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Abstract: In this paper, a novel cascaded H- bridge multilevel inverter has been proposed using less number of
switches. A standard cascaded multilevel inverter requires 4h number of switches for (2h + 1) levels whereas h is the
number of dc sources. This proposed scheme allows less number of switches for the same level. A novel cascaded H-
bridge multilevel inverter fed induction motor shows better performance due to fundamental frequency switching
scheme using optimal PWM Technique (OPWM). High quality output is derived due to the absence of lower order
harmonics. High conversion efficiency is also achieved for induction motor drive when it is operated with the proposed
method. When the levels are increased, the number of switches used is very less compared to the conventional cascaded
H-bridge multilevel inverter. The performance of three phase cascaded H- bridge multilevel inverter with equal dc
sources is simulated by using MATLAB platform. Harmonic analysis is done on a novel cascaded H- bridge multilevel
inverter with various levels.

Keywords: Equal dc sources, Fundamental frequency switching scheme, multilevel inverter, Total Harmonic Distortion

(THD).

1. Introduction

The recent development in solid-state electronics is
widely used in industries to control motor drives,
computers and communications, power systems,
switching mode power supplies, automotives etc. The
inverter is one of the most extensive assemblies in
power electronics. The main aspects for the
development of multilevel inverters are multilevel
voltage waveform, low total harmonic distortion and
division of voltage to the switching devices [1].
Multilevel inverters have received high attention
because of their reliable operation, high efficiency and
low electromagnetic interference (EMI). The desired
output of a multilevel converter is synthesized by
several sources of dc voltages [2]-[8]. The use of
multilevel inverters for high-voltage applications such
as static var compensators [9], [10], active power filters
[11] and adjustable-speed drives (ASDs) for medium-
voltage induction motors [12]-[14] are increased in
industries. Adjustable-speed drives have been used in
several industry sectors such as the petrochemical,
mining, water/waste, pulp and paper, cement, chemical,
power generation, metal, and marine sectors. They are
employed in equipment such as pumps, fans,
compressors, blowers, extruders, conveyors, crushers
and mills, rolling mills, mixers, propulsion, test beds,
synchronous condensers, hoists and winders [15]. With
an increasing number of dc voltage sources, the
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inverter output voltage approaches nearly sinusoidal
waveform while adopting a fundamental frequency
switching scheme. Transformerless multilevel inverters are
uniquely suited for this application because of the high VA
ratings possible with these inverters [2].

Structure of the multilevel voltage source inverters
allow them to reach high voltages with low harmonics
without the use of transformers or series-connected
synchronized switching devices. Multilevel inverters also
have several advantages with respect to hard switched two
level pulse width-modulation (PWM) variable-speed drives.
Motor damage and failure have been reported by industry
as a result of some variable-speed drives operated by the
inverters having high rate of change of voltage (dv/dt),
which produced a common-mode voltage across the motor
windings. High frequency switching creates many problems
because common-mode voltage is impressed numerous
times upon the motor at each cycle. The main problems of
high frequency switching are “failure of motor bearing” and
“insulation breakdown in motor winding” because of
dielectric stresses, circulating currents, voltage surge and
corona discharge [16]-[18]. Multilevel inverters will be
able to overcome these problems because their individual
devices have a much lower stress per switching action.
They can also operate at high efficiencies because they can
switch at a much lower frequency than PWM-controlled
inverters.

There are varieties of topologies available in multilevel
inverters. They are diode-clamped, flying capacitor and H-
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bridge cascaded multilevel inverter. Compared to
flying capacitor multilevel inverter and diode-clamped
multilevel inverter, the cascaded multilevel inverter
needs less number of components and simple control
methods. In high voltage fields, the cascaded multilevel
inverters are widely used. The advantages of cascaded
multilevel inverters are good output waveform, low
switching stress. Its structure is suitable for
modularization. Now a day, the existing PWM
inverters are replaced by cascaded multi-level inverters
[19]-[20]. In multilevel inverters, cascaded H-bridge
multilevel inverter with unequal dc voltage sources is
smart because it is not affected by capacitor voltage
unbalancing. But switching devices are subjected to
unequal voltage stress [21]-[22]. Multilevel inverter
which uses bulk capacitors, need an adequate control or
modulation strategy to balance the voltage in the
capacitors [23]. Comparative studies regarding power
loss comparison between three and four-level diode-
clamped inverters [24], and involving a series-
connected H-bridge cell inverter and a two-level
inverter [25] have been reported. There are
comparisons among flying-capacitor, diode-clamped
and cascaded multilevel inverters [26]-[27] and among
the three-level NPC, two-level, three-level and four-
level flying-capacitor and five-level series connected
H-bridge cells inverter [28]. Another study has
compared two hybrid multilevel inverters with the
same number of cells connected in series [29]-[30].
Hybrid asymmetrical and symmetrical multilevel
inverters are compared in [31] with the same number of
output voltage levels.

This paper presents a new topology of multilevel
inverter which uses less number of switching devices
and eliminates the need for capacitors. It exhibits
several attractive features such as less components,
simple circuit, modular structure. However as the
number of output level increases, the circuit becomes
bulky due to the increase in the number of power
devices. In this proposed work, a method is used to
compute the switching angles for a multilevel converter
so as to produce the required output voltage while at
the same time cancel out specified higher order
harmonics. Harmonic analysis is done on five level,
seven level and eleven level less switch cascaded H-
Bridge inverter. The proposed circuit generates a high-
quality output voltage waveform and harmonic
components of output voltage are low. It can also be
extended to any number of levels.

2. A Novel Cascaded H- Bridge Multilevel
Inverter Topology

A novel cascaded H-Bridge multilevel inverter
topology has been proposed to reduce the number of
switching devices in conventional cascaded H-Bridge
multilevel inverter topologies. The general function of
a multilevel inverter is to synthesize a desired voltage
from separate dc sources, which may be obtained from
fuel cells, batteries or ultracapacitors [32]. A
generalized circuit configuration of a novel cascaded
H- bridge multilevel inverter topology is shown in

Figure.1. The switches are arranged in the manner as shown
in the figure. It has four main switches in H-bridge
configuration Sy, S,, Ss and S,, and auxiliary switches (SAy,
SA,...SA,). The proposed topology need to add only one
switch for every increase in levels. The number of dc
sources is similar as in the symmetrical cascaded H-bridge
multilevel inverter. A novel topology can be extended to
any required number of levels like other conventional
multilevel inverter topologies. The inverter output voltage
waveforms of five level, seven level and eleven level are
shown in Figure.2.
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Figure 1. Single phase structure of a novel cascaded H- bridge
multilevel inverter

(©)
Figure 2. Output voltage waveform of (a) Five level inverter (b)
seven level inverter (c) Eleven level inverter

For a novel cascaded H- bridge multilevel inverter with h
number of equal dc sources, the following equations can be
written:

N_=2h+1 @)
Vomax=NVe )
where, N_, Vomax denote the number of output voltage
levels, maximum output voltage respectively.

The proposed inverter consists of less number of
switches when compared to the other topologies. The initial
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cost reduces because of the switch reduction. So it is
suitable for industrial applications.

3. Optimal PWM Technique

Pulse width modulation control or space vector
PWM methods are widely used techniques in the
multilevel inverter control. These conventional
methods will cause extra losses due to high frequency
switching. To overcome this problem, low switching
control methods [33]-[34] are used. In this proposed
method, fundamental frequency switching is used.

3.1 Five Level Inverter

Output voltage waveform given in the Figure.2 (a)
can be evaluated by Fourier series expansion as given,

0

V(wt)=%\%x Z %(cos(né’l)+cos(n62))sin(na>t) 3)

n=15

From equation (3), it is clear that 5" order harmonic
can be eliminated. The triplen harmonics will get
cancelled automatically in the three phase system. Vs
the desired fundamental voltage. To determine the
values of switching angles 6; and 0, , replace
V(wt) in equation (3) as V; sin(wt). In practice, it can
be done approximately. In this case, the desire is to
cancel the 5™ order harmonics as they tend to dominate
the total harmonic distortion. Mathematically, the
statement of these conditions are expressed as,

é\@(coseﬁcosez) =V,

cos(56,) +cos(56,) =0 (5)

3.2 Seven Level Inverter

Output voltage waveform given in the Figure.2 (b)
can be evaluated by Fourier series expansion as given,

V(at)= %V—SCX n:Z«;;J%(cos(nel) +c08(nd,) +cos(nd,) )sin(net) (6)

From equation (6), it is clear that 5" and 7" order
harmonics can be eliminated. Here V; is the desired
fundamental voltage. To determine the values of
switching angles 0, 0,, and 083 , replace V (wt) = V;
sin(wt) in the equation (6). In this case, the desire is to
cancel the 5" and 7™ order harmonics as they tend to
dominate the total harmonic distortion.
Mathematically, the statement of these conditions are
expressed as,

4V,
;%(cosﬁﬁcosez +cos6,)=V,

()

cos(56,)+ cos(56, )+ cos(54,)=0
cos(76,)+cos(76,)-+cos(76,)=0

(8)
)
3.3 Eleven Level Inverter

Output voltage waveform given in the Figure.2(c) can
be evaluated by Fourier series expansion as given,

_4Y,

V (wt) ﬁ%x
2, 1(cos(nd,)+cos(nd,)+

> 1 (10)
n1£71113 | €0S(n6;) +cos(nd,) +cos(nby)

sin(nwt)

From equation (10), it is clear that 5", 711" and 13"
order harmonics can be eliminated. To determine the
switching angle values 6,, 6,, 03, 6and 05 , substitute
V (wt) = Vy sin(wt) in equation (10). In this case, the desire
is to cancel the 5™ ;7" ,11™ and 13" order harmonics as
they tend to dominate the total harmonic distortion.
Mathematically, the statement of these conditions are
expressed as,

%\%(COS@+COS<92 +C0s@, +C0s0, +cos¢95):\4 a1
cos(56,) +cos(56,) +cos(56;,) +cos(56,) +cos(56,) =0 (12)
cos(76,) +cos(76,)+cos(786,) +cos(76,) +cos(76,) =0 (13)
cos(114) +cos(116,) +cos(116,) +cos(116,) +cos(116;) =0 (14)
€os(136)) +cos(136,) + cos(136,) + cos(136, )+ cos(134, )= 0 (15)

The transcendental equation set can be solved to get the
unknowns 81, 6, 63, 64 and 6s. The widely used methods are
resultant theory method, iterative method such as the
Newton-Raphson method [35]. MATLAB nonlinear solver
can also be used to solve the above set of equations. Among
all the methods, resultant theory method which produces
possible solutions is selected to find the solutions of the
above set of equations [33], [36]. The transcendental
equations characterizing the harmonic content can be
converted into polynomial equations. The resultant method
is used to find the solutions when they exist. Total
harmonic distortion (THD) is calculated for the arrived set
of solutions to select the set which generates the lowest
harmonic distortion (mostly due to the 11" and 13"
harmonics). Switching angles for different levels of inverter
used in the simulation is given in the Table 1. Percentage of
voltage total harmonic distortion (THD) is defined by,

_NVERVE RV LAV

THD%= Y, x100
1

(16)
Table 1. Switching angles for different levels

| Switching | FiveLevel | Seven | Eleven |
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Angles Level level
0, 16.328° 8.7665° 6.571
0, 52.328° 28.688° 18.944°
03 - 54.939° 27.189°
04 - - 45.153°
05 - - 62.249°

The current total harmonic distortion (THD) is defined
by,

12 t1]

THD%= ”;‘5 L %100

’ (17)
where Is and I, are the rms values of the output
current and its fundamental component, respectively.
The quality of the multilevel waveform depends on the
selection of switching angles. Varying the switching
angle to control the magnitude of rms value of output
waveform also affects the total harmonic distortion
(THD).

4. Simulation Study

The simulation of three phase novel cascaded H- bridge
multilevel inverter fed three phase induction motor has
been done using MATLAB/Simulink. The MOSFET
switches are used as a switching device because of its high
switching speed and low switching time. In the simulation
study all the switches are considered to be ideal. The
frequency of output voltage is 50 Hz. In practice, these dc
voltage sources are available via distributed energy
resources like photovoltaic panels. If the available source is
an ac source, then the required dc voltage sources can be
obtained by a transformer with multiple secondary
windings and rectifiers [37]-[40]. There are different
modulation strategies that can be applied for multilevel
inverters. In this paper the fundamental frequency
switching scheme is used. In this method, the switching
angles can be obtained to eliminate some selected
harmonics or minimization of total harmonic distortion.
The spectrum of the output voltage is taken to determine
the Total Harmonic Distortion (THD) of three phase
induction motor drive. The main advantage of the
multilevel inverter over conventional two level inverter is
the voltage stress on each switch which has been reduced
by the series connection of the switches. Simulation
diagram of a novel cascaded H- Bridge inverter fed three
phase induction motor is shown in Figure.3.
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Figure 3. Simulation diagram of a novel cascaded H- Bridge multilevel inverter fed three phase induction motor

A novel cascaded H-Bridge multilevel inverter uses
less switches to obtain the output voltage. More
switches are required to achieve the same output

voltage in the symmetrical topology. The dc voltage
sources used in the proposed topology are equal in
magnitude. The simulation result of pulse waveform, stator
current, three phase voltage and FFT spectrum of phase
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voltage for five level inverter, seven level inverter and
eleven level inverter are presented in the Figure.4,
Figure.5 and Figure.6. They clearly show that all of the
desired voltage levels are generated. From the
normalized FFT analysis shown in Figure.4(d)
Figure.5(d) and Figure.6(d), it can be seen that the
magnitude of lower order harmonics are very low and
the magnitude of higher order harmonics are nearly
equal to zero.
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Figure 4. (a) Pulse waveform of a novel cascaded five level
inverter (b) Stator current waveform (c) Three phase voltage
waveform of five level inverter (d) FFT spectrum
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Figure 5. (a) Pulse waveform of a novel cascaded seven
level inverter (b) Stator current waveform (c) Three phase

voltage waveform of seven level inverter (d) FFT spectrum
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Figure 6. (a) Pulse waveform of a novel cascaded eleven level
inverter (b) Stator current waveform (c) Three phase voltage
waveform of eleven level inverter (d) FFT spectrum

Table.2 shows the comparison between a novel
cascaded H-Bridge multilevel inverter with the
conventional cascaded H- Bridge multilevel inverter. A
novel cascaded H- bridge multilevel inverter topology has
the advantage of its reduced number of devices compared to
conventional cascaded H-bridge multilevel inverter and it
can be extended to any number of levels.



1619

A. MAHESWARIand 1. GNANAMBAL / IU-JEEE Vol. 13(1), (2013), 1613-1621

Table 2. Comparison between a novel cascaded H- Bridge multilevel inverter and conventional cascaded H- Bridge multilevel

inverter
Number of switches THD %
Percentage
Conventional Novel cascaded _ Conventional
Level reduction Novel cascaded H-
cascaded H- H- Bridge _ cascaded H-
of switches Bridge Multilevel
Bridge Multilevel Multilevel Bridge Multilevel
inverter
inverter inverter inverter
5 - level 8 6 25% 19.36% 18.78%
7 - level 12 7 41.7% 14.45% 13.48%
11- level 20 9 55% 11.23% 8.67%

5. Conclusion

A novel cascaded H- bridge multilevel inverter fed
three phase induction motor uses equal dc power sources
for producing desired multilevel voltage is simulated. A
fundamental frequency switching control algorithm was
developed and implemented. The FFT analysis of phase
voltage shows that the lower order harmonics have been
reduced and also higher order harmonics are eliminated.
The total harmonic distortion is reduced considerably.
From the FFT spectrum, if number of levels is increased
then considerably THD value gets reduced. Harmonic
elimination reduces the heat generated in the stator
winding of the induction motor. The torque of the
induction motor is improved to a remarkable level due to
the reduction of the harmonics which is the main cause
for the production of negative torque. This proposed
topology reduces the initial cost and complexity.

The proposed cascaded H- bridge multilevel inverter
can be used for industries where the variable speed drives
(conveyors, rolling mills, printing machines) are required
and considerable amount of energy can be saved as the
proposed system has lower harmonics.
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