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ABSTRACT This paper implements and compares a symmetric hybridized cascaded multilevel inverter and
an asymmetric multilevel inverter utilizing a switched capacitor unit for 17 level inverters. The symmetric
hybridized multilevel inverter topology consists of a modified H-bridge inverter, which results in an increase
in the output voltage to five level from the three level by using a bi-directional switch at the midpoint of
a dual-input dc source. In the proposed asymmetric multilevel inverter, dc sources are replaced with the
switched capacitor unit, which in turn boosts the output voltage and produces twice the voltage levels
at the loads. The proposed topology with the staircase modulation technique has been verified using
MATLAB-SIMULINK, and the results are experimentally executed with prototype models, which are
interfaced with dSPACE RTT 1104. The results of the proposed topologies are experimentally obtained for
steady state, and the performance of the same is tested under different resistive and inductive load disturbance
conditions. The results substantiate that these multilevel inverter topologies are better stabilized during load
disturbance conditions with low total harmonic distortion, a lesser number of switches, and increased output
voltage levels, and these topologies well suit for renewable energy applications.

INDEX TERMS Multilevel inverter (MLI), staircase pulse width modulation technique (SPWM), switched

capacitor unit (SCU), total harmonic distortion (THD), high output voltage levels.

I. INTRODUCTION

The multilevel inverters have been developed and utilized
for higher voltage levels [1]. In achieving higher voltage
levels and power levels, cascaded multilevel inverters (MLI)
are proven to be more flexible than conventional topolo-
gies. Its modularity property can be used to increase the
power output of the inverter. Cascaded MLIs are constructed
by linking in series output terminals of several H-bridge
inverters [2], [3]. It is hence evident that this configuration
supports high power levels with the use of low voltage rat-
ing components in inverters. In case of a fault in any one
of the inverter cells, it can be easily and quickly replaced
because of its modularity property. In order to maintain
reliability in inverter output in the event of a fault in any
inverter cell [4], a suitable control strategy can be used to
bypass the faulty cell without disturbing the load [5], [6].
With advancements in multilevel inverters, the need for the
design of new modulation methods for the same is increasing.
As a result, many modulation schemes have been introduced.
Based on converter topology and its domain of application,

each modulation technique has its own advantages and dis-
advantages. The classification of modulation strategies for
multilevel inverters has been proposed in [7] based on the
difference in high or low-frequency switching. High power
applications utilize a frequency up to 1 kHz. The PWM
switching is also suitable for Hybrid cascaded MLI [8]. This
facilitates charging and discharging time for storage elements
used in multilevel inverters. PWM methods based on the
carrier are classified into level shifted and phase shifted
modulation schemes. Level shift modulation techniques are
mostly employed in various applications to generate high-
quality output waveforms. In such techniques, carriers which
can be used are triangular, saw-tooth and constant DC magni-
tude waveforms. The reference waveforms which can be used
in PWM schemes are sinusoidal, sinusoidal injected with
third harmonic and trapezoidal voltage waveforms. Currently,
selective harmonics elimination which is also known as fun-
damental frequency switching has gained attention among
researchers, [9]-[15]. The cascaded MLI can be operated
in both symmetric and asymmetric configuration. In the
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symmetric configuration, the magnitude of input DC sources
is equal, due to which a number of output levels are less in
addition to utilizing more number of switches with increased
total harmonic distortion (THD). In contrast, asymmetric
MLI input DC sources are unequal due to which different
voltage levels can be generated. By combining such voltage
levels more levels can be generated with a lesser number of
switches with a consequent reduction in THD [16]-[19].

In this research, two different 17 level symmetric and
asymmetric multilevel inverters topologies are proposed,
in the symmetric configuration, a new single phase hybridised
cascaded multilevel inverter is proposed with stair-case mod-
ulation technique while the asymmetric multilevel inverter
configuration is developed with switched capacitor unit.
In addition, the comparison analysis between the inverter
topologies are also taken up for detailed study.

Il. PROPOSED SYMMETRIC HYBRIDESED

CASCADED MLI TOPOLOGY

The hybridised H-bridge circuit topology utilized as a part of
the development and implementation of the 17-level symmet-
ric inverter is, as shown in Figure.1. The operation of appro-
priate topology can be interpreted in terms of two-stages.
In the first stage, the output levels +V1, 0, —V1 is delivered
by the association of bidirectional switch to the second leg on
H-bridge while in the second stage, the output levels +2V1, 0,
—2V1 are generated. The generated five-level output voltage
using symmetric basic hybridised cascaded MLI topology is
depicted in Figure.2. The switching states representing the
status of the basic MLI are given in Table 1.

FIGURE 1. Basic Hybridised H-bridge topology.

TABLE 1. State table of proposed basic hybridised MLI.

Output voltage levels Switching States

Switches Sl Sz S3 S4 SA
+2V 1 1 0 0 0
+1V 0 1 0 0 1
ov 0 1 0 1 0
ov 1 0 1 0 0
-1V 0 0 1 0 1
2V 0 0 1 1 0

A. CALCULATION OF CIRCUIT PARAMETERS
The following section discusses the choice of the number of
sources, switches, and output voltage levels. In the symmetric
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FIGURE 2. Five level output voltage waveform.

hybridised and asymmetric multilevel inverters, the values of
the dc sources are unequal so that number of output levels can
be generated using a number of switches. It is assumed that
the kth cell and pk are the same DC sources.

In the proposed symmetric hybridised multilevel inverter
the input DC sources are equal and the inverter equations can
be written as follows

le:Vd2= ...... =de=Vd (1)

The number of levels that can be determined is as follows
where m is the no cell and »n is the number of dc sources in
each cell

NLevels = 2mn + 1 2
The switches can be estimated as
Nswitehk = 2pk + 1 (3)
The maximum output voltage can be estimated as
V, = mnVy 4

For the proposed asymmetric multilevel inverter the input
DC sources are unequal and the equation can be written as

Var=Vi=Va 5
Then, the ky, cell dc voltage source magnitude is given by

Vak = Cp1 +D.C2p2+ 1) - - - -2pr—1 + D.Vy
k=1

=Va.[T@p+D ©)

j=1

Where kg, is the number of cells and py is the number dc
voltage sources in the k™ cell.
The number of output voltage levels can be estimated as

Nievels = (2P1 + 1)'(2172 + 1) o '(2Pm + 1)

=[J@+1D @)
j=1
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The maximum output voltage estimated is as follows
[(Cp1+ D.Cpo+ 1) - -Cpm+ D] — 1

V, = 2 Vi
m
[Tepi+D| -1
=1
= .V 8
> d (8)
The number of switches estimated is
Nswitch,k = 2(Pk + 1)
m
= 2+ 1 ©)
j=1

By using the aforesaid equations the number of switches,
the number of voltage levels and the output voltage of pro-
posed topologies can be determined.

TABLE 2. Switching state table of 17-level symmetric MLI.
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The proposed 17-level symmetric hybridized cascaded
MLI is illustrated in Figure.3. In this topology, the oper-
ation of every H-bridge is similar to the basic Hybridised
H-bridge topology as indicated in Figure. 1. In this sym-
metric inverter, pulses are generated using staircase mod-
ulation scheme for obtaining different output voltage lev-
els. The pulses are generated individually and fed to the
first, second, third and fourth stage respectively and finally,
all the outputs of the individual stages are combined to
obtain the required output voltage. The control states of
the power switches are illustrated in Table 2. In this pro-
posed topology, all the input voltage sources are fixed as

740
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Ss|ojoflojofjoloflofofjofjt1|1|1|1]|1|1]|1]1]1
Ss|ojolojo|o]lo|lo|o|ojoflo|o|o|o|lo|O]O]]1
sslilololololofolololol1]ololololo]o]o V = 25V for acquiring the maximum peak to peak voltage
sslolol1lolololololo]olololi]olololo]o of 200 V at the load ends. The loads used for testing are
sclololololtlololololololololol1lololo 100 resi§tor and 175 mH inductor respectively. The volt-
saloTololoTololTolololololololo ol o ages at various stages, output voltage and current are shown

in Figure 4.

Ill. PROPOSED ASYMMETRIC SWITCHED

CAPACITOR MLI TOPOLOGY

The basic proposed switched capacitor topology is as shown
in Figure.5 (a). The proposed topology consists of switched
capacitor unit, diode, supply voltage and two switches. The
switched capacitor doubles the input voltage at the load
ends [20]-[22]. When the input voltage is applied to cir-
cuit the capacitor ‘C’ will charge through the S2 switch
and discharge through S1, the proposed topology produces
+V and 42V voltage levels at the load ends with a lesser
number of switches. Figure.5 (b) shows the switching patterns
for the switches S1 & S2, voltage across the capacitor during
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FIGURE 4. Individual stage output voltages, output voltage and current
of 17-level symmetric MLIL.
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FIGURE 5. (a). Basic Proposed Switched Capacitor Unit Topology.
(b). Waveforms of proposed switched capacitor unit topology.

ON & OFF period of the switch and the output voltage across
the load, whenever the capacitor charges, the load voltage
is equal to the input voltage and capacitor also charges to
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the input voltage i.e. 12.5 V. During discharge time, the load
voltage is the sum of the input voltage and capacitor voltage
which will be 25 V. The results show that the output voltage is
doubled during capacitor discharge time. Using this topology
more output voltage can be obtained for multi-levels with the
minimum input voltage.
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FIGURE 6. Proposed 17-level asymmetric Switched Capacitor MLI.

The proposed 17 level switched capacitor topology is
shown in Figure.6. The proposed topology consists of two
switched capacitor unit, having two capacitors, two diodes,
two supply voltage sources and ten switches. The proposed
switched capacitor units generate 17 levels at load end with
200 V (peak to peak). The pulses are generated individ-
ually and fed to the switched capacitor units and finally,
all the outputs of the individual units are combined to
obtain the required output voltage. The switching logic is
as given in Table.3. For the proposed switched capacitor
unit 1 and 2 waveforms and output voltage and current
waveforms are shown in Figures.7(a),(b) & (c) respectively.
The proposed 17 level inverter voltage expression and level
voltages are presented in Table. 3.

IV. EXPERIMENATL RESULTS

The prototype hardware set-up for 17 level inverter sys-
tems has been implemented and tested experimentally. The
proposed multilevel inverter prototype model is shown
in Figure.18. The staircase modulation PWM technique is
used to generate gate pulses and the same is implemented
in MATLAB and the Simulink block sets are dumped into
dSPACE RTI 1104 digital I/O ports. The digital I/O ports
have 20 output pins for real-time interfacing application. The
generated pulses from the dSPACE RTI 1104 is given to input
as TLP 250 driver. The gate driver will boost the PWM pulse
pattern from 5 V to 15 V because 15 V pulses will be more
appropriate to turn on the power switches. The experimental
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TABLE 3. Switching state table of 17-level asymmetric inverter.

Vo ‘(1)01;:5;; Output
Lovel | St{S2]Ss[Ss|Ss|Ss|Sa|Ss|Sc|Sp lovel chit/a;ge
expression
Ljrjoftrfofr{of1]o]o]1]4vivatva 100
2 |1joftr]ofjt]oflo|1]o]1 4V+y, 87.5
3 Jofofifift]jofjof1]1]1 3V+ve 75
4 Jrjofrjofr{ofrfo1]o] 4V 62.5
5 f1fofifof1jofjo|1|[1]oO 4V 50
6 [ofJof1|1|[1]ofjo]1[1]0O 3V 37.5
7 [1]oflofjo|1]t{1]{ofo]o Vv 25
8 [1|oflofof1|1][o]|1|[0]0O \ 12.5
9 [1]1|t]oJojofo|1]|1]o0 0 0
10 |o|1|1]|1|lo]jojo]|1]0]oO -V, -12.5
i joftfr|ifofolt|of1]o0 -V-Va 25
12 [1{1jojojo|t]{of[1]|1]O0 3V -37.5
13 Joft]jof1ijof1]o|1]1]0O -4V -50
4 loftjofl1fjo|1|1|o]1]0] -4V-Vg -62.5
15 [1{1jofjofofr[of1][o|]1] -3VVe -75
16 [o[1][o|1]o|1]|O0|[1]O0|1l]| -4V-Ve -87.5
17 {oft]oflt]|of1]|t]o]ol]1] #VVer -100
Vo

model specifications are given in Table.4. The results are
validated at steady state, load disturbance conditions and
also performed with resistive & inductive loads and THD
which are shown in Figure.8, Figure.9, Figure.10, Figure.11,
Figure.12, Figure.13, Figure.14, Figure.15, Figure.16 and
Figure 17 respectively.

A. SYMMMETRIC HYBRIDESED CASCADED MLI

The steady state testing has been performed with resistive
load (unity power factor load) with 200 V peak to peak
output voltage. The obtained output current is about 4 A,
peak to peak. The RMS value of the output voltage and
current obtained are 67.92 V and current 1.404 A respectively.
The hardware results are shown in Figure.8. The prototype
experimental results evidently show that with 17 levels in
the output voltage the waveform visibly shows that the phase
angle between load voltage and the load current is zero. After
the completion of steady-state testing with a resistive load
and an inductive load (lagging power factor load) with 200V,
peak to peak output voltage. The output current noticed is
around 3.5A, peak to peak. The attained RMS value of the
output voltage and current are 67.91V and 1.15A respectively,
the achieved hardware results are tabulated in Table.5 & 6.
The experimental results are given in Figure.9. The waveform
clearly shows the phase angle between load voltage and
the load current is lagging. In certainty, loads rarely exist
distinctly.

The loads will always occur as a combination of resistance
and inductance. Usually, in any particular place, when a
resistive load is being utilized an abrupt accumulation of
inductive load in parallel to the resistive load or vice versa is
likely to be identical. Even at these circumstances, the output
voltage must stay in steady state and the same is as shown
in Figure.10 and Figure.11 and THD is shown in Figure.12
respectively.
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FIGURE 7. (a). Waveforms of proposed switched capacitor unit 1 for
17 level MLLI. (b). Waveforms of proposed switched capacitor unit 2 for
17 level MLL. (c). Output voltage and current waveforms of 17-level
asymmetric Switched Capacitor MLI.

B. ASYMMETRIC SWITCHED CAPACITOR MLI
The steady state testing has been performed with resis-
tive load (unity power factor) with 200V (peak to peak)
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response of 17 level symmetric inverter.
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FIGURE 10. Unity power factor to lagging power factor load disturbance
response of 17 level symmetric inverter.

Resistive load

output voltage. The output current obtained is 2A peak to
peak. The RMS value of the output voltage and current
were obtained at 72.72V and current 0.7A respectively. The
prototype results are shown in Figure.13. The experimental
results clearly show that with 17 levels in the output voltage
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FIGURE 12. THD —17 level symmetric inverter.
TABLE 4. Experimental specifications.
Item Specification
DC Sources 0-30V
MOSFETs IRF 840
Diodes IN914
Capacitors 100 pF
Controller dSPACE RTI Controller, digital /O ports
GATE Driver TLP 250
RLoad 50 Q,IOO Q
LLoad 175 mH

the phase angle between load voltage and the load current
is zero. After the completion of steady-state testing with a
resistive load, the inductive load has been introduced to the
topology at 200V peak to peak output voltage. The output
current obtained is about 3.6A peak to peak. The RMS value
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TABLE 5. Comparison of proposed topologies.

Item 17 level 17 level

Symmetric MLI Asymmetric MLI

DC Sources 8 2

Switches 20 10

Diodes 0 2

Capacitors 0 2

S0V 20 104/ q 2.250¢ 10.002/ Stop

Vp_p = 200]V le_p =2A

=1 —

NIIV(IA

/|
f“\ I//:':\
N \

)
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/A
vy
ViV

C

Y
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FIGURE 13. Steady state voltage and current response of 17 level
asymmetric inverter with resistive load.
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FIGURE 14. Steady-state voltage and current response of 17 level
asymmetric inverter with inductive load.

of the output voltage and current is around 72.71V and current
1.06A respectively and the hardware results acquired are
indicated in Table.5 & 6. The obtained experimental results
are depicted in Figure.14. The results clearly show that with
17 levels the output voltage clearly shows that the phase
angle between load voltage and the load current is lagging.
They will continuously occur in a combination of resis-
tive and inductive loads. Typically, in most applications,
when a resistive load is being applied, an abrupt addition
of inductive load in parallel to the resistive load or vice
versa is very likely. Even at these conditions, the out-
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FIGURE 16. Lagging power factor to unity power factor load disturbance
response of 17 level asymmetric inverter.
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FIGURE 17. THD —17 level asymmetric inverter.

put voltage needs to stay in stable condition as shown
in Figure 15, Figure 16 and THD is shown in Fig.17
respectively.
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TABLE 6. Experimental output parameters.

Output Parameters
Output
Type of inverter | Type of | Output Peak-Peak Output RMS Output Peak- RMS Frequency Output
. Peak current Power THD
configuration Load voltage (Volts) voltage (Volts) Current (Hz) o
(Amps) (Watts) (%)
(Amps)
s l;rlr‘z:rllc R -load 200 67.92 4 1. 404 50 95.35
v 5.41
17—leve1 L -load 200 67.91 35 1.156 50 7707
Symmetric
17-level R -load 200 72.72 2 0.7 50 50.9 4.54
Asymmetric

=1

Driver borad L2 Sm_lrces

RISPACE RTI 1104 ‘
Inducti

FIGURE 18. Experimental set-up proposed inverter.

V. CONCLUSIONS

This research presents the implementation and analysis of
a 17 level symmetric and asymmetric multilevel inverters.
The proposed 17 level inverter systems have been effectively
tested with unity and lagging power factor loads. In case A,
testing has been carried out under steady-state condition, load
disturbance conditions and analysis of THD with 17 level
symmetric inverter output were presented. It is inferred from
case A results that the system is readily adaptive and main-
tains a stable output voltage with 5.41 % THD for the
aforesaid conditions while in case B, a THD with 4.54 %
has been achieved, which is on par with IEEE standards.
During load disturbances, the proposed topology is suitable
for sudden load variant applications also. Due to low THD,
these topologies inherently utilize a lesser number of switches
and a minimum number of dc input voltage sources; hence,
the volume density of the proposed inverter is observed to
have improved. From case A and B results it can be inferred
that the proposed topology multilevel inverters are suitable
for renewable energy-fed applications.
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