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Abstract: By the predictable carrier based and space vector
pulse width modulation which schemes for two-level
topology generate large common-mode voltage, this leads to
the occurrence of behavior current. Theses current spikes can
cause electromagnetic interference (EMI) and reduction in
the life expectation of the motor. Cascade multilevel inverter
can reduce voltage stress on power switches generate smaller
common-mode voltage and output voltage with low
distortion .Phase shifted PWM is a well-suited solution for
H-bridge cascaded inverters. The topology of the proposed
configuration is composed of a DC source, a switched-
capacitor circuit, and a coupled inductor. Compared to
predictable seven-level inverter configuration, numbers of
switches and capacitors are reduced. The voltages of
capacitors are self-balances by using coupled inductor
without complex control method. The level and phase —
shifted PWM (LPS_PWM) and the LS _PWM are applied to
the seven-level SCISPC, and LPS_PWM is compared with
LS_PWM for the seven-level SCISPC. The LPS_PWM has
both the characteristics of the phase-shifted PWM (PS-
PWM) and the LS-PWM. The voltage reduction during the
discharging team of the SCs is condensed by means of the
shorter discharging period compared to LS PWM. The
voltage ripple of the capacitors is also reduced, which leads
to higher power conversion efficiency. The improved seven
level PWM converter versions is also considered to suppress
the circulating current due to phase shift pulse modulation
principle by using MATLAB/Simulink.

Keywords: Boost Converter, H-Bridge, Switched Capacitor
Converters, Charge Pump, Switched-Capacitor, Induction
Machine Drive.
I. INTRODUCTION

The multilevel inverters have received a lot of attention
because of high-efficiency power conversion. The output
voltage of the multilevel inverter is in a staircase waveform.
Therefore, the voltage stress of the switching device is
lower, and the total harmonic distortion (THD) is also lower
than that of the other types of inverter. The multilevel
inverter has many configurations: for example, the cascade
H-bridge (CHB) inverter[9], the neutral-point-clamped
inverter [2], and the flying capacitor inverter. These inverters
have a large number of switching devices or many input

voltage sources. For example, the seven-level CHB has 12
switching devices[7]. As the voltage level increases, a
greater number of switching devices are required. A
switched capacitor (SC) inverter, which outputs multilevel
voltages with SCs, gives a solution against the multi-voltage-
source structure. The SC inverter outputs a higher voltage
than the input voltage in a similar way to the charge pump.
However, the number of switching devices increases, which
makes the circuit topology more complicated. A simplified
SC inverter, which is named the Marx inverter, is proposed.
The Marx inverter has the less number of switching devices
in the unique topology. A SC inverter using series/parallel
conversion (SCISPC) is based on the Marx inverter structure
and an H-bridge. The SCISPC can output a multilevel
voltage waveform by switching the capacitors in series or in
parallel.

The SCISPC has the less number of switching devices
compared to the conventional multilevel inverters. Therefore
the SCISPC can be a solution against the aforementioned
disadvantages. However, the efficiency of the SCISPC is
reduced by the voltage reduction of the SCs when the
conventional multicarrier PWM is applied. There are many
modulation methods to drive a multilevel inverter: the
multicarrier PWM, the space vector modulation, the hybrid
modulation [3], the selective harmonic elimination [3] the
alternatively in opposition (APO) disposition PWM [4]. In
the preliminary version of this paper [4], one of the APO
PWMs is applied, which is the combination of the level-
shifted PWM (LS-PWM) and the phase-shifted PWM (PS-
PWM). That is called “level- and phase-shifted PWM (LPS-
PWM).” The LPS-PWM realizes low voltage ripple on the
capacitors in the SCISPC, which also leads to high-
efficiency power conversion. In addition, the carrier
frequency of LPS-PWM is reduced to half that of the
conventional LS-PWM in SCISPC. The modulation method,
the determination method [11] of the capacitance, and the
loss calculation of the inverter proposed. A charge pump
outputs a larger voltage than the input voltage with switched
capacitors [7], [8]. When the several capacitors and the input
voltage sources are connected in parallel, the capacitors are
charged.
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SC inverter is consists of a Marx inverter structure and an
H-bridge [8]. The proposed inverter can output larger
voltage than the input voltage by switching the capacitors in
series and in parallel. The maximum output voltage is
determined by the number of the capacitors. The continuous
economic development of many countries and the
environmental issues (gas emissions and the green house
effect) observed in the last decades forced an intense
research in renewable energy sources. Hydro, photovoltaic
(PV) and wind energy conversion are the most explored
technologies due to their considerable advantages [1]-[2],
such as reliability, reasonable installation and energy
production costs, low environmental impact, capability to
support micro-grid systems and to connect to the electric
grid [3]. Among these energy sources the PV is pointed out
as one of the most modular and environmentally friendly
technologies. Therefore, PV systems have been frequently
adopted worldwide, presenting a growth of 45% on the total
PV power installed in 2009. The proposed inverter does not
have any inductors can be smaller than a conventional two-
stage unit which consists of a boost converter and an inverter
bridge, which make the system large. The structure of the
inverter is simpler than [3] the conventional switched-
capacitor inverters.

THD of the output waveform of the inverter is reduced
compared to the conventional single phase full bridge
inverter as the conventional multilevel inverter. In this paper,
an SC inverter whose structure is simpler than the
conventional SC inverter is proposed. It consists of a Marx
inverter structure and an H-bridge. The proposed inverter
can output larger voltage than the input [3] voltage by
switching the capacitors in series and in parallel. The
proposed inverter does not have any inductors which make
the system large [4]. The output harmonics of the proposed
inverter are reduced by the multilevel output.
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Fig.1. Circuit topology of the switched-capacitor inverter
using series/parallel conversion.

Il. CIRCUIT DESCRIPTION

Fig. 1 shows a circuit topology of the proposed inverter,
where S,, Spi Sek(k =1, 2, ..., 2n — 2) are the switching
devices which switch the capacitors Ci(k=1,2,...,2n—-1)
in series and in parallel. Switches S; — S, are in the inverter
bridge. A voltage source V;, is the input voltage source. A
low pass filter is composed of an inductor L and a capacitor
C. There are many modulation methods to drive a multilevel
inverter: the space vector modulation the multicarrier pulse
width modulation (PWM) the hybrid modulation the
selective harmonic elimination and the nearest level control.
In this paper, the multicarrier PWM method is applied to the
proposed inverter.
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(d) All capacitors are connected in series
Fig.2. Current flow of the proposed inverter (n = 2) on
each state of (a),(b),(c)and(d).

There are many modulation methods to drive a
multilevel inverter: the space vector modulation the
multicarrier pulse width modulation (PWM) the hybrid
modulation the selective harmonic elimination and the
nearest level control. In this paper, the multicarrier PWM
method is applied to the proposed inverter. Fig. 2 shows the
current flow in the proposed inverter (n = 2) and Fig. 3
shows the modulation method of the proposed inverter (n =
2).When the time t satisfies 0 < t < t1 in Fig. 3, the switches
S; and S, are driven by the gate-source voltage vGS; and
vGS2, respectively. While the switches S; and S, are
switched alternately, the other switches are maintained ON
or OFF state as shown in Fig. 3. Therefore, the states shown
in Fig. 2(a) and (b) are switched alternately and the bus
voltage Vbus takes 0 or Vin. When the time t satisfies t; <t
<t,in Fig. 3, the switches Sa;, Sb,, and Sc; are driven by the
gate-source voltage vGSa;, vGSb,, and vGSc;,, respectively.
While the switches Sa;, Sb;, and Sc; are switched
alternately, the other switches are maintained ON or OFF
state as shown in Fig.3.Therefore, the states shown in Fig.
2(b) and (c) are switched alternately. The capacitor C; is
charged by the current —iC1 as shown in Fig. 2(b) during the
state shown in Fig.2(b). Therefore, the proposed inverter can
output the bus voltage vbus while the capacitor C; is
charged. The bus voltage vbus in the state of Fig. 2(c) is

Ubus = I’En + VCH

(1)
where V¢, is the voltage of the capacitor C,. Therefore, the
proposed inverter outputs Vi, or Vi, + V¢; alternately in this
term. When the time t satisfies t, <t < t; in Fig. 3, the switch
Sa2, Sz @and S, are driven by the gate-source voltage vGSa,
vGSh, and vGSc,, respectively. While the switches Sa,, Shy,
and Sc, are switched alternately, the other switches are
maintained ON or OFF state as shown in Fig. 3. Therefore,
the states shown in Fig. 2(c) and (d) are switched alternately.

I1l. MODULATION METHOD OF THE
PROPOSED INVERTER
The capacitor C; is charged by the current —iC3 as shown in
Fig. 2(c) during the state shown in Fig. 2(c). The bus voltage
vbus in the state of Fig. 2(d) is

Ubus = Vm + VC'L + VC3

)
where V3 is the voltage of the capacitor C;. Therefore, the
proposed inverter outputs Vi, + V¢ or Vi, + Ve + Vs
alternately in this term. After t = t, the four states shown in
Fig. 2 are repeated by turns. Table I shows the list of the on-
state switches when the proposed inverter (n = 2) is driven
by the modulation method shown in Fig. 3. The ideal bus
voltage vbus in Table | means the bus voltage on each state
when V¢ = VC; = V;, is assumed. As the conventional SC
inverter, the proposed inverter has a full bridge which is
connected to the high voltage.
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Fig. 3. Modulation method of the proposed inverter (n =
2).

TABLE I: List of the On-State Switches on Each State
Idcal bus voltage

Relationship On-state switches

between e, and e [T
€y > €1 -"‘Il . -t'I-I- Sg s Hrr'_:' 31 .| ni
€] 2 e, e 51, 854, 521, Spe. Seo 2Vi,
€9 F £y > E3 81, 84, Sp1. Se1. Spa, Sen e
€3 > €s > €4 Sa, 84, Sp1, Se1, Spp, Sen 0
€42 €5 > 85 52, 853, Sp1. Se1, Spa, Sez —Vin
[ .-_' €5 > 5 ."|'-‘r_ .‘|';l;, .‘|'!,| N ."|'<-: N .‘1'“ @ Jll-. "
&g ~ E5 .‘\'-_b. .“.l'::. _‘3'“ " .‘\'“: 3\ .: n

Therefore, the device stress of the switches S1 — S4 in the
full bridge is higher than the other switches as the
conventional SC inverter. The proposed inverter (n = 2)
outputs a 7-level voltage by repeating the four states as
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shown in Fig. 2. Because the driving waveform vGSal and
vGSa2 change alternately as shown in Fig. 3, the capacitors
C1l and C3 are equally discharged. Assuming that the
number of the capacitors is 2n — 1, the proposed inverter can
outputs 4n — 1 levels voltage waveform. The modulation
index M is defined as the following equation because the
amplitude of the output voltage waveform is inversely
proportional to the double amplitude of the carrier
waveform.

M = A,er/2A..
®)
In (3), Aref is the amplitude of the reference waveform and
Ac is the amplitude of the carrier waveform. The proposed
inverter requires 10 switching devices for the 7-level, and 16
switching devices for the 11-level. On the other hand, the
conventional SC inverter requires 20 switching devices for
the 7-level, and 28 switching devices for the 11-level [9].
The conventional cascaded H-bridge (CHB) inverter requires
12 switching devices for the 7-level, and 20 switching
devices for the 11-level, when all the dc voltage sources take
the same voltage [17]. Therefore, the proposed inverter has
less number of switching devices than the conventional
multilevel inverters.

1V. DYNAMIC MODELLING OF INDUCTION
MOTOR

In a conventional four pole induction motor, there are
two sets of identical voltage profile windings will be present
in the total phase winding. These two windings are
connected in series as shown in fig. 4(a). For the proposed
inverter these two identical voltage profile winding coils are
disconnected, and the available four terminals are taken out,
like shown in the fig.4 (b). Since these two windings are
separated equally, stator resistance, Stator leakage
inductance and the magnetizing inductance of each identical
voltage profile windings are equal to the half of the normal
induction motor shown in fig.4 (a). The voltage equitation
for the stator winding is given by common dc link.
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The effective voltage across the stator winding is the sum
of the voltages across the two individual windings.

Vas = (Val - Vaz) + ( VaS - Va4)
(6)

The motor phase voltage can be achieved by substituting
equations (4) and (5) in (6)

1
L A (E) Lo ¥ g~ (E) Lt g ™

Similarly voltage equitation for the remaining phases are

(4)
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Fig.4. Induction Motor stator winding: (a) General
arrangement (b) Arrangement for the proposed inverter.

Voltage equations in dg0 frame can be solved from the
basic equations of induction motor

Vis =Tstigs t 0% Ay 0 lqs
Vig =T lgg— W # lqs-}p* Ags
Vs =T tlgs +p* Agg
Vor =t it (0= o) ¢ Mg b p* Mgy
Vir =Ty *igr = (0= 0p) ¥ Agp +p# Ngy
Vor =T tigp 19 % Agy
Flux linkages are as follows
Ags = Lgs *igs + Ly * igr
Ags = Lgs * igs + Ly *igr
Aos = Lis * igs
Agr = Ly #igr + Ly *igs
Agr = Lyp #igr + Ly *1gs

)l*[)r = Llr * 101‘

The expression for the electromagnetic torque in terms of
dq0 axis currents is

3 (P L
Te = (E) t (E) f LM ! (lqs g Tlgs * lqr)
(10)
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Rotor speed in terms of Torque is

d ( P )*(T )
" e e ‘L
dt 2+¢] (11)
Where

d: direct axis,

g: quadrature axis,

s: stator variable,

r: rotor variable,

Vzs,V52,: g and d—axis stator voltages,
Var Vr .- 0 and d—axis rotor voltages,
% : Rotor resistance,

. . Stator resistance,
Ly, stator leakage inductance,
Ly, : rotor leakage inductance,
igs ,ids: g and d—axis stator currents,
igr, idr: g and d—axis rotor currents,
p: number of poles,
J: moment of inertia,
Te : electrical output torque,
TL : load torque.

From the equations (4), (5),(6) it can be observed that
there is no difference between the normal induction motor
shown in fig.2 (a) and the disconnected (ldentical voltage
profile windings) motor shown in fig.2 (b).

V. SIMULATION RESULTS
Here simulation is carried out in different cases 1).
Proposed Single Phase Series/Parallel Topology 2).
Proposed Three Phase Series/Parallel Topology Applied to
Induction machine Drive.

Case 1: Proposed Single Phase Series/Parallel Topology

Fig. 5. Matlab/Simulink Model of Proposed Single Phase
Series/Parallel Converter.

Fig.5 shows the Matlab/Simulink Model of Proposed
Single Phase Series/Parallel Converter.

Fig. 6. Seven Level Output Voltage.

As Fig.6 shows the single phase seven level output
voltage without filter of proposed series/parallel converter.
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Fig.7. FFT Analysis of Output Voltage without Filter of
Proposed Series/Parallel Converter.

As above Fig.7 shows the FFT Analysis of Output
Voltage without Filter of Proposed Series/Parallel Converter,
we get 21.38%.
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Fig.8. FFT Analysis of Output Voltage with Filter of
Proposed Series/Parallel Converter.
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As above Fig.8 shows the FFT Analysis of Output
Voltage with Filter of Proposed Series/Parallel Converter,
we get 0.10%.

Case 2: Proposed Three Phase Series/Parallel Topology
Applied to Induction Machine Drive

:_?—\ n -+ —.g

1
L

Fig.9. Matlab/SimuIiak Model of Proposed Three Phase
Series/Parallel Converter Applied to IM Drive.

Fig.9 shows the Matlab/Simulink Model of Proposed
Three Phase Series/Parallel Topology Applied to Induction
machine Drive.

Fig.10. Output Voltage & Current.

Fig.10 shows the Output Voltage & Current of Proposed
Three Phase Series/Parallel Topology.
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Fig.11. Stator Currents, Speed, Electromagnetic Torque.

Fig.11 Stator Currents, Speed, Electromagnetic Torque of
Proposed Three Phase Series/Parallel Topology Applied to
Induction machine Drive.

VI. CONCLUSION

With the advancement of power electronics and
emergence of new multilevel converter topologies, it is
possible to work at voltage levels beyond the classic
semiconductor limits. The multilevel converters achieve
high-voltage switching by means of a series of voltage steps,
each of which lies within the ratings of the individual power
devices. In this paper, a novel boost switched-capacitor
inverter was proposed & proposed three phase series/parallel
topology applied to induction machine drive to check the
performance of drive characteristics, the circuit topology
was introduced. The modulation method, the determination
method of the capacitance, and the loss calculation of the
proposed inverter were shown. The circuit operation of the
proposed inverter was confirmed by the simulation results
with a resistive load and a machine load. The proposed
inverter outputs a larger voltage than the input voltage by
switching the capacitors in series and in parallel. The
structure of the inverter is simpler than the conventional
switched-capacitor inverters. THD of the output waveform
of the inverter is reduced compared to the conventional
single phase full bridge inverter as the conventional
multilevel inverter.
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