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Abstract—In order to increase the output voltage levels and 

reduce the isolated DC sources, a symmetrical hybrid nine-level 
inverter for high speed motor drive applications is presented in 
this paper. Each phase of this inverter is composed of a five-
level DC/DC converter cell and an H-bridge cell. The DC/DC 
converter is operated at high frequency with low voltage devices 
and the H-bridge is operated at fundamental frequency with 
high voltage devices. The three phases are connected to a 
common DC-link and each drives an isolated winding of an 
open-winding motor. The operating principles and modulation 
method is introduced. A detailed analysis of the average 
currents through the flying capacitor and neutral point of the 
DC-link is presented and a capacitor voltage balancing method 
based on phase-shifted PWM is proposed. Simulation and 
experimental results are presented to demonstrate the 
feasibility of this topology and control method. 

Index Terms--multilevel converter; symmetrical hybrid; nine-
level; capacitor voltage balancing; phase-shifted PWM; high 
speed motor 

I. INTRODUCTION 

Multilevel converters have been widely used in high 
voltage high power and high frequency applications since 
1980s [1]–[4]. Plenty of multilevel topologies have been 
developed and among them, neutral-point-clamped (NPC), 
flying-capacitor (FC) and cascaded H-bridge (CHB) 
multilevel converters are three classical and basic multilevel 
topologies which are the most widely used in the industry 
[5]–[8]. 

Three-level NPC converter is widely used in medium-
voltage (1.14, 2.3, 3.3 and 4.16 kV) applications [6]. Limited 
by the present semiconductor blocking voltage ratings, 3L-
NPC converter is hard to be applied in high voltage drives 
over 6 kV. Although five-level NPC converter is a choice in 
this case, it suffers from the voltage imbalance of dc-link 
capacitors and requires mass clamping diodes [9]. 

Flying-capacitor multilevel converter is another topology 
suitable for high power applications [7]. By properly using 
the redundant switching states, the voltages across all the 

flying capacitors can be balanced [10]–[14]. However, the 
number of clamping capacitors in this converter increases 
rapidly with the voltage level, which increases the system 
volume, weight and control complexity tremendously.  

Cascaded H-bridge (CHB) converter is another 
commercialized multilevel topology for 6 kV, 10kV or even 
higher voltage applications [8]. In order to increase the 
voltage levels, a large number of H-bridge cells are 
connected in series and powered by isolated DC sources. A 
multi-winding transformer with a number of isolated 
secondary windings is often used, which is huge, complex 
and expensive. 

In order to increase the voltage levels and reduce the 
number of clamping devices and isolated DC sources, plenty 
of new multilevel topologies have been proposed based on 
the combination of different types of multilevel topologies, 
which is classified as hybrid multilevel topologies.  

Stacked multi-cell (SMC) converter is one of the earliest 
hybrid multilevel topologies [15], [16]. It can be seen as the 
combination of two flying capacitor multilevel converters 
stacked together. Five-level active neutral-point clamped 
(5L-ANPC) converter is another hybrid multilevel topology 
which can be seen as the combination of a three-level ANPC 
and a two-level cell [17]–[19]. The main drawback of 5L-
ANPC converter is the requirement of two switches 
connected in series to ensure all the switches withstand the 
same voltage stress, which may reduce the reliability of the 
converter.  

In order to increase the voltage levels of three-level NPC 
and FC converters and overcome their inherent drawbacks, a 
four-level nested neutral-point clamped (4L-NNPC) 
converter derived from 3L-NPC topology is proposed in [20] 
and a four-level hybrid-clamped converter derived from 3L-
FC topology is proposed in [21], [22]. However, all these 
hybrid topologies are the combination of NPC converters or 
FC converters and it is hard to output more than five voltage 
levels.  
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Another kind of hybrid multilevel topology is the 
combination of CHB topology with other topologies, which 
can be divided into two types: asymmetrical hybrid 
multilevel topologies with unequal DC-link voltages [23]–
[26], and symmetrical hybrid multilevel topologies with 
equal DC-link voltages [27]–[30]. Asymmetrical hybrid 
multilevel topologies achieve higher voltage level by adding 
or subtracting different DC-link voltages. Diverse DC-link 
voltage ratios have been studied in the literature to improve 
the output voltage levels [24]. One of the major issues of 
these topologies is the unequal power demands. In addition, 
the modularity is also lost. 

Symmetrical hybrid multilevel topologies achieve higher 

output voltage level by using multilevel H-bridge cells. A 
five-level voltage can be obtained by using 3L-NPC or 3L-
FC H-bridge and a nine-level voltage can be obtained by 
using 5L-ANPC H-bridge, as shown in Fig. 1. 

In order to further increase the voltage levels of H-bridge 
cell and reduce the number of devices, the concept of using a 
multilevel DC-link (MLDCL) and an H-bridge to double the 
voltage levels is proposed in [27]. The MLDCL can be a 
NPC phase leg, a FC phase leg, or cascaded half-bridge cells. 
Based on this idea, a hybrid cascaded multilevel converter is 
studied in [28], as shown in Fig. 1(d). Cascaded half-bridge 
cells with isolated DC-sources are used as the MLDCL, 
which is suitable for battery energy storage system. 
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Fig. 1.  Three multilevel H-bridge circuits: (a) 3L-NPC based 5L H-Bridge; (b) 3L-FC based 5L H-Bridge; (c) 5L-ANPC based 9L H-Bridge; (d) Hybrid 
cascaded nine-level converter. 
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Fig. 2.  The proposed nine-level H-bridge. 

In order to reduce the number of isolated DC-sources, a 
symmetrical hybrid nine-level H-bridge cell is investigated 
in this paper, as shown in Fig. 2. Each phase of this converter 
is composed of a five-level DC/DC converter cell as 
MLDCL and an H-bridge cell. The DC/DC converter cell is 
operated at high frequency with low voltage devices and the 
H-bridge cell is operated at fundamental frequency with high 
voltage devices. Compared with the hybrid cascaded nine-
level converter in Fig. 1(d), the number of isolated DC-
sources is significantly reduced. Compared with 5L-ANPC 
H-bridge in Fig. 1(c), the main drawback of the proposed 

topology is that the low frequency switches in the H-bridge 
withstand the full DC-link voltage, while in 5L-ANPC it 
only bears half the DC-link voltage. However, the count of 
high voltage switches in the proposed topology is only half 
of that in the 5L-ANPC H-bridge topology. Moreover, the 
high voltage switches in the proposed topology are operated 
at zero-voltage switching, hence both the switching losses 
and turn-off surge voltage can be largely reduced. 

A typical application of this topology is high speed motor 
drives. In some applications such as turbo compressors and 
blowers, high speed motors are utilized to improve the power 
density and can be connected to the load directly without 
gear boxes. In this situation the fundamental frequency can 
reach as high as several hundred to several kilo Hz, which 
means an extremely high switching frequency is required. 
This problem can be relieved by multilevel converters due to 
the high equivalent switching frequency, which is 
particularly suitable to apply hybrid multilevel converters.  

For this symmetrical hybrid nine-level converter, there are 
two circuit configurations when used in motor drives. One 
configuration is that all the phase circuits are connected to a 
common DC-link and each drives an isolated winding of an 
open-winding motor, which is particularly suitable to drive a 
multi-phase motor with only one DC source, as shown in Fig. 
3(a). Another configuration is that all the multilevel H-bridge 
cells are powered by isolated DC sources and can also be 
cascaded like traditional CHB converters, which is suitable 
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for high voltage high speed Y-connected motors. Compared 
with traditional CHB converter, the symmetrical hybrid nine-
level converter can reduce 3/4 of isolated DC sources when 
outputting the same voltage level. This paper is focused on 
the first configuration. 

The key problem of this topology is the voltage balancing 
of DC-link capacitors and flying capacitors. This paper is a 

major revision of [31]. A detailed analysis of the average 
currents through the flying capacitor and neutral point of the 
DC-link is presented in this paper. A capacitor voltage 
balancing method based on phase-shifted PWM (PSPWM) is 
proposed. More simulation and experimental results are 
presented to demonstrate the feasibility of this topology and 
control method. 
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Fig. 3.  Circuit diagram of the symmetrical hybrid nine-level inverter for motor drives: (a) for open-winding motor with a common DC-link; (b) for Y-connected 
motor with multiple isolated DC sources. 

II. OPERATING PRINCIPLES AND MODULATION METHOD 

As shown in Fig. 2, the symmetrical hybrid nine-level 
inverter consists of two cells: a high frequency cell with low 
voltage devices and a low frequency cell with high voltage 
devices. The high frequency cell is composed of two three-
level flying capacitor converters and the output voltage Vdx 
has five levels, which can be seen as a five-level DC/DC 
converter. For this five-level DC/DC converter, all the 
switches are operated at high frequency and the voltage 
ratings are only Vdc/4. The low frequency cell is an H-bridge 
and the voltage rating of four switches is Vdc. However, all 
the four switches are operated at fundamental frequency. 

Assuming the DC-link voltage is constant and equal to 
4E, then the rated voltages of flying capacitor Cfx1 and Cfx2 
are E. In order to output nine voltage levels, the following 
operating rules should be obeyed: 
1) Switches Sx1–Sx6 and Sx1'–Sx6' should be operated in a 

complementary way, respectively. 
2) The H-bridge is operated with bipolar modulation. That is 

to say, Sx5 and Sx6' are operated synchronously while Sx6 
and Sx5' are operated synchronously. 
Based on the above operating rules, each phase can output 

9 voltage levels with 32 distinct switching states. All the 
switching states are summarized in Table I. Different 
switching states have different effects on the flying capacitor 
voltages and neutral-point (NP) potentials, which provides a 
high degree of freedom to balance the voltages of DC-link 
capacitors and flying capacitors. 

Defining the switching functions of switches Sx1–Sx6 are 
Sfx1–Sfx6, respectively, based on Table I, the instantaneous 
output voltage of the high frequency cell can be written as: 

dx fx1 fx2 fx3 fx4( )V S S S S E                        (1) 

Then the total output voltage can be written as: 

ox dx fx5 fx6( )V V S S                            (2) 

If E is selected as the base voltage value, then the range of 
Vox is [–4, 4]. In order to operate Sx5 and Sx6 at fundamental 
frequency, Sfx5 can be decided as follows: 

ox
fx5

ox

0,    0

1, 0

u
S

u


  

,                             (3) 

where uox is the reference output phase voltage. Then the 
reference modulation voltage urefx for the high frequency cell 
can be written as follows: 

ox fx5
refx

ox fx5

,       1

, 0

u S
u

u S


  

                          (4) 

Equation (1) indicates that the output voltage of the low 
voltage cell is determined by the sum of the switching 
functions Sfx1–Sfx4. Moreover, switches Sx1, Sx2, Sx3 and Sx4 
are independent of each other, so that classic phase-shifted 
PWM (PS-PWM) can be used to control the high frequency 
cell. Fig. 4 illustrates the diagram of the PS-PWM method 
applied in this five-level DC/DC converter cell. The four 
carrier signals are phase shifted by 90o and correspond to 
switches Sx1, Sx2, Sx3 and Sx4, respectively. According to (1), a 
five-level DC voltage can be synthetized. 
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TABLE I SWITCHING STATES OF THE SYMMETRICAL HYBRID NINE-LEVEL 

INVERTER 

Sx1 Sx2 Sx3 Sx4 Sx5 Sx6 
switching 

states 
Vox 

0 0 0 0 1 0 V0 0 

0 0 0 1 1 0 V1 E 

0 0 1 0 1 0 V2 E 

0 1 0 0 1 0 V3 E 

1 0 0 0 1 0 V4 E 

0 0 1 1 1 0 V5 2E 

0 1 1 0 1 0 V6 2E 

1 1 0 0 1 0 V7 2E 

0 1 0 1 1 0 V8 2E 

1 0 1 0 1 0 V9 2E 

1 0 0 1 1 0 V10 2E 

0 1 1 1 1 0 V11 3E 

1 0 1 1 1 0 V12 3E 

1 1 0 1 1 0 V13 3E 

1 1 1 0 1 0 V14 3E 

1 1 1 1 1 0 V15 4E 

0 0 0 0 0 1 V16 0 

0 0 0 1 0 1 V17 ‒E 

0 0 1 0 0 1 V18 ‒E 

0 1 0 0 0 1 V19 ‒E 

1 0 0 0 0 1 V20 ‒E 

0 0 1 1 0 1 V21 ‒2E

0 1 1 0 0 1 V22 ‒2E

1 1 0 0 0 1 V23 ‒2E

0 1 0 1 0 1 V24 ‒2E

1 0 1 0 0 1 V25 ‒2E

1 0 0 1 0 1 V26 ‒2E

0 1 1 1 0 1 V27 ‒3E

1 0 1 1 0 1 V28 ‒3E

1 1 0 1 0 1 V29 ‒3E

1 1 1 0 0 1 V30 ‒3E

1 1 1 1 0 1 V31 ‒4E

 

 
Fig. 4.  Diagram of the PS-PWM. From top to button are: triangular carrier 
waves and reference wave, switching signal of Sx1 to Sx4; synthetic five-level 
DC voltage. 

III. CAPACITOR VOLTAGE BALANCING METHOD 

A. Mathematical Model 

One of the most important issues of this converter is the 
capacitor voltage balancing problem, including the voltage 
balancing of flying capacitors and DC-link capacitors. A 
mathematical model of the capacitor currents should be 
established first. 

For the flying capacitors Cfx1 and Cfx2, the instantaneous 
flying capacitor currents (ifx1, ifx2) can be written as: 

fx1 fx2 fx1 dx

fx2 fx4 fx3 dx

( )

( )

i S S i

i S S i

  
   

                           (5) 

where idx is the current flows out of the high-frequency cell 
and can be written as follows: 

dx fx5 fx6 ox( )i S S i                               (6) 

For the DC-link capacitors, the instantaneous NP currents 
iNx  can be written as: 

Nx fx1 dx fx3 dx fx3 fx1 dx(1 ) (1 ) ( )i S i S i S S i             (7) 
Defining the duty ratios of Sfx1–Sfx4 are dx1–dx4, 

respectively, based on (1), the average output voltage of the 
low voltage cell in a carrier period can be written as: 

dx x1 x2 x3 x4( )u d d d d E                         (8) 
If the carrier frequency is high enough, the reference 

signal can be regarded as a constant in a carrier period. Then 
the duty ratio of Sfx1‒Sfx4 in a carrier period can be written as: 

x1 x2 x3 x4 refx / 4d d d d u                       (9) 
Based on (5), the average flying capacitor currents in a 

carrier period can be written as: 
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fx1 x2 x1 dx

fx2 x4 x3 dx

( )

( )

i d d i

i d d i

   


  
                     (10) 

Based on (7), the average NP currents in a carrier period 
can be written as: 

Nx x3 x1 dx( )i d d i                        (11) 

From (9), (10) and (11) it can be seen that the average flying 
capacitor currents and NP current in a carrier period are zero, 
which indicates that the voltages across the flying capacitors 
and DC-link capacitors can be naturally balanced in a carrier 
period under ideal and steady-state conditions. 

B. Capacitor voltage balancing method 

Although the flying capacitor voltages and NP voltage 
can be naturally balanced under ideal and steady conditions, it 
also may diverge under non-ideal and dynamic conditions if 
not controlled. Define Δufx1 and Δufx2 are the voltage ripples 
of flying capacitors in a carrier period, which can be written 
as follows: 

fx1 s s
fx1 fx1 x1 x2 dx

f f

fx2 s s
fx2 fx2 x3 x4 dx

f f

( )

( )

i T T
u u E d d i

C C

i T T
u u E d d i

C C

 
       



       

     (12) 

where Cf is the capacitance of flying capacitors and Ts is the 
carrier period. 

For the DC-link capacitor voltages, if the neutral points of 
three-phase circuits are connected together, the neutral-point 
voltage ripple is affected by the three-phase currents at the 
same time. Then the voltage ripple affected by a single phase 
can be written as follows: 

Nxd1 d2 s s
Nx x3 x1 dx

d d

3
( )

2 2 / 3 2

u u i T T
u d d i

C C

 
           (13) 

where Cd is the capacitance of upper and lower DC-link 
capacitors. From (12) and (13) it can be seen, a way to 
regulate the flying capacitor and NP voltages is to adjust the 
duty cycles of Sfx1‒Sfx4, which varies the operation time of 
redundant switching states essentially. So the PS-PWM 
method should be modified slightly to achieve this goal.  

The proposed voltage balancing of DC-link capacitors and 
flying capacitors can divided into the following three steps: 

Step 1: For the flying capacitor Cfx1, if sign(Δufx1 * idx) > 0, 
according to (12), the duty ratio of Sfx1 should be decreased 
and the duty ratio of Sfx2 should be increased. In order to not 
affect the output voltage and other capacitor currents, the 
modified duty ratios of Sfx1‒Sfx4 can be written as: 

'
x1 x1 x21

'
x2 x2 x21

'
x3 x3 x21

'
x4 x4 x21

1

4
3

4
1

4
1

4

d d d

d d d

d d d

d d d

   

   

   


   


                           (14) 

Thus, the average charging current of the flying capacitor 
Cfx1 is as follows: 

' '
fx1 x2 x1 dx x21 dx( )i d d i d i                        (15) 

Step 2: For the flying capacitor Cfx2, if sign(Δufx2 * idx) > 0, 
according to (12), the duty ratio of Sfx3 should be decreased 
and the duty ratio of Sfx4 should be increased. In order to not 
affect the output voltage and other capacitor currents, the 
modified duty ratios of Sfx1‒Sfx4 can be written as: 

'' '
x1 x1 x43

'' '
x2 x2 x43

'' '
x3 x3 x43

'' '
x4 x4 x43

1

4
1

4
1

4
3

4

d d d

d d d

d d d

d d d

   

   

   


   


                           (16) 

Thus, the average charging current of the flying capacitor 
Cfx2 is as follows: 

'' ''
fx2 x4 x3 dx x43 dx( )i d d i d i                        (17) 

Step 3: For the neutral point voltage, if sign(ΔuNx * idx) > 0, 
according to (13), the duty ratio of Sfx3 should be decreased 
and the duty ratio of Sfx1 should be increased. In order to not 
affect the output voltage and other capacitor currents, the 
modified duty ratios of Sfx1‒Sfx4 can be written as: 

''' ''
x1 x1 x31

''' ''
x2 x2 x31

''' ''
x3 x3 x31

''' ''
x4 x4 x31

1

2
1

2
1

2
1

2

d d d

d d d

d d d

d d d

   

   

   


   


                           (18) 

Thus, the average NP current is as follows: 

''' '''
Nx x3 x1 dx x31 dx( )i d d i d i                        (19) 

Based on (14), (16) and (18), the final duty ratio 
variations can be written as follows: 

x1 x21 x43 x31

x2 x21 x43 x31

x3 x21 x43 x31

x4 x21 x43 x31

1 1 1

4 4 2
3 1 1

4 4 2
1 1 1

4 4 2
1 3 1

4 4 2

d d d d

d d d d

d d d d

d d d d

       

      

       


       


         (25) 

Δdx21, Δdx43 and Δdx31 are very small and can be 
controlled by a PI regulator. The diagram of this voltage 
balancing control method is shown in Fig. 5. With this 
method, the DC-link and flying capacitor voltages can be well 
balanced. 
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Fig. 5.  Voltage balancing control diagram of the DC-link capacitors and 
flying capacitors  

IV. SIMULATION VERIFICATION 

In order to demonstrate the performance of the control 
method, a three-phase symmetrical hybrid nine-level inverter 
for a 3.3 kV/500 kVA high-speed open-winding motor is 
simulated in MATLAB/Simulink environment. The circuit 
structure is shown in Fig. 3(a).  

In order to drive a 3.3kV open-winding motor, the DC-
link voltage is set to 2800V. So the high voltage low 
frequency switches can use 4500 V IGBTs or IGCTs, which 
are operated at zero-voltage switching and the voltage 
stresses and power losses are very small. The flying 
capacitor voltage is set to 700 V and the switching frequency 
is set to 5 kHz. High speed 1200V IGBTs or SiC MOSFETs 
can be used as the low voltage high frequency switches. The 
fundamental frequency of the motor is 200Hz and the rated 
speed is 6000rpm. All the parameters used for simulation are 
summarized in Table II 

 
TABLE II CIRCUIT PARAMETERS USED FOR SIMULATION 

Parameters Value 

Rated volume 500 kVA 

Rated line voltage 3.3 kV 

DC-link voltage Udc = 2800 V 

Flying capacitor voltage E = 700V 

DC-link capacitor Cd1 = Cd2 =200 μF 

Flying capacitor Cf = 200 μF 

Carrier frequency fc = 5 kHz 

Fundamental frequency fc = 200 Hz 

Load Open-winding induction motor 

Fig. 6 shows the phase voltage and current waveforms of 
the motor starting process from 0 to 200Hz with variable 
voltage variable frequency (VVVF) control. The number of 
output phase voltage levels is increased from three to nine 
gradually. The detailed waveforms of steady states and FFT 
results are presented in Fig. 7. Due to the equivalent 
switching frequency of the output voltage is four times the 
carrier frequency, the main harmonics of the phase voltage 
are concentrated on carrier frequency (5 kHz) and four times 
the carrier frequency (20 kHz), as shown in Fig. 7, which are 
easy to filter out. 

Fig. 8 and Fig. 9 are the DC-link capacitor voltages and 
flying capacitor voltages under the starting process. All the 
capacitor voltages are balanced at their nominal values, 
which demonstrates the effectiveness of the proposed voltage 
balancing method. 

 
Fig. 6.  Phase voltage and current of the motor starting from 0 to 200Hz. 

 

 
(a) 

-3000

-2000

-1000

0

1000

2000

3000

0 0.1 0.2 0.3 0.4 0.5 0.6
-150

-100

-50

0

50

100

150

Time (s)

V
ol

ta
ge

 (
V

)
C

ur
re

nt
 (

A
)

0.55 0.552 0.554 0.556 0.558

-2000

-1000

0

1000

2000

Time (s)

0 2 4 6 8 10

x 10
4

0

1

2

3

4

5

Frequency (Hz)

Fundamental (200Hz) = 2676 , THD= 16.64%

M
ag

 (
%

 o
f 

F
un

da
m

en
ta

l)



0093-9994 (c) 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIA.2017.2726503, IEEE
Transactions on Industry Applications

Fig. 7.  The
re

 

Fig. 8.  The DC-

0.55

-100

-50

0

50

100

0
0

0.5

1

1.5

2

2.5

M
ag

 (
%

 o
f 

F
un

da
m

en
ta

l)

0
1300

1320

1340

1360

1380

1400

1420

1440

1460

1480

1500

V
ol

ta
ge

 (
V

)

e detailed phase v
esults: (a) phase v

link capacitor vol

0.552 0.5

2
Fre

Fundamental (200

0.1 0.2

T

(b) 
voltage and curren
voltage, (b) phase 

ltages during the 

554 0.556
Time (s)

4 6
equency (Hz)

0Hz) = 133.5 , TH

0.3 0.4

ud1

ud2

Time (s)

nt waveforms and
current 

motor start up pro

0.558

8 10

x 10
4

HD= 3.87%

4 0.5

 

d FFT 

 
ocess. 

F

met
bui
par
use
IPB
freq

and
fun
load
vol
can
thei

0.6

Fig. 9.  The flying 

V.

To verify the
thod, a low 
lt. A single ph

rameters are sh
ed in the 
B072N15N3 an
quency cell ar

Fig. 10

TABLE II

Parameters 

DC-link voltage

DC-link capacit

Flying capacitor

Carrier frequenc

R-L Load 

Fig. 11 show
d current w
ndamental freq
d is used at 
tages and flyi

n be seen that
ir nominal val

600

650

700

750

800

600

650

700

750

800

0 0
600

650

700

750

800

V
ol

ta
ge

 (
V

)
V

ol
ta

ge
 (

V
)

V
ol

ta
ge

 (
V

)
 capacitor voltage

EXPERIMENTA

e validity of th
power three-
hase circuit is
hown in Table

high frequ
nd the high vo

re IGBTs IKB2

0.  A single phase

II Circuit parame

Value 

e Udc = 3

tor Cd1 = C

r Cf = 10

cy fc = 10

R = 22

ws the experim
with the mo
quency f = 20
first. Fig. 12 
ing capacitor 
t all the capa
lues. 

0.1 0.2

T

es during the mot

AL VERIFICATI

he proposed v
phase inverte

s shown in Fig
e III. The low 
uency cell 
oltage switche
20N60T. 

e circuit of the pro

eters used for exp

320 V 

Cd2 = 2820 μF 

00 μF 

0 kHz 

2 Ω, L= 0.1 mH 

mental results 
odulation ind
0Hz. A resisto
shows the D
voltages of a

acitor voltages

0.3 0.4

Time (s)

or start up proces

ION 

voltage balanc
er prototype w
g. 10. The cir
voltage switc
are MOSFE

es used in the 

ototype 

periments 

of phase volt
dex m=1.0
or-inductor (R

DC-link capac
a single phase
s are balanced

0.5 0.6

ufa1

ufa2

ufb1

ufb2

ufc1

ufc2

 
ss. 

cing 
was 
cuit 

ches 
ETs 
low 

 

tage 
and 

R-L) 
citor 
e. It 
d at 



0093-9994 (c) 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIA.2017.2726503, IEEE
Transactions on Industry Applications

p
e
F
th
k
s

in
fr
d
p
v

Fig. 1

Fig. 12.  The 

The FFT r
presented in 
experimental d
FFT analysis t
he phase volta

kHz) and four 
similar with th

Fig. 14 sh
ndex step cha

from 1.0 to 0.
decreased from
processes all th
voltage balanc

 

1.  Phase voltage

DC-link capacito
voltag

results of the
Fig. 13, whi
data into MA
tool as the sim
age are conce
times the carr

he simulation r
hows the dyna
ange. The mo
.2 and the nu
m nine to thr
he capacitor v
ing method. 

 (250V/div) and c

 

or voltages (50V/d
ges (25V/div) 

e phase voltag
ich is realize

ATLAB and 
mulation. The 
entrated on ca
rier frequency
results. 
amic performa
odulation inde
umber of phas
ree. During t

voltages remain

current (10A/div)

div) and flying ca

ge and curren
ed by loadin
applying the 
main harmon

arrier frequenc
y (40 kHz), wh

ance of modu
ex is stepped 
se voltage lev
the whole dyn
n balanced wi

 
 

 
apacitor 

nt are 
ng the 

same 
nics of 
cy (10 
hich is 

ulation 
down 

vels is 
namic 
ith the 

Fig. 
to 0

Fig. 13.  The F

 14.  Dynamic pe
.2 

0.01 0.

-200

0

200

0
0

1

2

3

4

5

M
ag

 (
%

 o
f 

F
un

da
m

en
ta

l)

0.01 0

-5

0

5

0
0

0.5

1

1.5

2

M
ag

 (
%

 o
f 

F
un

da
m

en
ta

l)

FFT results of (a)

erformance of mo

.012 0.014 0.016 0.018
T

2 4
Frequ

Fundamental (200Hz

.012 0.014 0.016 0.018
T

2 4
Freq

Fundamental (200H

(a) 

(b) 
) phase voltage an

odulation index st

0.02 0.022 0.024 0.026
ime (s)

6 8
uency (Hz)

z) = 290.4 , THD= 15.10%

0.02 0.022 0.024 0.02
Time (s)

6 8
uency (Hz)

Hz) = 7.269 , THD= 5.06%

 

 

nd (b) phase curre

tepped down from

6 0.028

10

x 10
4

%

26 0.028

10

x 10
4

%

ent 

m 1.0 



0093-9994 (c) 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIA.2017.2726503, IEEE
Transactions on Industry Applications

d
m
1
n
b
s
c
b
r
b

in
in
a

Fig. 15 an
driving a thre
motor is started
15 and the fly
nominal voltag
beginning. Fig
step-change. D
change proce
balanced. Stea
esults demons

balancing meth

Fig. 15.  Start

 

Fig. 16.  Load

 

This paper
nverter for h
nverter is com

and an H-bridg

nd Fig. 16 sh
ee-phase open
d up and acce
ying capacitor
ges with the v
g .16 shows 
During the wh
esses, all the
ady and dynam
strate the effec
hod. 

tup waveforms of 

d torque step-chan

VI. C

r introduced a
igh speed mo
mposed of a f
ge cell. The fi

how the expe
n-winding ind
elerated from 0
rs are charged
voltage balan
the performan

hole acceleratin
e capacitor 
mic simulation
ctiveness of th

 

f an open-winding

nge 

CONCLUSIONS

a symmetrica
otor drives. E
five-level DC
ve-level DC/D

erimental resu
duction motor
0Hz to 50Hz i
d from zero t
cing method 
nce of load t
ng and torque
voltages ma

n and experim
he capacitor vo

g induction motor

S 

al hybrid nine
Each phase o

C/DC converte
DC converter 

ults of 
r. The 
in Fig. 
to the 
at the 
torque 
e step-
aintain 
mental 
oltage 

 

e-level 
of this 
er cell 
cell is 

ope
H-b
vol
met
bala
Sim
effe

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

erated at high 
bridge cell is o
tage devices. 
thod of this in
ancing metho

mulation and
ectiveness of t

A. Nabae, I. Tak
PWM inverter,” 
Sep./Oct. 1981.

S. Kouro, M. Ma
W. Bin, et al.,
Multilevel Conv
2553-2580, Aug

H. Abu-Rub, J.
Multilevel Conv
industrial applica
2581-2596, Aug

K. Gupta, A. Ran
inverter topologi
Power Electron.,

S. Fazel, S. Bern
4-kV neutral-poi
bridge multileve
1032–1040, July

J. Rodriguez, S
neutral-point-cla
no. 7, pp. 2219–2

T. A. Meynard,
converters,” IEE
June 1997. 

M. Malinowski, 
Survey on Casca
Vol. 57, no. 7, pp

N. Hatti, Y. Kon
Converters Conn
Ind. Appl., vol. 4

] A. M. Y. M. Ghi
“On Improving 
Converters,” IEE
5388, Aug. 2016

] B. P. McGrat
balancing for a
IEEE Trans. Po

] S. Thielemans
“Improved Natu
Single-Leg Fiv
Power Electron

] C. Feng, J. Lian
Control for Fly
Power Electron

] A. Shukla, A. 
capacitor voltag
IEEE Trans. Po

] A. M. Y. M. G
Balancing Me
Multicell Conve
1921-1930, Mar

] A. M. Y. M. G
Agelidis, and A
and Regulation

frequency wit
operated at fun

The operatin
nverter is intro
d based on m

d experiment
this voltage ba

REFER

kahashi, and H. A
IEEE Trans. Ind.

alinowski, K. Go
, “Recent Advan

verters,” IEEE Tr
. 2010. 

 Holtz, J. Rodri
erters—State of t
ations,” IEEE Tr
. 2010. 

njan, P. Bhatnaga
ies with reduced 
, vol.31, no. 1, pp

net, D. Krug, and
int-clamped, flyin
l converters,” IEE

y/August 2007. 

S. Bernet, P. Ste
amped inverters,”
2230, July 2010. 

, M. Fadel and 
EE Trans. Ind. E

K. Gopakumar, J
aded Multilevel In
p. 2197-2206, Jul

ndo and H. Akag
nected Back-to-B
44, no. 4, pp. 1268

ias, J. Pou, G. J. C
Phase-Shifted PW

EE Trans. Power
6. 

th, and D. G. 
a flying capacito

ower Electron., vo
s, A. Ruderman
ural Balancing W
ve-Level Flying-
n., vol. 27, no. 4, p

ng and V. G. Ag
ying Capacitor M

n., vol. 22, no. 1, p

Ghosh, and A. 
ges in multicell in
ower Electron., vo

Ghias, J. Pou and 
thod Based on
erters," IEEE Tra

arch 2016. 
Ghias, J. Pou, P. A
A. Merabet, “Eli
n of Neutral-Po

th low voltage
ndamental freq
ng principles 
oduced and a 

modified PS-PW
tal results d
alancing metho
 

RENCES 
Akagi, “A new n
. Appl., vol. IA-17

opakumar, J. Pou,
nces and Indust

rans. Ind. Electro

iguez, and B. G
the art, challenges
rans. Ind. Electro

ar, L. K. Sahu, an
device count: a r

p. 135-151, Jan. 2

d K. Jalili, “Desig
ng-capacitor, and
EE Trans. Ind. Ap

eimer, and I. Liz
 IEEE Trans. Ind

N. Aouda, “Mo
Electron., vol. 44,

J. Rodriguez, X. P
nverters, ” IEEE 
ly 2010. 

gi, “Five-Level D
Back for Motor D
8-1276, July/Aug

Capella, P. Acuna
WM for Flying 
r Electron., vol. 

Holmes, “Natur
or converter indu
ol.24, no. 6, pp. 1

n, B. Reznikov 
With Modified Ph

Capacitor Conve
pp. 1658-1667, A

gelidis, “Modified
Multilevel Conve
pp. 178-185, 2007

Joshi, “Natural 
nverter under PD 
ol.26, no. 6, pp. 1

V. G. Agelidis, 
n Phase-Shifted 
ans. Power Electr

Acuna, S. Ceball
imination of Low
oint Voltage in

e devices and 
quency with h
and modulat

capacitor volt
WM is propos
demonstrate 
od. 

neutral-point-clam
7, no. 5, pp. 518–

, L. G. Franquelo
trial Application
on., vol.57, no. 8

Ge, “Medium-Vol
s, and requiremen
on., vol.57, no. 8

nd S. Jain, "Multil
review," IEEE Tr
016. 

gn and compariso
d series-connected
ppl., vol. 43, no. 4

zama, “A survey
d. Electron., Vol

odeling of multil
, no. 3, pp. 356-

Pe and M. A. Rez
Trans. Ind. Electr

Diode-Clamped P
Drives,” IEEE Tr
. 2008. 

a, and V. G. Agel
Capacitor Multil
31, no. 8, pp. 5

al capacitor vol
uction motor dri
554-1561, Jun. 20
and J. Melkeb

ase-Shifted PWM
erters,” IEEE Tr

April 2012. 

d Phase-Shifted P
erters,” IEEE Tr
7. 

balancing of fl
carrier-based PW
682-1693, Jun. 20

"An Active Volt
PWM for Sta

ron., vol. 31, no. 3

os, A. Heidari, V
w-Frequency Rip
n Stacked Mult

the 
high 
tion 
tage 
sed. 
the 

mped 
–523, 

o and 
ns of 
, pp. 

ltage 
nts in 
, pp. 

level 
rans. 

on of 
d H-
4, pp. 

y on 
. 57, 

level 
-364, 

z, “A 
ron., 

WM 
rans. 

lidis, 
level 
384-

ltage 
ive,” 
009. 
beek, 
M for 
rans. 

WM 
rans. 

lying 
WM,” 

011. 

tage-
cked 
3, pp. 

V. G. 
pples 
ticell 



0093-9994 (c) 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIA.2017.2726503, IEEE
Transactions on Industry Applications

Converters,” IEEE Trans. Power Electron., vol. 32, no. 1, pp. 164-175, 
Jan. 2017. 

[17] P. Barbosa, P. Steimer, J. Steinke, L. Meysenc, M. Winkelnkemper, and 
N. Celanovic, “Active neutral-point-clamped (ANPC) multilevel 
converter technology,” in Proc. Conf. Rec. EPE, 2005, CDROM. 

[18] K. Wang, Z. Zedong, Y. Li, K. Liu, and J. Shang, “Neutral-Point 
Potential Balancing of a Five-Level Active Neutral-Point-Clamped 
Inverter,” IEEE Trans. Ind. Electron., vol. 60, no. 5, pp. 1907-1918, 
May 2013. 

[19] Z. Liu, Y. Wang, G. Tan, H. Li, Y. Zhang, “A Novel SVPWM 
Algorithm for Five-Level Active Neutral-Point-Clamped Converter,” 
IEEE Trans. Power Electron., vol.31, no. 5, pp. 3859-3866, May 2016. 

[20] K. Tian, B. Wu, M. Narimani, D. D. Xu, Z. Cheng, and N. Reza 
Zargari, “A Capacitor Voltage-Balancing Method for Nested Neutral 
Point Clamped (NNPC) Inverter,” IEEE Trans. Power Electron., vol. 
31, no. 3, pp. 2575-2583, March 2016. 

[21] K. Wang, Z. Zheng, L. Xu, and Y. Li, “A Four-level Hybrid-Clamped 
Converter With Natural Capacitor Voltage Balancing Ability,” IEEE 
Trans. Power Electron., vol. 29, no. 3, pp. 1152-1162, March 2014. 

[22] K. Wang, Z. Zheng, L. Xu, and Y. Li, “Voltage Balancing Control of a 
Four-Level Hybrid-Clamped Converter Based on Zero-Sequence 
Voltage Injection Using Phase-Shifted PWM”, IEEE Trans. Power 
Electron., vol. 31, no. 8, pp. 5389-5399, Aug. 2016. 

[23] M. D. Manjrekar, P. K. Steimer and T. A. Lipo, “Hybrid multilevel 
power conversion system: a competitive solution for high-power 
applications,” IEEE Trans. Ind. Appl., vol. 36, no. 3, pp. 834-841, 
May/June 2000. 

[24] C. Rech and J. R. Pinheiro, “Hybrid Multilevel Converters: Unified 
Analysis and Design Considerations,” IEEE Trans. Ind. Electron., vol. 
54, no. 2, pp. 1092-1104, April 2007. 

[25] M. Veenstra and A. Rufer, “Control of a hybrid asymmetric multilevel 
inverter for competitive medium-voltage industrial drives,” IEEE 
Trans. Ind. Appl., vol. 41, no. 2, pp. 655-664, March/April 2005. 

[26] Y. Zhang, G. P. Adam, T. C. Lim, S. J. Finney, and B. W. Williams, 
“Hybrid Multilevel Converter: Capacitor Voltage Balancing Limits 
and its Extension,” IEEE Transactions on Industrial Informatics, vol. 
9, no. 4, pp. 2063-2073, Nov. 2013. 

[27] G. Su, “Multilevel DC-link inverter,” IEEE Trans. Ind. Appl., vol. 41, 
no. 3, pp. 848- 854, May/June 2005. 

[28] Z. Zheng, K. Wang, L. Xu, and Y. Li, “A Hybrid Cascaded Multilevel 
Converter for Battery Energy Management Applied in Electric 
Vehicles,” IEEE Trans. Power Electron., vol. 29, no. 7, pp. 3537-3546, 
July 2014 

[29] L. F. Costa, S. A. Mussa and I. Barbi, “Multilevel Buck/Boost-Type 
DC-DC Converter for High-Power and High-Voltage Application,” 
IEEE Trans. Ind. Appl., vol. 50, no. 6, pp. 3931-3942, Nov./Dec. 2014. 

[30] D. A. Ruiz-Caballero, R. M. Ramos-Astudillo, S. A. Mussa, and M. L. 
Heldwein, “Symmetrical Hybrid Multilevel DC–AC Converters With 
Reduced Number of Insulated DC Supplies,” IEEE Trans. Ind. 
Electron., vol. 57, no. 7, pp. 2307-2314, July, 2010. 

[31] K. Wang, Y. Li, Z. Zheng, D. Wei, and B. Fan, “A symmetrical hybrid 
nine-level inverter for high speed open-winding motor drive system,” 
in proc. 2016 IEEE Energy Conversion Congress and Exposition 
(ECCE), 2016, pp. 1-6. 

 


