels 

TABLE IV
Comparison of the Proposed Inverter With Other Nine-Level SCMLI

Topology NSwitch NDiode NCapacitor NSource TSV Boosting 
factor  Self-balancing  Expanding 

ability Efficiency CF 

[18] 8 3 4 1 6 1 NO YES 92.8% 29 

[19] 10 4 4 1 8 1 YES YES 93.5% 36 

[20] 8 3 3 1 23 4 YES NO 93% 45 

[23] 19 3 3 1 19 4 YES YES 88.93% 63 

[28] 8 6 3 1 26 4 YES YES 91.6% 51 
Proposed 
topology 11 0 2 1 13 2 YES YES 94.8% 36 

Fig. 9.  The proposed extended structure.
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by cascading. To generate larger number of output levels, the 
proposed nine-level topology can be extended with multiple 
SC units, as shown in Fig. 9. The extended structure of the 
proposed topology is replenished by several SC units, which 
are connected by polarity conversion switches and auxiliary 
bidirectional switches.

In the proposed extended structure, the dc source of each SC 
unit is connected in parallel with its related capacitors, and the 
capacitor can be charged to 0.5Vdc. Thereby, the output levels 
are improved by adding SC units. The number of dc sources, 
capacitors, and power switches for proposed extended structure 
is expressed as follows:

source = N n ,                                      (28)

capacitor = 2N n ,                                   (29)

switch = 8 1N n � .                                 (30)

For the same circuit configuration, the proposed extended 
structure can work under symmetrical and asymmetrical dc 
sources.

A. Symmetric Case

In symmetric case, the voltage of all dc sources is equal. 
The total number of output levels for the proposed extended 
structure can be obtained as follows:

level, sym = 8 1N  n� .                                (31)

The maximum output voltage of the extended structure is 
equal to

o, max, sym   dc= 2V  nV ,                                (32)

where the voltage of all dc sources is equal to Vdc.

B. Asymmetric Case

In asymmetric case, in order to obtain the maximum number 
of output levels, the value of dc voltage sources should meet 
the following requirements:

� �
1

dc dc= 5        =  2,...,  .
i

iV V i     n
�

                        (33)

The output levels and the maximum output voltage of the 
extended structure in asymmetric case is equal to

level, asym =2 5 1       2, ,nN n� �                        (34)

� �o, max, asym dc
1= 5 1         2
2

nV .,V n�                     (35)

The proposed extended structure is extended from the 
proposed nine-level inverter, so the characteristics of the 
extended structure are the same with the proposed nine-level 
inverter.

Fig. 10 presents the topology of double SC units. When the 
both dc sources are 60 V, the simulation results with resistive-
inductive load (50 Ω-10 mH) are shown in Fig. 11. It can 
be seen that the extended structure can generate 17-level by 
employing double SC units. Moreover, the voltage stress of 
switches T1.1, T1.2, T3.1 and T3.2 are shown in Fig. 12. With the 
increase of output levels, the MVS of switches in two half 
bridges can be kept within 2Vdc.

VII. Experimental Results

To verify the correctness and feasibility of the proposed 
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inverter, an experimental prototype was built as shown in Fig. 13. 
The experimental parameters are listed in Table V.

A. Steady-State Experimental Results and Analysis

To validate the feasibility of proposed topology and the 
correctness of its theoretical analysis, the steady-state experiments 
are conducted.

Fig. 14(a) gives the experimental results of the output 
voltages and load current when the load is purely resistive. 
It’s obvious that the output voltage and current are ideal nine-
level staircase waveforms, which confirms the correctness of 
the proposed topology and the feasibility of the modulation 
scheme. Fig. 14(b) gives the experimental waveforms of 
output voltages and load current when the load is resistive-
inductive. It can be seen that output voltage is standard nine-

level staircase waveform, and the load current is smoothed and 
close to the sine waveform. This experimental result proves 
that the proposed topology can integrate inductive loads.

Fig. 15 gives the voltage waveforms of two capacitors. As 
shown in Fig. 15(a), when the system enters steady state, the 
voltage of two capacitors is stable around the rated voltage, 
which verifies the self-balancing characters of capacitor 
voltage. Fig. 15(b) shows the current waveforms of two 
capacitors under resistive inductive load.

Fig. 16 shows the current stress of each power switch. The 
results of the proposed inverter are in good agreement with 
theoretical analysis. 

The driving signals for all switches are given in Fig. 17. The 
switching frequency is significantly reduced by using SHE 
modulation strategy.

Fig. 18 shows the THD results based on fast Fourier 
transformation (FFT). It seemed obvious that the THD 
of output voltage and load current are 9.92% and 1.40%, 
respectively. The effect of inductive load is similar to filter, 

Simulator

Host PC Scope Dc Source

C1 C2

R-L Load

Power circuit

Current probe
FPGA Controller

DSP 
controller

 

Fig. 13.  Experimental Prototype.

Parameters  Value 

Dc voltage source (Vdc) 190 V 
Capacitor (C1, C2) 2200 μF 
Resistance load (R) 100 Ω 
Resistive-inductive load (R-L) 50 Ω-10 mH 
Reference frequency (fo) 50 Hz 

TABLE V
Experimental Parameters
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Fig. 14.  Experimental results. (a) Output voltage and load current under R load. 
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and the load current waveform is a smooth sine wave. The 
proposed inverter has low THD, which verifies the good 
structure and excellent modulation strategy of the inverter.

The efficiency curve of the proposed inverter is shown in 
Fig. 19. The important reasons for the high efficiency of the 
topology are the small number of components and the reduced 
voltage stress. Moreover, SHEPWM is adopted to greatly 
reduce the switching frequency. All these factors contribute to 
improving the efficiency of the inverter.

B. Dynamic Experimental Results and Analysis

To verify the dynamic performance and capacitance self-
balancing ability of proposed inverter, several dynamic 
experiments are conducted, including variable output 
frequency, loads and input voltage.

Fig. 20 shows the dynamic experimental waveforms of the 
output voltage, load current and capacitor voltage under variable 
output frequency fout. In Fig. 20(a), the output frequency varies 
from 50 Hz to 100 Hz; in Fig. 20(b), the output frequency 
varies from 100 Hz to 200 Hz. As can be seen from Fig. 20(a) 
and (b), after the reference frequency changes, the system can 
enter steady state rapidly. The frequency of output voltage and 
load current changes to the target frequency, and the capacitor 
voltage remains stable. The experimental results show that the 
proposed topology can work in different frequencies.

Fig. 21 shows the dynamic experimental waveforms under 
variable loads. When the load varies from 0 to resistive load, as 
shown in Fig. 21(a), the current changes from 0 to nine-level 

Fig. 17.  Experimental waveforms of driving signals. (a) Driving signals for 
switches S1, S2, S3, and S4. (b) Driving signals for switches S5, S6, S7, and S8. 
(c) Driving signals for switches S9, S10 and S11.
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Fig. 19.  Efficiencies of the proposed inverter under different powers.
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staircase waveform. When the load varies from R to R-L load, 
as shown in Fig. 21(b), the output current varies from a nine-
level staircase waveform to a smoothed sinusoidal waveform. 
The experimental results confirm that proposed inverter has 
excellent robustness and capacitor voltage self-balancing 
capability.

Fig. 22(a) and (b) shows the dynamic experimental wave-
forms when input voltage varies from 10 V to 30 V and from 
30 V to 10 V, respectively. In Fig. 22(a), when the input voltage 
changes from 10 V to 30 V, the amplitude of the output voltage 
increases from 20 V to 60 V and the voltage of capacitors C1 
and C2 rises synchronously from 5 V to 15 V. In Fig. 22(b), the 
amplitude of the output voltage decreases from 60 V to 20 V 
and the voltage of capacitors C1 and C2 drops synchronously 
from 15 V to 5 V when the input voltage varies from 30 V to 
10 V. The above experimental results further prove that the 
proposed inverter has good capacitor voltage self-balancing 
capability.

VIII. Conclusion

In this study, a novel SCMLI with less devices is presented. 
Through the series-parallel conversion of SC structure, the 
proposed topology can output more levels by employing fewer 
components. The self-balancing of capacitor voltage can be 
obtained without any auxiliary circuits, and the control strategy 
is also simplified. The SHEPWM strategy is used to reduce 
the switching frequency and improve efficiency. Moreover, in 
order to produce more voltage levels, an extended structure 
of the proposed topology is proposed with multiple SC units. 
Symmetric and asymmetry cases for selecting the dc source 

values have been analysed. Finally, the practicability and 
correctness of the 9-level topology are verified through steady-
state and dynamic experiments. The experimental results 
indicate that the presented topology has good performance.
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