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Abstract

Multilevel inverters (MLIs) have drawn much attention in recent years in medium and higher

power applications because of their low switching frequencies and ability to withstand higher
voltages without requiring high voltage rated power devices. The primary benefits of MLIs
are lower electromagnetic interference, lower total harmonic distortion of the output voltage,
higher efficiency and the ability to operate at higher voltages. In general, MLIs can be
classified into diode-clamped MLIs (DC-MLIs), flying capacitor MLIs (FC-MLIs) and
cascaded H-bridge MLIs (CHB-MLIs). DC-MLIs have been utilized in high power AC motor
drives, pumps and mills. FC-MLIs have been used in medium voltage traction drives. CHB-
MLIs have been used in applications such as reactive power compensation, uninterrupted
power supplies and photovoltaic inverters. DC-MLIs have been much prevalent in the
industrial applications due to their simple structure. However, they require large number of
diodes. On the other hand, FC-MLIs provide more flexibility than DC-MLIs, but require
higher number of floating capacitors. Hence, complicated capacitor voltage balancing
mechanism is required in them. CHB-MLIs avoid the use of diodes or capacitors, but larger
number of isolated DC voltage sources are required to generate higher output voltage levels,

which makes it uneconomical.

In earlier published works related to CHB-MLIs, each H-bridge module was supplied by
separate DC sources. Subsequent works showed that single DC source or a battery can be

used to supply some of the H-bridges of MLI and the remaining H-bridges of MLI can be

ii



supplied by capacitors. Such a topology is known as hybrid cascaded MLI (HC-MLI),

wherein the capacitor voltages are maintained constant at desired values.

The methods used for switching HC-MLIs are either based on sinusoidal pulse width
modulation (SPWM) or space vector modulation (SVM) techniques for higher switching
frequencies and staircase modulation technique for fundamental switching frequency. The
switching losses are more and harmonics also appear at higher frequencies in SPWM. The
computational intricacy is considered as a significant drawback of SVM, which limits its
real-time applications. In case of staircase modulation technique, the switching losses are less
but harmonics appear at lower frequencies of the generated output voltage. Several methods
have been reported to selectively eliminate lower order harmonics of HC-MLIs in case of
staircase modulation technique, out of which the selective harmonics elimination PWM
(SHE-PWM) is the most widely used technique. The major complexity associated with SHE-
PWM method is to solve the non-linear transcendental equations using Newton—Raphson or
mathematical theory of resultant method. These methods are not suitable for solving large
number of switching angles as the degree of polynomials in the equations become high and

1t becomes difficult to solve them.

The aforementioned problems can be solved using modern stochastic search techniques
such as genetic algorithm (GA), particle swarm optimization (PSO), whale optimization
(WO), grey wolf optimization (GWO), etc. These optimization methods have many
limitations. The two major limitations related to GA are its premature convergence and weak
local search ability. Unlike GA, PSO has no evolution operators, such as crossover and
mutation. PSO locates nearly optimal solution with a fast convergence speed. However,

increase in number of switching angles in PSO results in increase in complexity of the search



space and ultimately it is trapped in the local optima of the search domain. In order to take
care of this problem, a local search technique, named as mesh adaptive direct search is
combined with PSO to accelerate the convergence rate and refine the local search of the
algorithm to prevent it being stuck in the local optima. The method thus evolved is named as

modified PSO (MPSO).

WO is a recently developed optimization algorithm, which mimics the social behaviour
of humpback whales. WO has improved feature of exploration due to its rapid position
updating mechanism. However, the encircling mechanism in WO mostly focuses on the
exploration in search domain. Hence, WO has less capability to jump out from local optima,
in case it falls in it. To improve the convergence speed and to avoid local optima stagnation
during encircling mechanism, a local search algorithm, called chaotic search mechanism is

combined with WO. The evolved method is named as modified WO (MWO) in this work.

GWO is one of the recently developed meta-heuristic algorithms, which mimics the
hunting mechanism and leadership hierarchy of grey wolves. The GWO algorithm also
suffers from premature convergence and weak local search ability. In order to take care this
problem, a local search algorithm, called chaotic searching mechanism is combined with
GWO to enhance the rate of convergence and avoid it from being stuck at local optima. The

method thus evolved is known as modified GWO (MGWO).

SHE-PWM technique implemented through MPSO, MWO and MGWO has been used
for synthesizing an eleven-level output voltage of three-phase HC-MLIs in this work. The
capacitor voltage balancing, even at higher modulation indices, has been resolved by
exploiting the redundant switching states of HC-MLI. Finally, the performance of the three-

phase, eleven-level HC-MLI has been verified through simulation and experimentation in



this work. The results obtained through MPSO, MWO and MGWO are compared with the
results obtained through GA, PSO, WO and GWO in terms of convergence rate and harmonic
content. It has been found that MGWO gives improved results in comparison to other

optimization methods discussed in this work.

In order to reduce the number active, passive components and capacitor voltage balancing
issues in HC-MLIs, switched-capacitor multilevel inverters (SC-MLIs) have been evolved
recently. To further improve the SC-MLIs, two new topologies, namely, a 17-level diode
assisted switched-capacitor MLI (DASC-MLI) and a 17-level reduced voltage stress
switched-capacitor MLI (RVSC-MLI) are proposed in this work. These topologies generate
higher output voltages using single DC voltage source and lower number of active and
passive components along with reduced total standing voltage (TSV) and peak inverse
voltage (PIV). The capacitors are periodically charged and discharged without any additional
balancing circuit in DASC-MLI and RVSC-MLI. The performance of the proposed DASC-

MLI and RVSC-MLI are validated through simulation studies and experimental prototypes.

Vi
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Chapter 1

Introduction

1.1 Background and Motivation

Increasing higher power quality requirements in industrial applications and renewable energy
sources such as photovoltaic, wind and fuel cell, classical three-level inverters have
limitations in meeting the requirements of clean non-polluted sinusoidal waveforms with
minimal distortion. To generate nearly sinusoidal waveform with low distortion, multilevel
inverters (MLIs) have been evolved and have drawn much attention in medium and high
voltage power applications [1]-[10]. The basic concept of MLIs is to perform the power
conversion by synthesizing staircase voltage waveforms from input DC sources. Several low
voltage DC capacitors, batteries and renewable energy voltage sources are used as input to
the MLIs. The commutation of the power switches aggregates these multiple DC sources to
achieve required AC voltage at the output. The rated voltage of the power switches depends
only on the rating of the DC voltage sources to which they are connected. The attractive

features of MLIs can be summarized as

 Staircase waveform quality and modularity
MLIs generate staircase output voltages with very low distortion at reduced dv/dt stress,
hence electromagnetic interference is reduced.

« Common-mode voltage
MLIs generate reduced common-mode voltage and this can be further reduced using

advanced modulation strategies.



* Input current
MLIs draw input current with low distortion.

« Switching frequency
MLIs can also operate at fundamental switching frequency leading to lower switching
loss and higher efficiency.

Due to aforementioned advantages, MLIs have been widely utilized in many applications
such as renewable energy [3], [4], flexible AC transmission systems, static compensators [5],
dynamic voltage restorers, unified power flow controllers, active power filters [7], solid state
transformers [8], motor drives, marine propulsion, mine hoists, conveyors, uninterred power

supplies and fans/pumps [7]-[10].

1.2 Literature Review

Many ML topologies have been proposed during the last two decades. MLIs are categorized
according to number of DC sources used, such as common DC source and separate DC source
based MLIs, as shown in Fig. 1.1. The common DC source based MLIs are diode clamped
(neutral clamped) MLI [10]-[16] and flying capacitor (capacitor clamped) MLI [17]-[19].
The cascaded H-bridge MLIs [20]-[28], hybrid cascaded H-bridge [29]-[34] and switched
capacitor MLIs [35]-[63] utilize separate DC sources to generate the output voltage levels.
Different pulse width modulation (PWM) techniques have been reported to control the output
voltage of MLIs, which are sinusoidal PWM (SPWM), selective harmonic elimination PWM
(SHE-PWM), selective harmonic mitigation PWM, SHE pulse amplitude modulation and
space vector modulation (SVM). This chapter reviews the state of the art of MLIs, their
different structures and the different PWM schemes used in MLIs with their relative

advantages and disadvantages.
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Fig. 1.1 Multilevel inverter topologies.

1.2.1 Neutral Point Clamped MLI

The neutral point clamped MLI (NPC-MLI) is also known diode clamped MLI, which
consists of four pair of switches (upper and lower arm) as shown in Fig. 1.2 [10]. The
switches are in parallel with series connected capacitors. The positive end of diode is
connected to neutral point (O) of NPC-MLI and negative end is connected to the midpoint of

upper or lower arm switches.

fs oFs

J } Saz { / } Sb2

Vdc +__ — a — Db
-T Og¢ 9

/ } S'a1 ./ } S'h1

/I} 22 /I} S'b2

Fig. 1.2 Neutral point clamped MLI [10].
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For a three-level NPC-MLL, as shown in Fig. 1.2, the generated output voltage levels are
0, +1/2Vqc and -1/2Vqc.
The NPC-MLI has following advantages:
« All phases share a common DC bus voltage, which minimizes the number of
capacitors required.
 Its efficiency is high, when operates at fundamental switching frequency.
« The capacitors can be pre-charged.
The NPC-MLI, however has following limitations:
« The number of diodes increases quadratically with number of voltage levels.
« Real-power flow is difficult to control as DC voltage levels fluctuate without precise
control.
« Different current ratings of the switching power devices are required due to difference

in conduction periods of devices.

1.2.2 Flying Capacitor MLI

A single-phase five level flying capacitor MLI (FC-MLI), also known as capacitor clamped
MLI is shown in Fig. 1.3 [17]. The FC-MLI provides more flexibility in output voltage
synthesis and capacitor voltage balancing. The voltage difference between the capacitors
regulates the magnitude of output voltage levels.

The existing redundancy in switching states regulates the voltage of capacitor and obtain
required voltage level. In the present circuit, switches Sa1, Sa2 and S'a1, S'a2 are complementary
to each other. The voltage of capacitor is maintained at Vqc/2. The generated five level output
voltage levels in FC-MLI are +Vqc, + Vdcrz, 0, -Vac and -Vaer2. In FC-MLI, the output voltage

is generated by utilizing different combinations of switches.
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Fig. 1.3 Flying capacitor MLI [17].

The different switching combinations are used to charge or discharge the capacitors, which
helps in balancing of capacitor voltages. The advantages of FC-MLI are as follows:

« Redundancies are available for balancing the voltage levels of the capacitors.

» Active and reactive power flow can be controlled.
FC-MLI, however has some disadvantages also, which are:

» The large number of capacitors makes the overall system expensive and bulkier.

» Packaging is more difficult with higher number of voltage levels.

« Complex control is required to maintain the voltages across capacitors.

1.2.3 Cascaded H-Bridge ML

CHB-MLI uses series connected H-bridge inverters to generate several voltage levels, as
shown in Fig.1.4 [20]. The output of each H-bridge has three discrete voltage levels such as
+Vdc, 0 and -Vgc, which results into a staircase waveform. A single-phase five level CHB-

MLI generates voltages +2Vyc, +Vac, 0, -Vac and -2Vqc respectively.
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Fig. 1.4 Cascaded H-bridge MLI [20].

The switches Sai, Sa2, Sa1, Sa2 and Sp1, Sz, Sh1, S'h2 are used to generate five different
voltage levels such as +2Vqc, +Vac, 0, -Vac and -2Vge. When four switches Sa1, S'a2, Sbrand S,
are turned ON, the output voltage level is 2Vq4c obtained; when Sa1 and S'a2 or Spr and S’y are
ON, the generated voltage level is V4c; when either pair Sa; and Sa2, or Sp1 and Sp2 are ON, the
voltage level is 0. Switch pairs Sa1, S’ar and Sp1, S’h1 are complementary to each other. The

voltage levels can be increased by including identical inverters in cascade.

The advantages for CHB-MLI are as
« It can be easily extended to obtain higher voltage levels and control circuit is simple.
« Clamping diodes and balancing capacitors are not required.

However, CHB-MLI has a disadvantage that separate DC sources are required for each of

the H-bridges. This limits its application and increases the cost.

1.2.4 Hybrid Cascaded ML
To reduce the number of DC sources and switches in CHB-MLIs, hybrid cascaded MLI (HC-

MLI) has been proposed. HC-MLIs use a single DC voltage source and the remaining DC
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Fig. 1.5 Hybrid cascaded MLI [29].
sources are replaced by capacitors, as shown in Fig. 1.5 [29]. The DC source of the first H-
bridge (H1) is a battery or fuel cell, which generates output voltage of Vqc, while the DC
source of the second H-bridge (H->) is a capacitor, whose voltage is held at Vc.

The output voltage of the first H-bridge is denoted by V1 and the output of the second H-
bridge is denoted by V>, so that the output voltage of HC-MLI is Vo = V1 + V2. By using the
switches of H1 properly, the output voltages are +Vqc, 0 and -Vqc, while the output voltage of
H2 are +Vc, 0 and -V.. Hence, the output voltage of HC-MLI can have the values +(Vac + V¢),
+Vae, +Ve, 0, -Ve, -Vae and -(Vac + V¢), which constitute 7 possible output voltage levels. A 7-
level output voltage is generated through voltage steps +3V4c/2, +Vdc, +Vdc/2, 0, -Vde/2, -Vic

and -3Vqc/2, when the capacitor’s voltage V¢ is chosen as Vyc/2.

The HC-MLI have some disadvantages which are as follows:
« As HC-MLI uses capacitors and DC sources, balancing of capacitor voltages is an
inherent problem in these topologies.
» The possibility of extending the number of output voltage levels is not feasible in HC-

MLIs.



1.2.5 Switched Capacitor MLI

SC-MLIs have been reported to mitigate the use of large number of circuit components and
the challenges of capacitor voltage balancing in conventional MLIs [35]-[60]. The SC-MLIs
use capacitors in combination with power switches in a specific way to generate the output
voltage. Using different circuit configurations and connections of switched capacitor (SC)
cell can generate high or low-voltage gains. The low-voltage gain SC-MLI has a simple
structure with fewer elements and also its control is simple. On the contrary, high-voltage
gain SC-MLIs have bulky circuit due to the use of multiple SC circuits. The basic circuit of
SC cell consists of switches, diodes and capacitors as shown in Fig. 1.6(a) [38]. The DC
voltage source is connected to capacitor C using switches S and P. The switches S and P have
opposite operation. When switch S is switched ON, switch P is OFF and vice versa. Fig.
1.6(b) and (c) shows different the operation modes of basic unit of SC cell. In the positive
half cycle, when switch P is switched ON, the diode D is forward biased and capacitor C is
charged to input DC voltage, shown in Fig. 16(b). During the second half of cycle, when
switch S is turned ON, capacitor C starts discharging and diode D becomes reverse-biased.
The voltage source is connected in series with the previously charged capacitor C. So, the
two voltages are added to generate VL = Vac+ Ve, as shown in Fig. 16(c). In order to obtain
higher voltage levels, multiple units of SC cells are connected in cascade.

A switched capacitor based 9-level circuit is made up of a SC cell at front end and
cascaded H-bridge at back end is shown in Fig. 1.7 [39]. If the numbers of voltage levels
obtained by SC cell at front end and cascaded H-bridge back end are N1 and N> respectively,
then the number of obtained voltage levels are (2xN1xN>) +1 in entire operation cycle. The
switches Si, Sz, S'1and S of SC cells (SC1 and SC2) connect the capacitors C; and C, with

the voltage source Vgc1 and Ve in series or parallel to generate the output voltage levels.
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Fig. 1.6 SC cell operation. (a) Basic unit of SC cell. (b) Capacitor charging.
(c) Capacitor discharging [35].

The switches Sia, Sib, Sic, Std, S2a, S2b, Soc and Szq Of the cascaded H-bridge are used for
polarity generation of the output voltage and the diodes D; and D are used to restrict the

current direction.
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Fig. 1.7 Cascaded switched capacitor MLI [39].
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Fig. 1.8 Switched capacitor cell [38].

One of the major limitations of the said SC-MLI is that it requires higher number of DC
sources and power switches to generate output voltage levels and this limitation increases at
higher voltage levels. As the PIV of switches becomes high, the application of the said SC-
MLI is restricted.

In order to achieve higher voltage gain using reduced the number of DC voltage source,
another SC-MLI has been proposed in [38], as shown in Fig. 1.8. This proposed SC-MLI
uses the series combination of different basic SC cells to generate multiple voltage levels.
The capacitors are connected in series using switches Si (i=1, 2, .. ., n) and in parallel with
the voltage sources by the use of switches Pi (i=1, 2, ..., n). An H-bridge is used at the front
end to generate polarity. One of the advantages of the proposed topology is that the voltage
blocked by each switch is limited to input voltage Vqc. The other advantage of the proposed
SC-MLI is its high voltage boosting capability due to cascaded connection of several SC
cells. However, the reported SC-MLI requires large number of power switches to generate
the output voltage at higher voltage levels and the PIV of switches are also high due to the
presence H-bridge.

Subsequently, another single sourced SC-MLI with front end H-bridge is proposed in
[40], as shown in Fig. 1.9, where in each SC cell consists of a capacitor, an active switch and

two diodes. The output voltage levels of the proposed SC-MLI can be changed by utilizing

10



Vin

Fig. 1.9 Topology of the proposed switched capacitor MLI [40].

different SC cells. A total of 2n + 3 voltage levels 0, +Vin, £2Vin, ..., £ (n + 1) Vin can be
generated using the proposed topology, where n is the number of SC cells. To obtain zero
voltage level, Qo is turned ON, while the other switches are in OFF condition. The voltage
across capacitors C; are equal to input voltage Vin, i.e., Vci = Vin (i=1, 2, ..., n), when
switches S1 and Ssare turned ON and S, and Sz are in OFF condition. Similarly, when Sz and
Sz are ON and S; and Ss are OFF, the generated output voltage is -Vin. One of the major
advantages of this SC-MLI is that it requires a single DC voltage source to produce output
voltage levels. However, the total standing voltage (TSV) and peak inverse voltage (PIV) of
the proposed SC-MLI increases drastically for higher number of voltage levels, which
restricts its applications.

To reduce the number of active/passive components and obtain comparatively higher
voltage gain, a new high step-up SC-MLI has been proposed in [54], as shown in Fig. 1.10.
The proposed SC-MLI has two separate DC sources (Vs1 and Vs2) along with several SC cells
in each side of H-bridge. When the switch T is ON, the capacitor C; is connected in parallel

with the DC voltage source Vs; and C; is charged to Vs;.
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Fig. 1.10 Proposed switched capacitor-based unit [54].

Similarly, when the switch T'; the capacitor C'; charged to Vs2. When switches S; and S’
are in ON, both the capacitors C; and C'1 are in series with Vs; and Vs. to generate high
voltage gain. The switches Ki-Ks of H-bridge module are used for voltage addition and
polarity generation in SC-MLLI. In this topology, higher number of voltage levels are obtained
using lesser number of passive components. However, the number of DC sources required is

high which leads to increased cost and restricted operation.

1.3 Pulse Width Modulation (PWM) Techniques for Control of MLI
Different pulse width modulation (PWM) techniques are reported in literature for the control
of the output voltage of MLIs and reducing the distortion in it [64]-[76]. They are classified

according to their switching frequency as

« High switching frequency PWM

 Fundamental switching frequency PWM

The well-known high switching frequency PWM techniques for the control of MLIs are
multicarrier sinusoidal pulse width modulation (SPWM) [64] and space vector PWM (SVM-
PWM) [66]. The fundamental switching frequency PWM methods are selective harmonic
elimination PWM (SHE-PWM) and space vector modulation (SVM). The different

modulation techniques are shown in Fig. 1.11.
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Fig. 1.11 PWM techniques for the control of MLIs.

1.3.1 Multicarrier SPWM

Different multicarrier SPWM techniques have been developed over the years to reduce the
distortion in the output voltage of MLIs based on phase shifting and disposition of several
carrier signals [70]-[75]. In SPWM, a reference signal is used to compare the carrier signals.
If the reference signal is higher than the carrier signal, the output voltage is positive,
otherwise it negative as shown in Fig. 1.12. One of the major advantages of multicarrier
SPWM is that the switching frequency of the output voltage is the number of cascaded cells
used times the switching frequency of each cell. Hence, the switching frequency of each cell
decreases, which reduces the switching loss. However, the major limitation of multicarrier
SPWM is that it cannot totally mitigate the low order dominant harmonics and thus additional

filters are required at the output end of the MLIs.
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Fig. 1.12 Multicarrier SPWM. (a) Reference signal and carrier signals. (b) Output voltage.
1.3.2 Space Vector Modulation PWM
SVM-PWM is one of the popular modulation techniques to regulate the output voltage of
MLIs [66]. Fig. 1.13 shows basic diagram of SVM for conventional three-level MLI. In

SVM-PWM, the output voltage is obtained as weighted mean of three different vectors in d-

g reference frame. The reference voltage vector is generated by switching the three adjacent

14



voltage vectors and these vectors synthesize the required voltage vector by calculating the
duty cycle of each the vectors using

7 VTtV TtV o Ty

V =
T

(1.1)

where V;, T; are voltage and time vectors and T is the total time.

0.8

0.6

1.0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 1
Fig. 1.13 Vector diagram of SVM-PWM [76].
Generally, SVM is relatively easy to control and flexible in improving the switching’s per
cycle and provides better performance in low modulation range. However, difficulty of
selecting switching states increase at higher voltage levels [66]. SVM cannot also entirely

eliminate the low order dominant harmonics from the output voltage of inverters.

1.3.3 Selective Harmonic Elimination PWM

In general, MLI generates quarter-wave symmetric staircase voltage waveform, synthesized
by several DC voltages [77]. The generalized Fourier expression of the output voltage Vo is
given by

Vo = Xn=135.. bn sin(nwt) + a, cos(nwt) (1.2)
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where bn is the magnitude of nth harmonic component and  is the fundamental switching
frequency. Due to half and quarter wave symmetry of the output voltage, a,, = 0. The

expression of b, can be written as

2Vnc [cos(nB;) + cos(nBy) + -+ - + cos(n6y,)] for odd
, | (1.3)
L, =

0 for even

0S61S62S636n<

Y

(1.4)

A 7-level staircase output voltage waveform using SHE-PWM is shown in Fig. 1.14. The set
of non-linear transcendental equations for the output voltage waveform of a three-phase, 7-

level MLI are

my = %(cos(@l) + cos(0,) + cos(63) + cos(6,) + cos 65))
0 = cos(560,) + cos(50,) + cos(503) + cos(58,) + cos(5605) (1.5)
0 =cos(76;) + cos(760,) + cos(703) + cos(78,) + cos(705)

where ma is the modulation index and is defined as

_ V desired
e T () 4o

where Vesired IS the desired fundamental component of the output voltage and S is the number
of separate DC sources.

In general, the most significant low frequency harmonics (5™ and 7™) are eliminated by
properly selecting the switching angles and high frequency harmonics are eliminated by
using additional filters. The step angles of the MLI can be optimized to cancel some of the
specified harmonics in SHE-PWM. The major complexity associated with SHE-PWM is that
to solve nonlinear transcendental equations. Newton-Raphson theory or mathematical

resultant theory are used to solve these transcendental equations [78]-[81].
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Fig. 1.14 Staircase output voltage waveform in SHE-PWM.
However, the degrees of the polynomials in those transcendental equations increase with the

increase switching angles and it becomes difficult to solve them.

1.4 Meta-Heuristic Optimization Algorithms

Meta-heuristic optimization techniques become extremely popular over past a few decades
for solving the aforementioned problems because they are simple, flexible, derivation free
and local minima avoided [82]-[98]. These techniques are inspired by animals’ behaviour
and evolutionary concepts. Meta-heuristic algorithms are grouped in two main categories,
evolution-based and swarm-based algorithms. Evolution-based methods are stimulated by
the laws of natural evolution. Some evolution and swarm inspired optimization algorithms
such as genetic algorithm (GA), particle swarm optimization (PSO), ant colony optimization
(ACO), grey wolf optimization (GWO) and wolf optimization (WO) are discussed in the

following sub-sections [84]-[98].
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1.4.1 Genetic Algorithm

GA is an evolution-based method inspired by the process of natural selection and is widely
used for finding near optimal solutions [84]-[88]. The process of evolution of species in GA
is mimicked by biologically inspired mechanisms e.g. selection, crossover and mutation. The
GA is derivative free and can be used for both discrete and continuous optimization.
However, GA can be time consuming for large and complex problems due to its repeated
fitness function evaluation. The slow, untimely convergence rate and weak local search

capability are the limitations of GA. The flow chart of GA is shown in Fig. 1.15.
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Fig. 1.15 Flow chart of GA [88].
1.4.2 Particle Swarm Optimization
PSO algorithm is inspired by social behaviour organisms such as birds or fish [89]-[94]. This

method searches the optimal solution through agents, referred as particles. Every particle is

18



influenced by its own best position (pbest) and the group best position (gbest). The basic
diagram of PSO is depicted in Fig. 1.16. PSO algorithm does not possesses any evolutionary
variables such as crossover and mutation, which improves its convergence rate and local
search ability. It also requires short computational time and can be used precisely to solve
optimization problems. However, the primary drawback of PSO is that it cannot modify its
velocity step size for fine tuning in local search, which results in premature convergence and
stagnation in local optima. Also, it is difficult to define initial design parameters accurately
in PSO.

B.
! personal best
performance

GB;
. Best performance
of the group

Xiy

Vi

Fig. 1.16 Basic diagram of PSO [89].

1.4.3 Ant Colony Optimization

ACO algorithm is inspired by the social behaviour of ants [94]. The social intelligence of
ants used for searching the closest path from the nest to the source of food, is the key
inspiration ACO algorithm. A pheromone matrix is evolved over the course of iteration for
finding the optimal solution in ACO algorithm. The artificial ants locate optimal solutions by
moving through a parameter space, which represents all possible solutions. In ACO, ants lay
down pheromones, directing each other towards the resources while exploring their
environment. The simulated ants record their positions, so that in later simulation iterations
more ants locate better solutions. The ACO can adapt to changes such as new distances and
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guarantees the convergence probability in each iteration. However, ACO needs a difficult
theoretical analysis and requires more experimentation than theoretical analysis to reach
global optima. It also suffers from uncertainty in convergence rate. The flow chart of ACO

is shown in Fig. 1.17.
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Fig. 1.17 Flow chart of ACO [85].
1.4.5 Whale Optimization

WO algorithm is swarm based meta-heuristic optimization method, which mimics the social
behaviour of humpback whales. The humpback whales use a special hunting method, known
as bubble-net hunting [95], [96]. Humpback whales prefer to hunt small fishes close to the
surface. Hunting mechanism is done by creating bubbles along a spiral path as shown in Fig.
1.18. The humpback whales find two movements named as upward-spirals and double loops

in their search mechanism. The location update in WO algorithm is divided into three phase
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Fig. 1.18 Movement of whale [95].

such as encircling prey, spiral bubble-net feeding movement and search for prey. During the
exploitation process, humpback whales adjust their positions toward the global optima using
two mechanisms which are encircling the prey and spiral bubble-net feeding movement. The

exploration phase deals with search for prey.

WO algorithm is simple, flexible, easy to programmed and maintains good balance
between exploitation and exploration. Also, it has very few algorithm parameters. In WO,
the position of the optimal design in the search space is not known earlier. This procedure

of update of WO may bring about getting caught in local optima.

1.4.4 Grey Wolf Optimization

GWO algorithm is a swarm intelligent technique, which mimics the leadership hierarchy of
grey wolves [97], [98]. Grey wolf belongs to canidae family and mostly prefer to live in
groups. They have a strict social dominant hierarchy; the leader is a male or female, called
alpha (a). The a is generally responsible for decision making. The beta (5) wolves are

subordinate wolves, which help the a wolves in decision making. The £ is an advisor to «
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Fig. 1.19 Hierarchy diagram of GWO [97].

and maintains the discipline of the entire pack. The lower ranking grey wolf is omega (w),
which has to pass the information to all other dominant wolves. The wolves which do not fall
in a, f and w are called delta (). The 6 wolves dominate w and reports to « and . The social
hierarchy of wolves in GWO algorithm is shown in Fig. 1.19. The GWO algorithm has
superior exploration and exploitation characteristics than other swarm intelligence
techniques. Further, the GWO has been successfully applied for solving various engineering
optimization problems. GWO requires only few parameters and is easy to implement, which
makes it superior than earlier discussed evolutionary algorithms. However, GWO simulates
internal leadership hierarchy of wolves, thus, in the searching process, the position of best
solution is evaluated by using three solutions (three different wolves) instead of a single
solution, which decreases the probability of premature convergence and falling into the local

optima.

1.5 Objectives of Thesis

It is evident from the literature study that there is scope of further improvement with regard
to MLIs in terms of harmonic content in the output voltage, number active/passive
components used, PIV and TSV of devices and the cost involved in MLI configurations. The

following points have been identified as the main objectives of the thesis.
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« Applying optimization techniques in HC-MLI for harmonic minimization and faster
convergence.

» Selecting a PWM technique for harmonic optimized HC-MLIs.

» Capacitor voltage balancing in HC-MLIs, specially at higher modulation indices using
modified optimization techniques.

« Proposing SC-MLIs for active and passive components reduction and reduced TSV and

PI1V of devices used.

1.6 Conclusion

In this chapter, different MLI topologies such as NPC-MLI, FC-MLI, CHB-MLI, HC-MLI
and SC-MLIs with their relative advantages and disadvantages are discussed in detail. For
controlling the output voltage of MLIs different types of PWM schemes such as SPWM,
SVM and SHE-PWM have been proposed in the literature over the years. The salient features
of these PWM schemes has been critically examined and it has been found that as the number
of harmonics to be eliminated increases, the degrees of the polynomials in the transcendental
equations become so large that solving them becomes very difficult. This problem can be
solved by meta-heuristic optimization methods such as GA, PSO, ACO, WOA, GWO, etc.
Out of the different optimization methods reported in the literature PSO, WOA and GWO
has been selected for further investigation in this thesis. With modifications in the algorithm
of these optimization methods and subsequently applying to HC-MLI, it has been found that
the performance these optimization methods can be improved in terms of convergence speed
and harmonic minimization.

The balancing of capacitor voltage is an inherent challenge in HC-MLI. Several schemes
have been reported for capacitor voltage balance in HC-MLIs. However, these schemes make
the overall control technique complicated. The control schemes become even more complex

with the increase in voltage levels, which makes the overall system expensive and bulky.
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Advanced MLI topologies like SC-MLIs have emerged in recent years as a promising
technology to counter these problems. In SC-MLIs, capacitor voltage is balanced inherently
without using extra control circuit. However, in SC-MLIs, the number of circuit components
increases with higher number of output voltage levels. Further, TSV and PIV also increase
rapidly with the increase in voltage levels. In this work, two new configurations of SC-MLI,
named as diode assisted switched-capacitor MLI (DASC-MLI) and reduced voltage stress
switched-capacitor MLI (RVSC-MLI) have been proposed, which can generate up to 17-
level output voltages using lesser number circuit components as compared to other existing
SC-MLlIs. The proposed SC-MLIs can generate even higher output voltage levels with lesser
number of DC sources and passive components as compared to the existing SC-MLIs. The
PIV of the power switches reduce in the proposed SC-MLIs in comparison to existing

topologies, leading to reduction in cost of the proposed SC-MLIs.

1.7 Organization of Thesis

Apart from this chapter, the thesis consists of six more chapters. The brief description of the
remaining chapters is outlined as follows:

Chapter 2 presents modified particle swarm optimization (MPSO) method for harmonic
minimization in three-phase, HC-MLI using SHE-PWM. Simulation and experimentation
have been carried out to exhibit the merits MPSO optimized HC-MLI as compared to GA
and PSO optimized HC-MLI.

Chapter 3 represents modified whale optimization (MWO) for selective harmonic
elimination in three-phase, HC-MLI so as to eliminate the lower order harmonics from the
output voltage. A comparison is made among GA, PSO, WO and MWO optimized HC-MLIs

through simulation and experimental studies.
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Chapter 4 represents a modified grey wolf optimization (MGWO) technique through SHE-
PWM for harmonic reduction in three-phase, HC-MLI. The performance of the proposed
MGWO is validated through simulation and experimentation. The results obtained show that
MGWO algorithm is more efficient and accurate than other reported algorithms such as GA,
PSO and GWO in terms of performance, harmonic reduction and convergence rate.
Chapter 5 represents a new diode assisted switched-capacitor MLI (DASC-MLI). The
proposed DASC-MLI is compared with other existing SC-MLIs to exhibits its advantages in
terms of circuit components, voltage gain, TSV and cost.

Chapter 6 represents a new reduced voltage stress switched-capacitor MLI (RVSC-MLI).
The proposed RVSC-MLI is compared with other existing SC-MLIs to exhibits its merits in
terms of circuit components, PIV and TSV.

Chapter 7 delineates the overall conclusion of the thesis and discusses the scope of future

work in this field.
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Chapter 2

Harmonic Minimization in HC-ML1 Using
Modified Particle Swarm Optimization

2.1 Introduction

In this chapter, a modified particle swarm optimization (MPSO) for fast convergence and
harmonic minimization in three-phase, 11-level hybrid cascaded multilevel inverter (HC-
ML) has been proposed [99]. Selective harmonic elimination pulse width modulation (SHE-
PWM) technique implemented through MPSO has been used in the proposed work for
synthesizing an 11-level output voltage using two DC sources, a pre-charged capacitor and
twelve switches. The switching angles of the three-phase, 11-level HC-MLI has been
computed for eliminating specified lower order odd harmonics such as 5, 7", 11" and 13"
from the output voltage of the HC-MLI. In the proposed MPSO optimized HC-MLI,
capacitor voltage balance is also ensured even at higher modulation indices by utilizing the
redundant switching states available at different switching instances of the HC-MLI. The
redundant switching states affects the charging and discharging sequences of the capacitors
depending on the direction of the load current in the HC-MLI. Based on analytical studies, a
constraint for capacitor voltage balancing has been derived. Subsequently, using this
constraint in MPSO and applying a voltage averaging technique to three-phase, 11-level HC-
MLI, capacitor voltage balancing has been ensured, even at higher modulation indices. The

results obtained through MPSO are compared with the results obtained through genetic
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algorithm (GA) and particle swarm optimization (PSO) in terms of convergence rate and

harmonic content.

2.2 Hybrid Cascaded MLI

A three-phase, 11-level HC-MLI is shown in Fig. 2.1. In the Fig. 2.1; Hy, Hz are primary and
Hz is the supplementary H-bridge cells. The H-bridges are connected in cascade and the
output voltage waveform is the sum of the outputs of all the individual H-bridges. The DC
voltage source Vqc is used in primary H-bridges (H: and Hz). The DC source used in the
supplementary bridge (Hz) is a pre-charged capacitor, whose voltage (Vcap) is kept at Vge2.

The output voltages of Hi, H2 and Hs are denoted as V1, V2 and Vs respectively.
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Fig. 2.1 Configuration of three-phase 11-level HC-MLI.
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Table 2.1
Switching States for Voltage Level Synthesis

Level A1 Ci1 D1 Bi1 A2 C2 D2 B2 As Cs D3 Bs Output
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The generated output voltage Vo of the 11-level HC-MLI is obtained using combinations of
Vi, Vo and V3 as, Vo= Vi £ Vo + Vi, Utilizing the switches of Hi, H2 and Hs of Fig. 2.1
appropriately, Vo can be made +5Vac/2, +2Vac, +3Vde/2, +Vdc, +Vac/2, 0, -5Vae/2, -2Vde, -3Vde/2,
-V and -Vg¢/2. The output voltage Vo and the redundant switching states of the staircase
waveform is shown Fig. 2.2. The switching logic for the 11-level HC-MLLI is given in Table

2.1.

2.3 Solution Using PSO

PSO algorithm is an evolutionary algorithm capable of solving difficult multidimensional
and multi-objective optimization problems in various fields. In PSO, particles keep searching
to find the optimum solution based on the best experience of the swarm (global best, or goest)
by using their past experiences (personal best, or peest). The particles are randomly generated
initially. Each particle i (i = 1 to swarm size) possesses a current position Xi = [Xi1, Xiz . . . lid]
and velocity vi = [vit, Vi2 . . .Vid], where, d is the dimension of search space. The velocity of
the particle indicates the change in the position from one step to the next. Every particle in
search space memorizes its pbest, which corresponds to the best fitness value in the searching
places. Every particle tries to attain the gbest that is the whole best place searched by one
member of the swarm. Exploration is the ability of a search algorithm to explore different
region of the search space in order to locate a good optimum solution. Exploitation is the
ability to concentrate around a suitable search space in order to get better solution. With their
exploration and exploitation, the particle of the swarm fly through the space and have two
essential capabilities: the memory of their own best pbest position and knowledge of the
global or their neighborhood’s gbest. The basic concept behind the PSO technique is to

change the velocity of each particle towards its pbest and gbest positions at every time step.
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Each particle tends to modify its current position and velocity. Let x and v denotes the co-
ordinates (position) and fly speed (velocity) of a particle in a search space respectively [90]-
[93]. The velocity and position of each particle can be calculated using the current velocity
and the distance from pbestiq and gbestiq as

VI = wVii™ + cyri (pbest;q — X[5) (2.1)

+ 1y (gbestid - Xl-’é)

Kbl ko o k+1
Xia =XigtVig (2.2)

where k: number of iterations; d: number of dimensions corresponds to number of members

of each particle; v};“: velocity of member d of particle i at iteration k+1; v5: velocity of

member d of particle i at iteration k; xilﬁi“: position of member d of particle i at iteration
k+1; x}ﬁi: position of member d of particle i at iteration k; ci: constant weighing factor
corresponding to pbest; c2: constant weighing factor corresponding to gbest; r1 and rz:
random number between 0 and 1. The constants C1 and Cz represents the learning co-efficient
(cognitive and social) that tries to attract each particle toward its pbest and gbest position.
The acceleration constants C1 and C, are often set to 1.8 according to past experiences. The
new velocity for every particle is based on the particle’s previous velocity, location of the
particle at which the best fitness has been achieved so far and the population’s global location
at which the best fitness achieved. PSO simple to implement and have few parameters to
adjust and do not overlap or mutate.

2.3.1 Limitations of PSO

PSO locates nearly optimal solution with a fast convergence speed. However, the major

limitation of PSO is that it fails to adjust its velocity step size for fine tuning in the search
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space. This often leads to premature convergence. Moreover, increase in number of switching
angles in PSO results in increase in complexity of the search space and ultimately it is trapped
in the local optima of the search domain [90]-[94]. To take care of this problem, a local search
technique, named as mesh adaptive direct search (MADS) is combined with PSO to
accelerate the convergence to an adjacent local optimum and refine the local search of the
algorithm to prevent it being stuck in the local optima [100]. The method thus evolved is
named as modified PSO (MPSO). To increase the fitness value of particles, mutation in
velocity is applied in MPSO. Mutation is also applied in MPSO on the velocities of those
particles that are not able to find a better position in search space. Combining the advantages

of MADS and mutation strategy in MPSO obtains time-optimal solutions.

2.4 Proposed Modified PSO

In the proposed MPSO, MADS is used for local refinement of particles because of its fast
convergence towards local optima. MADS has two types of grids, known as mesh and frame.
The mesh is the set of conventional grids and the frame consists of mesh points. MADS has
two steps at each iteration; called the search step which is done around the mesh points and
the poll step which is done when there is no more improvement found by the mesh points in
the search step. MADS searches optimal solution by reducing the mesh size until a better
solution is achieved. When the mesh size is reduced below the accepted value, MADS finds
optimal solution and terminates the iteration process [100]. The proposed algorithm starts with
initialization of random particles (switching angles). After evaluating fitness of each particle,
personal best (pbest) and global best (gbest) positions are updated. In case of conventional
PSO, the subsequent iteration starts and new particles are estimated according to their initial

position, velocities, pbest and gbest positions. In contrast to this, in MPSO, the subsequent
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iteration will not start till local refinement around the best particle is achieved. The best
particles of the population are taken as starting search points in MADS. Finally, MPSO locates
the local minimum around each initial point. The idea of using mutation in MPSO is that, if a
particle cannot improve its fitness in search domain, its future velocity will not be affected by
its previous velocity. So, if n' particle fails to achieve a better fitness at the end of i"" iteration,

its velocity componentsv_, (i) are mutated. In MPSO, mutation mechanism is achieved using

differential evolution (DE)/current-to-best/1 mutation strategy [101]-[103]. The magnitude of
mutation is determined by past velocity, pbest and gbest. The iteration of mutation process

does not terminate till better fitness of particles are found.

2.4.1 Improvement in Weighting Factor

To control the search speed of the particle, proper tuning of weight factor (w) is necessary.
The balance between exploitation and exploration is maintained by w. The direction of
particle in which it was moving previously is also maintained by w. This operation is
advantageous at the start of the search operation, where the particles are extensively
dispersed. MPSO has drawback of increasing the convergence time when the particles
oscillate near gbest position. So, a non-linear w is more useful than linearly decreasing w. A

new exponential decaying weighting factor (w,,,) , which adapts the value of w with respect

to distance of the ith particle from the gbest position. It decays to a low value, resulting in

reducing convergence time with number of iterations. The modified weight factor is given as

X — XK k
wé o= 2§ |.exp| ——max 23
1,exp ([ Vorms ] 1J p[ f2 + kmax ) ( )

where f, and , are controlling factors taken as 0.2 and 5 respectively, kmax is number of

iterations and Vv,
indices of HC-MLI.

is the rms value of output voltage whose value depend upon modulation
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2.4.2 Improvements in Cognitive and Social Parameters

The cognitive ¢, and social ¢, parameters are modified in this proposed algorithm as

C = C, Vorms (2 4)
1 .
‘dlbest - dgbest +1
K
C2 (k) = C2,min +k_(C2,max_C2,min) (25)
where d,.and d,. are the local best and global best positions of the particle, v, is the rms

output voltage of inverter, c and c, ., are the maximum and minimum values of social

2,max 1 2,min

parameter.
The values of C, ., and C, .., lie between 0.1 to 2 respectively. The cognitive parameter

c1 and social parameter c. are used to calculate velocity of each particle in MPSO algorithm.
The cognitive parameter c1 helps the particles to explore the search space, while the social
parameter ¢ helps the particles to exploit the search space. The expression of c1 has been
proposed in this work which decreases linearly in each iteration. This helps the particles to
escape any local minima. This adaptive nature of cognitive parameter ensures faster

convergence of the algorithm towards the global best.

The modified velocity expression utilizing the modified weight factor and cognitive factor

as follows
k+1 K k k k
Vig ™ =W, -Vig + Clrl(XIb_i —Xig) +C,1, (ng_i —Xig) (2.6)
k+1 _ Kk k+1
Xia = Xig T Vig (2.7)

where k is the pointer of iterations, d is the position number of D-dimensions, V™ is the
velocity particle of i at (k+1)" iteration,V,<is the velocity of particle i at k™ iteration, x*is
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the position of particle i at (k+1)" iteration, x¥, is the position of particle i at k™ iteration, ¢
is the cognitive parameter corresponding to pbest, cz is the social factor corresponding to

gbestand r;,r,e R(0,1).

2.4.3 Mutation in Velocity Using DE/best/1 Mutation Strategy
The list of procedures for mutation in velocity are as follows:
Stepl: Initialization

Generate V,, initial particle’s velocity vectors and vel, :{vlg,v1 v }, which denotes

g "Neg

population of velocity vector. It consists of number of target velocity particles. Each particle
in velocity vector, Vig = (Vi14:Viag ***Ving) is a D-dimensional vector. A mutant vector
is generated using mutation operator for each target vector v, .

Step 2: Mutation in Velocity Vector

Two different particles(v,,,v,,) are chosen from population. The best velocity vector is
obtained by sorting the generated population vector according to their fitness value. The
mutant vector is generated as follows

vel, (mut) =v .+ f -(vrl’g —vrz’g) (2.8)
where v,,,.5¢ 4 best velocity particle in the population and f is the DE scaling factor lies

between 0 to 1.

2.4.4 Velocity Limits

The velocity operator updates the position of the particle which depends on the distance from

the gbest to Ibest position. If the distance between gbest and Ibest is less, the velocity changes
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is small, and if they are large, the corresponding velocity is large. This creates interruption
in algorithm for detecting the global position. The solution to this problem is to limit the
velocity up to certain maximum value, such that [—AVyu AVou . In case of violation of

these limits, the closest point to the boundary is selected. The flowchart of the complete
algorithm is shown in Fig. 2.3.

The algorithm for solving the harmonics optimization problem is as follows:

Step 1: Generate initial population with randomly generated particles.

Step 2: Evaluate fitness values of all particle in the population and discard the particles those

have same fitness value.

Step 3: If the fitness is better than the best fitness value, i.e., Ibest, set current value as the
new lbest. The particle with the best fitness value among all the particles is chosen
as the gbest.

Step 4: Apply MADS for local refinement of particles.

Step 5: Adjust particle position and velocity.

Step 6: The global maximum value changes during dynamic loading conditions. In such a
case, the particles are reinitialized to search the new global maximum again.

Step 7: Go to step 2, until the termination condition is met.

2.5 SHE-PWM Applied to MPSO Optimized HC-MLI

The mathematical representation of proper fitness function f is defined as

f =mi (100\/1*_\/1)4 i1£5ovh T
=min — | +) — > 29
v |V, (2:9)

1
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subjected to

T
06 <6,<0,---0 <—
1 =03 3 "S5 (2.10)

where V,"is the desired fundamental component and hs is the order of s harmonic e.g., h2 =5,

hs = 7, h4=11 and hs=13. The weighting factors specify the reduction of lower harmonics.
The fitness function signifies THD minimization. The population size and number of

iterations are taken as 100 and 300 respectively. The iteration is started with the initialization

of particles (switching angles) and then the fitness value of each particle is evaluated. In
MPSO, local refinement of particles is achieved using MADS and particles with more precise
value are taken. Mutation is applied to the velocity of particles to obtain better fitness value.
The above process is repeated for different modulation indices until last iteration is achieved.
Fig. 2.4 shows the optimal switching angles versus modulation index (ma) for MPSO
optimized HC-ML.I to eliminate lower order harmonics using SHE-PWM. It can be noticed
that switching angles decrease by increasing the modulation indices. Fig. 2.5 shows the
content of lower order harmonics (5", 7%, 11" and 13™) versus modulation indices using the
proposed MPSO algorithm. It clearly shows that the lower-order harmonics have decreased
significantly.

To verify the effectiveness of the proposed algorithm, cumulative distribution function
(CDF) is determined for the proposed MPSO and compared with PSO and GA at different
fitness function values as shown in Fig. 2.6 [104], [105]. The results obtained establishes the
superiority of MPSO in terms of convergence rate as compared to PSO and GA. Table 2.2
gives the comparison of convergence rate and fitness values of different algorithms. It can be

noticed that the convergence rate and fitness value of MPSO is better than GA and PSO.
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Table 2.2
Constraints of MPSO, PSO and GA
Population size =100 and No. of Iteration=300

Parameters MPSO PSO GA

Fitness value 6.05X101 | 1.15X10%  0.4670

Convergence rate very high high low
towards global
minima
Table 2.3

%THD Comparison for Different Algorithms

Modulation | %THD | %THD | %THD
index (MPSO) (PSO) (GA)

0.5 8.41 10.27 13.87
0.6 7.53 9.21 12.35
0.7 7.69 9.73 12.86
0.8 5.23 7.42 11.32
0.9 4.17 6.05 10.85
1 5.03 7.09 9.87
1.1 5.64 7.71 8.05
1.2 6.21 8.03 9.31

%THD at different modulation indices are calculated for MPSO, PSO, and GA as given in

Table 2.3. The result shows that for MPSO, the %THD is less as compared to GA and PSO.

2.6 Capacitor Voltage Balancing in HC-MLI Through MPSO

For proper operation of 11-level HC-MLI, the capacitor voltage has to be balanced over the
entire cycle. The essential condition for capacitor voltage balance is to ensure that the net
charge stored in the capacitor during the entire cycle must be greater than zero. If the net
charge stored in the capacitor during the entire cycle is less than zero, the capacitor voltage
falls, which leads to depletion of subsequent voltage levels [32], [33]. An optimal control

strategy ensures that the net charge stored in the entire cycle should be greater than zero to
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keep the average capacitor voltage constant. Different redundant switching states of the three-
phase, 11-level HC-MLI are used for capacitor voltage balancing, depending on the direction
of load current and sensed capacitor voltage. This is done as per the time interval of the
staircase waveform and the available redundancies for that level. For obtaining the required
voltage level, the capacitor voltage is used either in addition or in opposition with dc voltage

sources. In one cycle, the net amount of stored charge is given as
Qstored = Qcharging - Qdischarging (2.11)
Applying fundamental switching to the 11-level HC-MLI and assuming the power factor
angle to be &, load current is
lioaa = 15iN(0—D) (2.12)
Capacitor charge balance condition for the MPSO optimized 11 HC-MLI is contented for a

quarter cycle as
02 04
Quores =% [15in(0—®)dO= [15in(0—D)d6
01 03

zl2

_j|5in(9_q>)d¢920 (2.13)

The £ sign in the period 6, to 6, and 65 to 8, indicates that there are both charging and
discharging conditions.

2.6.1 Capacitor Voltage Balancing Conditions

The charging and discharging patterns of capacitor voltage are repeated in every quarter
cycle. The first quarter cycle is divided into six intervals as shown in Fig. 2.2. Conditional

switching states for capacitor voltage is given in Table 2.4. The voltage level of the capacitor
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is investigated in each of the six intervals. The six intervals in one quarter cycle are as
follows:
Interval 1: 0to 6:

No charging or discharging occurs in this interval.

Interval 2: 6: to 62

The capacitor charges or discharges in this interval. Fig. 2.7(a) and (b) shows charging
interval for positive and negative load currents (lioag). Similarly, Fig. 2.7(c) and (d) shows
discharging interval for positive and negative load currents. Considering charging interval for
positive load current, the switches A, Cz (of Hz), switches Az, B2 (of Hz) and switches Cs, D3

(of Hs) are operated. The capacitor voltage is given by

VvV, -4
V. =(2V, —%e ") (2.14)

where 7z = RC is the time constant. The capacitor voltage increment in this interval is given

as

Vdc -
AV, = (1-e 7) (2.15)

Expanding the exponential term of (2.15) and considering that the capacitor used in Hz is a

large capacitor, the changes in the capacitor voltage is given as

vV, t
AV, = %-—l (2.16)
T
I 2_01 .
Substituting t, = in (2.16)
AV, = Yo 02 =0 (2.17)




Fig. 2.7 Capacitor voltage balancing conditions.
Charging interval li,a¢>0. (b) Charging interval 1,020<0. (c) Discharging interval l,02¢>0. (d)
Discharging interval l1024<0. (e) Discharging interval (ts) of peak voltage.
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Table 2.4

Conditional Switching States for Capacitor Voltage Balance

Veap >Vde Veap <Vdc
Angles Level
licad>0 l10ad<0 lioad>0 l10ad<0
0<6<86, 0 - - - -
0, <0<80, Vae/2 Redundancy 1 Redundancy 2/3 Redundancy 2/3  Redundancy 1
0, <0 <06, Vic Redundancy 1/2  Redundancy 1/2 Redundancy 1/2  Redundancy 1/2
0;<0<6, 3V4/2 | Redundancy 1/2  Redundancy 3 Redundancy 3 Redundancy 1/2
0,<6<0g 2Vgel2 - - - -
6;<0<90 5Vae/2 - - - -
90 <6 <180 — 054 5Vge/2 - - - -
180 — 6 <180 -6,  2Vu/2 - - - -
180 -0, <180—0; | 3Vy/2 Redundancy 1/2 Redundancy 3 Redundancy 3 Redundancy 1/2
180 — 6; <180 -0, Ve/2 Redundancy 1/2  Redundancy 1/2 Redundancy 1/2 Redundancy 1/2
180 — 6, <180 — 6, Vuc/2 Redundancy 1 Redundancy 2/3 = Redundancy 2/3 Redundancy 1
180 — 9, < 180 0 - - -

Ascertain modulation
index

A

Calculate optimized 6, to 65

Sense output current direction

Sense capacitor voltage

Is
redundancy
available ?

——{ Control

logic

Sense capacitor output voltage
error

L

Ascertain the peak voltage (V1)

No Yes
Capacitor Capacitor balance
balance possible impossible
Is
Capacitor
Voo = Vyeale
o peak charged

Capacitor
discharged

Capacitor in

Capacitor in
opposition

TO HC-MLI <

addition
Capacitor in
addition
Capacitor in
opposition
Y L Y y
Gener ate gate signlas

Fig. 2.8 Flow chart of control algorithm.
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Interval 3: 6, to &3

No charging or discharging occurs in this interval.

Interval 4: 6310 04
The capacitor charges or discharges in this interval. The changes in the capacitor voltage

in this interval is given as

V, ot
AV, :%-—2 (2.18)

0, -0,

Substituting t, = in (2.18),

Vo 6,-0,
AV, =-%. 24 3 2.19
=B (219)

Interval 5: 04 to 65

No charging or discharging occurs in this interval.
T
Interval 6: 65 to 5

The capacitor must be discharged by the load current in this interval. Fig. 2.7(e) shows
the discharging interval of the capacitor. The switches A1, B1 (of Hy), switches Az, B> (of Hy)
and switches As, B3 (of Hs) are operated for discharging interval. The capacitor voltage

increment in this interval is given as

5V b
AV, =—( 2"C +AV,, +AV,,)1-e 7) (2.20)

Since the capacitor used in the third H-bridge cell is a large capacitor, using (2.17) and (2.19)

in (2.20), the following is obtained

5]
Vee (l-e )= 5Ye b

AV, =-5
c3 2 2 T

(2.21)
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T
~ -6,
o 2
Substituting t, =

in (2.21),

T
Z_0,
AVC3:—5\E.2—
2 ot

(2.22)

The capacitor voltage increment during the charging intervals should be more than the
voltage decrement during the discharging interval to ensure capacitor voltage balancing.
During the interval 61 to 6, the capacitor charges or discharges. It is assumed that the output

voltage is constant in this interval. The capacitor current in this interval is given as

Vd
== 2.23
T (229

where R is output resistance. Increment in the capacitor charge in this interval can be
expressed as

Ve 0 =0

AO. =
QlZRa)

(2.24)

During the interval 03 to 64, the capacitor charges or discharges. It is assumed that the
output voltage is constant in this interval. The capacitor current in this interval given as

V C
leo :ﬁ (2.25)

Changes in the capacitor charge in this interval (63 to 6s) is given as

_\i_94_‘93

AO, =
QZZRa)

(2.26)

During the interval 6sto g the capacitor discharges. The capacitor current is opposite to

the load current in this interval and is given as

SV
lgs =——% 2.27
s = @221)
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Changes in the capacitor charge in this interval is given as
/4
——0,

_5Vdc . 2 °

AQ=-— LA — (2.28)

The capacitor voltage can be balanced if the net charge stored in quarter cycle of operation

is greater than zero. In other words, the balancing of capacitor voltage is possible if
AQ,+AQ, +AQ, >0 (2.29)

Using (2.24), (2.26) and (2.28) in (2.29),

.2 1 _de T4 5 T o, >0 (2.30)

(2.30) can be simplified as
o
0, +6,+50; — (6, +6,) > 7 (2.31)

For capacitor voltage balancing, (2.31) is to be satisfied. The modulation indices are
obtained by using the constraint presented in (2.31) to ensure capacitor voltage balancing.
Using the redundancies of 11-level HC-MLI, the conditional switching states for capacitor
voltage balancing is given in Table 2.4. If V4p < V,;./2, the capacitor has to be charged and
if Veap > V4. /2, the capacitor has to be discharged depending on the available redundancies.
As the steady state error in the capacitor voltage decreases in subsequent voltage levels,
capacitor voltage averaging technique is used to reduce the steady state error by charging the
capacitor to a value slightly higher than V;./2 during allowable periods. The average DC
voltage of the capacitor is compared with the reference voltage value (V;./2) and then the
optimum gate signals for the proposed three-phase HC-MLI are generated. The flow chart of

the control algorithm for capacitor voltage balance is shown in Fig. 2.8.
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2.6.2 Capacitor Voltage Balancing at Higher Modulation Indices

The capacitor charge is unable to balance at higher modulation indices (ma > 0.9) because of
long discharging periods at voltage peaks. At a higher modulation index, discharging period
is more than the charging period for which net charge accumulation in capacitor is less than
zero [32]. To balance charge at higher modulation indices, third harmonic voltage is injected
into the output voltage of HC-MLI through a square wave having frequency three times the
fundamental frequency with magnitude Vqc/2 as shown in Fig. 2.9. Fig. 2.9(a) shows original
11-level voltage waveform. Fig. 2.9(b) shows injected third harmonic voltage and Fig. 2.9(c)
shows final output voltage waveform. The Fourier series expression of the injected third
harmonic voltage can be written as:

Vi = Z

2Vdc

cosné, -sin3nmt (2.32)

135.0 N7T

Fig. 2.9 Capacitor voltage balancing at higher modulation index for 11-level HC-MLI.
(a) Original 11-level waveform. (b) Injected 3™ harmonic voltage. (c) Final voltage waveform.
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The triplen-harmonic voltages will automatically cancel in the line-line voltages of three-
phase systems, and will not change the fundamental frequency contents. The only effect is to
change the charging period and discharging period. The condition of capacitor voltage
balancing for the elven level HC-MLI in a quarter cycle operation at higher modulation index

is given as:

Ouroreq = + f;’f Isin(6 — @) do + fei‘*lsin(e — @) df — fgil sin( — @) df —

[T Isin(6 — &) d6 > 0

(2.33)
2.7 Closed-loop control of HC-MLI Using Proposed Algorithm
In the closed-loop operation of the HC-MLI, the controller generates optimized gate signals
in such a way that the AC bus voltage (Vac) is regulated to the reference value V,.. The

analog to digital converter (ADC) of DSP converts the analog signals (Vcar, Vac, Vbc) and

r L j

S aaa I
A -
+ +
HCMILI Viny C=—Vac § Z
. - -

Fig. 2.10 Equivalent circuit of HC-MLI feeding an AC load (r;: DC series resistance of the inductor
L, R: impedance of load).

iac) into digital domain by sensing the feedback signals of HC-MLI. These feedback signals
along with the reference signals and DC capacitor voltage are given as inputs to the controller
blocks. The controller has two different control loops for controlling the capacitor voltage

(Vcar) and output voltage (Vac). The AC output controller is designed using synchronous
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reference control (SRF) method [106]-[108]. The outer voltage loop generates reference

current I} for the inner current loop and the inner current loop generates the gate signals.

2.7.1 Voltage Controller

The equivalent circuit of HC-MLI feeding a resistive load is shown in Fig. 2.10. The three-

phase HC-MLI can be represented as

di r 1

X—_ X4 (V_-V_ ):x=a,b,c 2.34
dt L+L( inv OX) (3)
dvox_ii _Vi'x—a b, c 2.35
d¢ ¢c"* zc' T (239

The variables a, b, ¢ in three-phase stationary coordinates are transformed into rotating d-

g coordinates as

T
| T 2T V.~V
1 d|_ L | d +£. invd d (2.36)
dt| I, _, N Iy | L | Ving =V
i L
S §
V T o V |
)Y ]| RC I T e (2.37)
dt Vq - _i Vq C Iq
ZC

The output transfer functions of inner current control loop and outer voltage control loop

are obtained by transforming (2.36) and (2.37) into s domain as

1,(S)  1,(5) 1
Ug(S) Uy(S) sL+r
Vy(S) VL (S)  z
Ug(S) U,(S) zCs+1

(2.38)
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Uiy =Vie —Vy t@-L- Iq

Uiy =Ving =V, —@-L- 1,

Ug=Il,+0-C-V, (2.39)
U,=1l,-©C-V,

The controller of converter adopts a double feedback loop control strategy including an
outer voltage feedback loop and an inner current feedback loop. The schematic of complete
DSP-based controller for HC-MLI is shown in Fig. 2.11(a). Fig. 2.11(b) and 2.11(c) show
the schematics of the inner current controller and outer voltage controller of the proposed

HC-MLLI. The output of d and q axis voltage controller are u,,; and u,,,. From these reference

signals, the inner control loop currents ij and i, are written as

{i; = Upg — WCY, 240

ig = Upg + WCVy

Similarly, the outputs of d and g axis voltage controllers are u;, and u;,. respectively. From

these signals, d-g components of modulating signals can be written as

1 % .
qu = V_dc (uiq + (I)le + vq) a1
41

1 . .
Vina = . (uid — wlLi, + vd)

The AC voltage controller outputs are the modulation signals Vimg and Vmg in d-q reference

frame. The sinusoidal modulation signal, Vim(t) of the HC-MLI is obtained as

V) =m, =V, sinf+V,  cosd (2.42)
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Fig. 2.11 Closed loop controller of HC-MLI.
(a) DSP based closed loop control of HC-MLI. (b) Schematic of inner current controller. (c)
Schematic of DSP-based controller for HC-MLLI.

52



An inner current loop control based on d-g synchronous reference frame is used to follow
the accuracy of the desired reference current. The modulation index can be obtained from d-

axis and g-axis voltages as

/ 2 2
Vid T Ving
m J—

VA (243)
VDC

2.8 Capacitor Calculation
To calculate appropriate value of capacitance, the intermittent discharging period of the
capacitor is considered. The capacitor has the intermittent discharging period in the interval
6,-6,; inthe interval 6, - 6, ; in the interval 6, -7 /2. The maximum discharging value Q. is
given as
2 0, 0, 72
Q == [ido+[ido+ [ide (2.44)
@\ 4 & &
For inductive load, load current (i1) can be represented as
I, =1y sin(wt — @) (2.45)
The maximum allowable voltage ripple across the capacitor is kV,,, where k is the ripple

factor. The optimal value of capacitance is given as

Con szT° (2.46)
dc

Substituting (2.45) in (2.44) and using (2.46), the optimum capacitance for inductive loading

condition can be obtained as

1 Si”(u—¢j'5in(u)+sin(—%+94—¢].sin(04_03J
Con =1 oz 2 2 2 2 (2.47)

T kxwx|Z|
wa' | +cos(6; — ) —sing
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For 10% voltage ripple (k = 0.1), power factor cos¢ = 0.7 and load impedance Z = 17 Q

(R=12 Q and L= 37 mH), the optimum capacitance value is calculated using (2.47) for

different m, are given in Table 2.5.

Table 2.5
Capacitance Values at Different ma
Ma Capacitance
0.6 234 puF
1 323 uF
1.1 351 uF
Table 2.6
Parameters Used for Simulation
Parameters Attributes
Switching frequency 50 Hz
Output Filter Inductor 20 mH
Output Filter Capacitor 10 uF
Load (Resistive) 10 Q
DC-link Capacitors 350 uF/200 V

2.9 Simulation Studies

A 1.5-kW three-phase, 11-level HC-MLI is simulated through MATLAB/Simulink using
proposed MPSO optimization method. Table 2.6 lists the parameters used to verify the
proposed work. The population size is taken as 100. The MPSO optimized switching angles
0110 Os are calculated for different modulation indices and are shown in Fig. 2.4. The DC
sources (Vpc) of two primary H-bridges and capacitor voltage (Vcar) of supplementary H-
bridge are taken as 60 V and 30 V. Device switching frequency is kept at 50 Hz. The SHE-

PWM modulation technique using MPSO has been used for generating the optimal gate
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control signals. The reference signal for the closed-loop control of the HC-MLI is taken as
Vic = 240 V (peak-peak) in the controller of HC-MLI as shown in Fig. 2.11. The value of
capacitor voltage is controlled using proportional integral (P1) controller. The values of K,
and K obtained through MPSO algorithm are 0.14 and 4, respectively. The sensed capacitor
voltages (Vcar) of the respective three-phases phase A, phase B and phase C are fed back to
the ADC of DSP through a signal conditioning circuit. The sensed average capacitor voltage
is compared with the reference value and given to the embedded code logic block of
MATLAB/Simulink. The direction of the load current is sensed using a current sensor for
capacitor voltage balancing at available redundancies. During allowable periods, the
capacitor is allowed to charge up to the maximum voltage decided by the PI controller as
shown in Fig. 2.15. The steady state mean error is eliminated and the average capacitor

voltage is maintained at 30 V.

2.9.1 Operation at ma=0.55

Based on Fig. 2.4, obtained switching angles are 61 = 32.14, 6, = 49.25, 63 = 61.15, 04 =71
45 and 05 = 84 .68. As shown in Fig. 2.12 the output voltages of the Hy, H2 and Hs are Va,
Va2 and Vas respectively. The total output voltage of the elven level HC-MLI is Va, and the
voltage of the capacitor is V.. The output voltages of each H-bridge cell of 11-level HC-MLI
are shown in Fig. 2.12. It can be observed that the average value of the capacitor is maintained

at 30 V.

2.9.2 Operationat ma=1.2
For higher modulation index ma=1.4, using on Fig. 2.4, switching angles are obatained as
61=5.21, 6,=18.45, #:=30.05, O4= 41.67 and #5=65.47. With these set of switching angles, the

constraint for the capacitor voltage balance as given in (2.31) is not satisfied. Therefore, the

55



e
C

Val (V)

Va (V)
D8
]

Vas (V)
Bol

Va (V)

Ve (V)

0.19 0.2 021 0.22 0.23 0.24 0.25 0.26 0.2
Time (sec)

Fig. 2.12 Output voltages of each H-bridge cells with total output
voltage at m, =0.55.
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Fig. 2.13 Output voltages of each H-bridge cells with total output
voltage at m, =1.2 without capacitor voltage balance.

capacitor voltage will not remain at a constant level and will decrease continuously until it

discharges completely as shown in Fig. 2.13. In such a situation, the third harmonic voltage
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Fig. 2.14 Output voltages of each H-bridge cells with total output voltage at
m, =1.2 with capacitor voltage balance.

is injected to balance the capacitor voltage. The capacitor voltage balance at higher
modulation index is shown in Fig. 2.14. The averge capacitor voltage is maintained constant
at 30 V using capacitor voltage averaging technique. The simulated three-phase capacitor

voltages are shown in Fig. 2.15(a) and average capacitor voltage is shown in Fig. 2.15(b).
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Fig. 2.15 Simulation results of three-phase capacitor voltages.
() Three-phase capacitor voltages with voltage averaging. (b) Capacitor voltage with voltage
averaging (Vcar).

2.9.3 Controller Performance During Change in DC-Link Voltage

In closed loop control, the controller maintains the output voltage constant irrespective of the
fluctuations in the DC-link voltage. During any fluctuations in the DC-link voltage, the
modulation index (ma) changes and the switching angle changes according to the
corresponding modulation index. Please refer Fig. 2.11, where the AC voltage controller
outputs are Vmg and Vmq in d-g reference frame. The switching angles for different ma values
are stored in a look-up table. During fluctuations in DC-link voltage, ma changes and the

corresponding switching angles are obtained from the look-up table. Subsequently, the gate

T T T T T T
53 Vbciink
RE MOF i .
o
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{},B [ I I T \ T T T
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Fig. 2.16 Simulation results of HC-MLI for change in DC-link voltage.
(a) Change in DC-link voltage due to change in m, from 0.7 to 0.8. (b) Change in switching angles
for change in m,from 0.7 to 0.8. (c) Change in output voltage for change in m, from 0.7 to 0.8.

control signals (S1, S2, Ss, ... Sn) are generated using the DSP which regulates the DC-link
voltage. For verifying the control of DC-link voltage through simulation studies, a change in
DC-link voltage from 150 V to 137 V is made. Consequently, the modulation index ma
changes from 0.7 to 0.8 to take care of the change in DC-link voltage as shown in Fig. 2.16(a).
The change in corresponding switching angles due to change in ma are shown in Fig. 2.16(b)

and the generated output voltage is shown in Fig. 2.16(c).
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2.9.4 Harmonic Analysis of Output Voltages at Different ma
The output line voltage (Vag) and its harmonic spectrum at m, = 0.55 are shown in Figs. 2.17
and 18 respectively. Similarly, the output line voltage (Vag) and its harmonic spectrum at ma

= 0.8 are shown in Figs. 2.19 and 2.20.
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Fig. 2.17 Output voltage (Vag) at my= 0.55.
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Fig. 2.18 Harmonic spectrum (Vag) at my=0.55.
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2.9.5 Effects of Inductive Load on Capacitor Voltage Balancing at Higher Modulation

Index

In (2.31), the load is assumed to be resistive. In HC-MLI, the maximum capacitor discharge
occurs when the output voltage is at its maximum level. At this point, the current is also at
its maximum level since the current is in phase with the voltage for resistive load. The
capacitor discharges faster in case of resistive load in comparison to inductive and capacitive
loads. In case of inductive and capacitive loads, the peak value of the output current does not
coincide with the peak value of the output voltage. The phase shift between output voltage

and load current of the inverter reduces the rate of discharging of the capacitor. It may be
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Fig. 2.19 Output voltage (Vag) at ma=0.8.
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Fig. 2.20 Harmonic spectrum (Vag) at m,=0.8.
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Fig. 2.21 Simulation results at m, = 1.1 for inductive load.
concluded that if the constraint satisfies for resistive loads, it also satisfies for inductive and
capacitive loads. In case of highly inductive loads, it is possible to keep the charge of the
capacitor at the desired level even at higher modulation index, even if the constraint derived
in (2.31) is not satisfied. The simulation is carried out for ma = 1.1 for inductive load to
observe the effects of regulation in capacitor voltage. The inductive load consists of (R=12
Q and L=80 mH). Simulation results for the said load conditions are shown in Fig. 2.21. It
can be observed from Fig. 2.21 that the capacitor voltage is regulated in this case. For
resistive load, the same simulation results are shown in Fig. 2.22. It may be noted that the
capacitor voltage regulation is not possible at m, =1.1 in case of resistive load. Hence, it is
always possible to balance the capacitor voltage in case of highly inductive loads even at
higher values of ma. For each individual value of power factor, the balancing of the capacitor
is checked for the entire range of modulation indices and the maximum modulation index for

each power factor is as shown in Fig. 2.23.

62



YO %)

| load (A)

Veap (V)

0.32 0.34 0.36 0.38 0.4
Time (sec)

Fig. 2.22 Simulation results at m, = 1.1 for resistive load.
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Fig. 2.23 Effect of power factor on capacitor voltage
balancing.
Table 2.7
Components Used for Experiment
Components Manufacturer
IGBT Modules SK50GB063D (Semikron)
IGBT Gate Driver SKYPER 32R (Semikron)
Heat Sink P3/250 mm
Optocoupler FOD3182 (Fairchild)
Voltage Sensor LV 55P (LEM)
Current Sensor LA 25P (LEM)
OPAMP LM3124n (IR Corporation)
DSP TMS320F28335 (TI)
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Fig. 2.24 Photograph of the experimental setup (11-level HC-MLI).

2.10 Experimental Verification

Fig. 2.24 shows the photograph of experimental setup. The control scheme has been
implemented using a TI-TMS320F28335 DSP processor [109]. List of parameters used for
experimentation are given in Table 2.7. In the experiments, the primary H-bridge cells (H,
H>) are fed by 60 V DC sources and 350 mF capacitor is connected to the supplementary H-
bridge (Hs). The capacitor voltage (Vcar) is 30 V. The sensed capacitor voltages (Vcar) of
the respective three-phases phase A, phase B and phase C are fed back to the ADC of DSP
through a signal conditioning circuit. The sensed average capacitor voltage is compared with
the reference value and given to the embedded code logic block of MATLAB/Simulink. The
direction of the load current is sensed using a current sensor for capacitor voltage balancing
at available redundancies. The capacitor voltage balancing is investigated experimentally for
higher range of modulation indices. The output phase voltages (Va, Vs, Vc) at ma= 0.55 are
shown in Fig. 2.25(a). The measured rms values of phase voltages (Va, Ve, Vc) are 71.8 V.

The performance of the HC-MLI has also been investigated for R-L load. The output voltage
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Va and output current 1. obtained through experiments for R-L load at m,=0.55 is shown in
Fig. 2.25(b). Fig. 2.25(c) and (d) shows the phase voltage (Va) and phase voltages (Va, Vs,
Vc) at ma=1.2. The measured rms value of phase voltage (Va) is 110.6 V. The experimental
result confirms that capacitor voltage balancing is achieved at higher modulation index. It
can be observed that capacitor voltage is maintained at 30 V. Table 2.8 shows the magnitudes
of lower order harmonics at different modulation index. Harmonic magnitudes are within

IEEE Std 519-2014 [110].
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Fig. 2.25 Experimental results of the HC-MLI (Phase voltages).

(a) Phase voltages (Va, Vs, Vc) at my= 0.55. (b) Phase voltage (Va) for R-L load at m, =
0.55. (c) Phase voltage (V) at m,= 1.2 (3" harmonic injected). (d) Phase voltages (Va, Vs,
Vc) atm,=1.2.
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The experimental results of line voltage (Vas) at ma=0.55 and its harmonic spectrum are
shown in Fig. 2.26(a) and (b). The measured rms value of line voltages is 118.5 V. It is
observed from Fig. 2.26(b) that 5", 7", 11" and 13" order harmonics are eliminated from the
output voltage of the HC-MLI. The experimental results of line-line voltages (Vag, Vec, Vca)
at ma= 0.55 and ma = 1.2 are shown in Fig. 2.26(c) and (d) respectively. Fig. 2.27(a) shows
the steady state output voltage Vag and load current I along with capacitor voltage Vcapr. The
output voltage is maintained at 84.82 V for load current of 17 A by closed loop control. Fig.
2.27(b) shows the harmonic spectrum of Vag at ma = 0.55 after connecting LC filter. Table

2.9 shows the magnitudes of lower order harmonics at different modulation indices.
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Fig. 2.26 Experimental results of the HC-MLI (Line voltages).
(a) Line voltage (Vag) at m, = 0.55. (b) Harmonic spectrum of Vagat m, = 0.55. (c) Line
voltages (Vas, Vec, Vca) at my = 0.55. (d) Line voltages (Vas, Vec, Vca) at my = 1.2.
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Table 2.8
Harmonic Magnitudes and % THD of Vag Through
Experiment at Different Modulation Indices

Moi‘:“é'gf'on %h5  9%h7  %hil  %h13  %THD
0.5 0.25 0.08 0.27 0.31 8.71
0.6 0.30 0.18 0.07 0.09 7.67
0.7 0.55 0.68 0.10 0.47 7.83
0.8 0.14 0.09 0.11 0.06 5.47
0.9 0.12 0.08 0.43 0.09 4.35
1 0.26 0.15 0.18 0.19 5.09
1.1 0.67 0.37 0.07 0.08 6.03
1.2 0.62 0.45 0.13 0.07 6.51
Table 2.9 Table 2.10
Harmonic Magnitudes and % THD of line voltage Vag at Experimental %THD Comparison of Different
Different Modulation Indices Algorithms
Modulation %h5 9%h7 %hll %hl3 %THD Modulation  %THD  %THD %THD
index index (MPSO)  (PSO) (GA)
0.5 0.42 0.77 0.68 0.50 3.12 0.5 8.51 10.73 13.89
0.6 0.15 0.32 0.05 0.07 2.14 0.6 7.62 9.25 12.52
0.7 0.16 0.73 0.12 0.04 2.31 0.7 7.73 9.67 12.91
0.8 0.2 0.53 0.16 0.15 2.04 0.8 5.28 7.51 11.41
0.9 0.15 0.53 0.1 0.07 1.09 0.9 4.21 6.11 10.91
1 0.41 0.16 0.36 0.22 1.29 1 5.09 7.13 9.92
1.1 0.33 0.52 0.18 0.11 2.03 1.1 5.71 7.76 8.13
1.2 0.15 0.31 0.09 0.06 2.29 1.2 6.25 8.08 9.41
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Fig. 2.27 Experimental results of the HC-MLI after connecting LC filter.

(a) Line voltage (Vag) with load current (I.) and capacitor voltage (Vcar) at my= 0.55.
(b) Harmonic spectrum of (Vag) at my= 0.55.
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It is worth mentioning that the harmonic magnitudes are well within IEEE Std 519-2014
[110]. Table 2.10 gives the comparison of experimentally obtained % THD at different
modulation indices. The proposed MPSO gives improved result as compared to other reported
algorithms. The output voltage and output current for R-L load (R=12 Q and L= 37 mH)
obtained through experiment are shown in Fig. 2.28. The algorithm has been experimentally

verified in real time for step change in ma from 0.5 to 0.6 as shown in Fig. 2.29.
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CH3 20004

Fig. 2.28 Experimental result of HC-MLI of output line voltage
versus load current for inductive load (R=12 Q and L= 37 mH).
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Fig. 2.29 Real time implementation of controller during
step-change in m, from 0.5 to 0.6.
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Fig. 2.30 Dynamic results of HC-MLI.
(a) 50% step-down change in load (b) 50% step-up change in load.

2.10.1 Dynamic Performance of HC-MLI

In order to validate the dynamic performance of the HC-MLI and capacitor voltage balance
during load change, the output resistance is suddenly changed from 10 Q to 5 Q. It can be
observed from Fig. 2.30(a) that after step-down change in load resistance, the load current
increases from 9 A to 17 A but the output voltage (Vac) and capacitor voltage (Vcar) are
maintained at 84.82 V and 30 V respectively. Similarly, Fig. 2.30(b) shows that during step-
up load change and load current from decreases from 17 A to 9 A, output load voltage and

capacitor voltage are also maintained constant.

2.11 Conclusion

This chapter presents MPSO optimized three-phase, 11-level HC-MLI using SHE-PWM
technique. Improvements in weight and velocity factors in MPSO take care of local optima
efficiently in this method leading to better convergence rate and reduced harmonic content.
The proposed MPSO optimized HC-MLI ensures capacitor voltage balance even at higher

modulation indices by utilizing the available redundancies of HC-MLI. It has been
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demonstrated that the capacitor voltage balance in HC-MLI can be achieved even at higher
modulation indices using harmonic injection method. Simulation and experimental studies
are carried out to demonstrate steady state and dynamic performance of the proposed MPSO
optimized three-phase HC-MLI. The proposed MPSO optimized SHE-PWM gives better
results in terms harmonic content and convergence rate as compared to GA and PSO
algorithms. In order to further improve the performance of HC-MLLI, in terms of speed of
convergence and harmonic content, a modified whale optimization (MWO) algorithm has

been proposed in the next chapter.
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Chapter 3

Harmonic Minimization in HC-MLI Using
Modified Whale Optimization

3.1 Introduction

In this chapter, selective harmonics elimination pulse width modulation (SHE-PWM)
technique has been employed through proposed modified whale optimization (MWO) for
generating three phase, 11-level output voltage of hybrid cascaded hybrid multilevel inverter
(HC-MLI) [111]. The MWO optimized three-phase HC-MLI enhances the performance in
terms of harmonic content, rate of convergence and obtaining global optima quickly. In the
proposed MWO optimized HC-MLI, capacitor voltage balance is made possible even at

higher modulation indices using available redundant switching states of HC-MLI.

3.2 Mathematical Model of Whale Optimization Algorithm

Whale optimization (WOQ) algorithm is a naturally inspired meta-heuristic algorithm, which
replicates the social behaviour of humpback whales [95], [96]. This algorithm is inspired by
the bubble-net searching technique of humpback whales. The mathematical model of three
main steps of hunting in WO; such as encircling prey, spiral bubble-net hunting and search

for prey are discussed as follows:

3.2.1 Encircling Prey

The humpback whales encircle the prey and update their position towards the best search
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agent. The humpback whales encircle the prey and update their position towards the best

search agent using (3.1) and (3.2) are given as

D =|C-X() - X0 (3.1)

X(G+1)=X()—-AD (3.2)

(-

where j is the current iteration, X indicates the position vector, X *(j) is the position vector of

the best solution till obtained, A and C are the coefficient vectors. The vector 4 is calculated

as
A=2d-7—-d (3.3)

and vector C as
C=27% (3.4)

where the value of a linearly decreases from [2, 0] and 7 is random vector between [0, 1].

3.3 Bubble-Net Attacking Method (Exploitation Phase)

In order to mathematically model the bubble-net behavior of humpback whales, two

approaches are designed as follows:

3.3.1 Shrinking Encircling Mechanism

It is achieved by decreasing the value of coefficient vector a from 2 to 0 in (3.3) over the
course of iterations. The vector 4 becomes greater than 1 or less than —1 in due course of
time. By setting the values A in the range [—1, 1], the position of search agent can be
expounded in between the original and the current best position of search agent. Fig. 3.1(a)
shows the positions of humpback whale from current co-ordinate (X, Y) to best optimum co-

ordinate (X*, Y*) in 2D space.

72



7

| Xere |
(X*-AX,Y*) i S L O—0O— (X Y*)
T A=02 T
A=04

l A=0.5

I A=0.8

[ A=1

(X*-AX,Y*-AY) (X*Y*-AY) (X, Y*-AY)

(@)

x|

0.5 -1 1 l

(b)

Fig. 3.1 Bubble-net search mechanism in WOA (X" is the best solution obtained so far) [95]. (a)

shrinking encircling mechanism. (b) spiral updating position.
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3.3.2 Spiral Updating Position Mechanism

The spiral updating position mechanism calculates the distance between the whale located at
(X,Y) and prey located at (X*, Y*) as shown in Fig. 3.1(b). A spiral equation is created between
the position of whale and prey to mimic the helix-shaped movement of humpback whales as

follows:

X(j+1) = D'ePq - cos(2mq) + X*(j) (3.5)
where D' = )?*(j) — )?(j) specifies the distance of the i"" humpback whale to the search prey,
p is a constant which outlines the shape of the logarithmic spiral, g is a random number in
the interval [-1, 1] and r denotes a random number in the interval [0, 1].

Assuming, 50% probability to select either the shrinking encircling or the spiral technique,
the mathematical model for updating the position of humpback whale is given as

Xp(j) —A.D ifr<05

- S (3.6)
D' -eP?.cos(2nq) + X*(j) if r=0.5

XG+1) = {
where D’ = X*(j) — X(j) specifies the distance of the i humpback whale to the search prey,
p is a constant which outlines the shape of the logarithmic spiral, g is a random number in

the interval [-1, 1] and r denotes a random number in the interval [0, 1].

3.3.3 Search for prey

The adaptation of A vector is exploited to search the prey. A becomes greater than 1 or less
than —1 in due course of time to emphasize exploration for achieving global search. The

mathematical model for search of prey is given as

D=|CXrana — X| (3.7)

X(G+1)=Xgng —A.D (3.8)



where )?mnd is a random whale position vector.

3.4 Merits of WO Algorithm

WO algorithm has better performance as compared to reported optimization algorithms in
terms of exploitation, exploration ability and ability to get rid of the local minima. In the initial
step of the algorithm, the whales try to move randomly around each other using (3.5). In the
next step, the whales update their positions rapidly and move along a spiral shaped route in
the direction of the best path that has been found so far using (3.6). Since these two stages are
completed independently and in half iteration each, WOA has inherent property to get rid of

the local minima.

3.5 Limitation of WO Algorithm

The encircling mechanism in WO algorithm mostly focuses on the exploration in the search
space. As a result, WO has less capability to jump out from local optima, in case it falls in it.
The convergence rate and speed depend only on one control parameter a and it has an
excessive impact on the performance of WO [96]. Hence, WO has poor convergence speed
in both exploration and exploitation phases. A balancing formulation mechanism between

exploration and exploitation is required.

3.6 Proposed Modifications in WO Algorithm

To improve the convergence speed in both exploration and exploitation phase and to avoid
possible local optima stagnation during encircling mechanism, a local search algorithm,
called chaotic search mechanism is combined with WO to enhance the rate of convergence
and avoid it from being stuck at local optima [112]. The evolved method is named as
modified WO (MWO) in this work. A proper balance between exploration and exploitation
IS necessary in MWO due to its stochastic nature. MWO balances the exploration by
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modifying the position co-efficient to an exponentially decaying function. Generally, higher
exploration of search space results in lower probability of local optima stagnation. More
exploration causes higher randomness and will probably not give good optimization results.
Basic exploration and exploitation prevent the algorithm from finding global optima and
results poor rate of convergence. Therefore, there must be a balance between exploration and
exploitation. The proper balance between exploration and exploitation guarantees accurate
estimation of the global optima. In MWO, the transition between them is obtained by the
adaptive values of A and a. The function which gives the exponential decay for a during the
iterations is given as

a= 2(1—mj (3.9)

n

where m indicates the maximum number of iterations and n is the current iteration. The

numbers of iterations used for exploration and exploitation are 60% and 40% respectively.

The theory of nonlinear chaos has widely been used in different applications in last decade
[112]. Dynamical chaotic systems are able to control unsteady intermittent gestures. In basic
WOA, search agents are distributed irregularly in the search space because of their random
initializations. The irregular distributions might provide a better start of the algorithm.
However, the lack of ergodicity makes the algorithm trapped in local optimum. WOA with
chaotic search technique has been applied in this work for the improvement of search
efficiency and the reduction of the possibility of being trapped at the local optima. The

chaotic equation used in MWO is defined as
where x; is a variable (j=0,1,2---) and 4 is the control parameter.
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The procedure of chaotic local search is described as

n

exftt = poex'(1 - exft) (3.11)

where cx] represents the chaotic variable. n represents the iteration number.

The procedures of MWO is depicted in Fig. 3.2 and listed as follows:

Step 1: Setn =0and map the decision variables x| from the interval ( X ;, ;, X ;) t0 chaotic
variables cx| using
cxtt = % (3.12)
Step 2: Determine the chaotic variables cxjn+1 for the next iteration using 3.9.
Step 3: Convert the chaotic variables cx™ to decision variables x]** using
X = Xin, j + X (Xnax, j — Xmin, j) (3.13)

Step 4: The new solutions are evaluated with variables x;.‘*l .

Step 5: If the new solution achieves better performance or the maximum number of
iterations is reached, take the new solution as chaotic local search; or else, modify
n =n+ 1 and go back to Step 2.

The procedure for explaining the optimisation problem using MWO is as follows:
Step 1: Initialise MWO parameters between upper and lower limits.

Step 2: Generate initial population randomly.

Step 3: Calculate fitness value of each whale in the population and sort it according to their

fitness values to choose best fit search agent.
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Fig. 3.2 Description of MWO algorithm.

Step 3: Calculate fitness value of each whale in the population and sort it according to their

fitness values to choose best fit search agent.

Step 4: The position of whale is mapped into chaotic variables using (3.12).

Step 5: The chaotic sequences are evaluated through iterative technique and converted chaotic

sequences represented as new positions using (3.11) and (3.13).
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Step 6: The fitness of new position sequences is evaluated.

Step 7: Update co-efficient A and C in (3.3) and (3.4) and the parameter a, g and r in (3.7)

and (3.6).
Step 8: For (r <0.5)
If (JA| < 1), The position of the current search agent is updated using (3.2).

else (JA| >1) Select a random search agent (Xrang) and the position of the current search

agent is updated using (3.10).
Step 9: For (r > 0.5)
The position of the current search agent is updated by (3.5).
Step 10: Update the fitness values of each search agent till global optima is achieved.
Step 11: Check the boundary limit of the search agent.
3.7 Application of MWO Based SHE-PWM in HC-MLI

The proper objective function f is represented by the following mathematical equation

r=minf(1005)" +H(s0 5"+ (s0x )"+ £ (s0 3"+

1 1
1 2
L (50 x12) } (3.14)
subjected to
0<6,<86,..6, <§ (3.15)

The main objective is to minimize (3.14) to maintain actual fundamental voltage component
(V1) close to the desired value (Vi") and to eliminate 5%, 7% 11" and 13" harmonic

components from the output voltage. From (3.14), it can be observed that harmonic
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components are reversely weighted to their harmonic orders (1/5, 1/7, 1/11 and 1/13) in the
fitness function to give more importance to eliminate lower order harmonics. The number of
iterations and population size in the algorithm are chosen as 200 and 150 respectively. The
algorithm starts with the random initialization of whales (switching angles) and the fitness of
each whale is evaluated. Exponentially decaying position co-efficient balances exploration
versus exploitation. The algorithm is run for different modulation indices till the termination
criteria is achieved. The plot of switching angles against modulation index (ma) is shown in
Fig. 3.3. The graph of the value of fitness function versus ma is shown Fig. 3.4.
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Fig. 3.5 Rate of convergence comparison of WO, PSO
and GA algorithms.

In order to compare the convergence rates, the comparison plot of cumulative distribution
function (CDF) versus optimum fitness values for algorithms MWO, WO, PSO and GA are
shown in Fig. 3.5. It can be observed from Fig. 3.5 that MWO has the highest CDF value,
which confirms its higher probability of convergence as compared to other algorithms. Fig.
3.6(a)-10(d) show the magnitude of 5™, 7", 11" and 13" harmonic components of the output
line voltage with respect to fundamental component (Vs/V1, V7/V1, V11/V1 and V13/V1) versus
modulation index. It can be observed that 5", 7% 11" and 13" harmonic components are

lowest for MWO and highest for GA.
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Fig. 3.6 Comparison between harmonics of different algorithms (GA, PSO, WO and MWO).
(a) Magnitude of 5™ harmonic. (b) Magnitude of 7" harmonic. (c) Magnitude of 11" harmonic.
(d) Magnitude of 13" harmonic. () % THD of GA, PSO, WO and MWO.

Table 3.1
Parameters of MWO, WO, GA and PSO
No. of Iteration=200 and Population size =100 at (m.=0.7)

Parameters MWO WO PSO GA

Fitness value 6.7X10°%° 4.7X101 53X10° 0.0624

Convergence rate ~ Very high High High Low
Rank of 1 2 3 4
convergence
Computational 1.312 1.168 1.712 3.146
time (sec)

Fig. 3.6(e) shows the of % total harmonic distortion (THD) of output line voltage comparison
of MWO, WO, PSO and GA at different modulation indices. It can be observed %THD is
least in case MWO among the algorithms compared. The comparison of fitness values and
convergence rate of different algorithms are given in Table 3.1. So, the computational time

required for digital MWO is slightly complicated in comparison to WO because this
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algorithm is a combination of global exploration and local exploitation. It can be inferred
from Table 3.1 that the computational time for MWO is less as compared to GA and PSO
algorithms. However, the proposed MWO gives improved results than WO, PSO and GA in
terms of possibility of attaining global optima, higher rank of convergence, higher fitness

value and harmonic content for the same population size and number of iterations.

0 ™
WSS O o s e - L
A \.\: 5 = — T -
‘\."'\
101 N
§ A —-—- MWO
o .,
‘E g — — WO
H-15 N —-—-PSO
il T o
: N o
20T \\.
\-'.\-
2571 S
_:],D L i ek
0 50 100 150 200
Number of iterations
(@
15
E_ M WO
¥ —-—-WO
g10[1 ~-=-PSO
g —-—-GA
L 5 el )
k: -. Seal Tl
[ " . -
S sl
0 ) . . —
0 50 100 150 200
MNumber of iterations
(b)

Fig. 3.7 Convergence plots of MWO, WO, PSO and GA.
(a) Sphere function. (b) Rosenbrock function.
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In order to compare different algorithms, standard test functions are used to measure the
convergence speed. The Sphere and Rosenbrock functions are used to measure the
convergence speed or the number of iterations required for convergence [113]. For Sphere
and Rosenbrock function dimension, range and minimum value of function (f min) are taken
as 30, [-100, 100], 0 and 30, [-30, 30], O respectively. The plot of fitness function versus
number of iterations required are shown in Fig. 3.7(a) and 11(b) respectively. It can be
concluded from Fig. 3.7 that MWO finds global solution more effectively with lesser number
of iterations as compared to WO, PSO and GA. Hence, the convergence speed of MWO is

fastest among the different algorithms compared.

3.8 Simulation Studies
In order to verify the proposed work, three-phase, 11-level HC-MLI has been simulated in

MATLAB/Simulink environment using proposed MWO algorithm.

3.8.1 Working at ma=0.6

From Fig. 3.3, the switching angles that are obtained are 61 = 32.43, 6> = 49.21, 65 = 61.45,
04 =71.68 and #s= 85.31. The output voltage waveform Vo of HC-MLI and the waveform of

capacitor voltage Vcqp are shown in Fig. 3.8(a). The capacitor voltage is balanced at 30 V.
3.8.2 Workingatma=1.1

Similarly, for my= 1.1, the switching angles are obatained are 61 =2.41, §,=8.67, 93 =21.35,
04 = 23.12 and s = 39.84. These switching angles will not satisfy the capacitor voltage
criteria. Hence, in order to balance the capacitor, a third harmonic voltage is injected as
discussed in section 2.6.2 of chapter 2. Output voltage Vo and capacitor voltage Vcap without
and with capacitor balance are shown in Fig. 3.8(b) and 3.8(c) respectively. The average

value of the capacitor voltage also gets balanced at 30 V for higher modulation index.
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Fig. 3.8 Simulation results of MWO optimized HC-MLI for capacitor voltages.

() Vo and Vcap for modulation index (ma) = 0.6. (b) Vo and Vcap for my = 1.1 in case of
unbalanced condition of capacitor. (c) Vo and Vcap for my = 1.1 at balanced capacitor
voltage.
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Fig. 3.9 Simulation results of HC-MLI (Line voltages and harmonic spectrum).
(a) Output voltage Vag at my=0.7. (b) Harmonic spectrum at ma=0.7. (c) Output voltage Vas
at my=0.8. (d) Harmonic spectrum at m,=0.8.
The output line voltage (Vag) and their corresponding harmonic spectrums depicting
magnitude of lower order harmonics (5",7"", 11 and 13") are shown in Fig. 3.9. The

simulation results of output line voltage and its harmonic analysis for ma= 0.7 are shown in

Fig. 3.9(a) and (b) and for ma= 0. 8 are shown in Fig. 3.9(c) and (d) respectively.

3.9 Experimental Verification

A 1.5 kW laboratory prototype is used to verify the performance of the proposed MWO
optimized three-phase, 11-level HC-MLI, as shown in Fig. 2.24 of chapter 2. The phase
voltages (Va, Ve and Vc) of HC-MLI for resistive load at ma = 0.6 are shown in Fig. 3.10(a)
and measured as 88.52 V. The balancing of capacitor voltage at higher modulation index is
investigated experimentally. The phase A voltage (Va) at ma= 1.1 is shown in Fig. 3.10(b)
and three phase voltages (Va, Ve and Vc¢) are shown in Fig. 3.10(c) and measured as 111.62
V. The capacitor voltage is balanced at 30 V. Hence, it confirms the balancing of capacitor

voltage at higher ma. For R-L load (R=12 Q and L= 37 mH), the output voltage Va and output
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Fig. 3.10 Experimental results (Phase voltages).
(@) Va, Ve and V¢ for my=0.6. (b) Va for ma=1.1. (C) Va, Vs and V¢ for my=1.1. (d) i for inductive
load (R=12 Q and L= 37 mH) for m, = 0. 6.

current Iare shown in Fig. 3.10(d). The line-line voltage (Vag) of the MWO optimized HC-
MLI at ma= 0.7 is shown in Fig. 3.11(a) and measured as 174 V. The harmonic analysis of
(VaB) at ma= 0.7 is shown in Fig. 3.11(b). It can be observed from Fig. 3.11(b) that the lower
order harmonics such as 5", 711" and 13" are reduced. Similarly, the line voltage (Vag)
for ma = 0.8 is shown in Fig. 3.11(c) and its corresponding harmonic spectrum is shown in
Fig. 3.11(d).
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Fig. 3.11 Experimental results of HC-MLI (Line voltages and harmonic spectrums).
(a) Line-line voltage (Vag) for my= 0.7. (b) Spectrum of harmonic analysis of Vag for m, 0.7 (c) Line-
line voltage (Vag) for m, 0.8. (d) Spectrum of harmonic analysis of Vag for m, 0.8.
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Fig. 3.12 Three-phase experimental results of HC-MLI.
(a) Line-line voltage (Vas, Vec and Vca) for my = 0.7. (b) Voltage (Vas, Vec and Vca) for m, = 0.8.
(c) Voltage (Vas, Vac and Vca) for my = 1.1.

The harmonic magnitudes are within the IEEE Std 519-2014 [110]. Experimental results of

line-line voltages (Vag, Vec and Vca) at ma= 0.7, 0.8 and 1.1 are shown in Fig. 3.12(a)-(c).

The comparison of experimental % THD of proposed MWO with other reported optimization

algorithms such as WO, PSO and GA is given in Table 3.2.

Table 3.2
Experimental %THD Comparison of Different
Algorithms
Modulation %THD %THD %THD @ %THD

index (MWO) (WO) (PSO) (GA)
0.5 7.41 8.57 10.27 13.87
0.6 6.53 7.12 9.21 12.35
0.7 6.69 7.53 9.73 12.86
0.8 6.05 6.98 7.42 11.32
0.9 4.81 5.18 6.05 10.85
1 5.83 6.17 7.09 9.87
11 6.24 7.71 7.71 8.05

3.10 Conclusion

In this chapter, MWO optimized three-phase, 11-level HC-MLI is presented using SHE-

PWM. The use of adaptive position co-efficient vector and exponentially decaying function

91



in MWO gives improved results as compared to WO. In MWO, chaotic local search
technique efficiently takes care of possible local optima strategy and enhances the
convergence rate as compared to GA, PSO and WO. MWO also helps to obtain the global
optima quickly as compared to other reported evolutionary algorithms and effectively
eliminates lower order harmonics from the output voltage of HC-MLI. Moreover, the
proposed MWO control strategy balances the capacitor voltage even at higher modulation
index by exploiting the redundancies of HC-MLI. Simulation and experimental studies are
carried out to demonstrate steady state and dynamic performance of the proposed MWO
optimized three-phase HC-MLLI. In order to further improve the performance in terms of
speed of convergence and harmonic content, modified grey wolf optimization (MGWO)

algorithm has been used in HC-MLI in the next chapter.

92



Chapter 4

Harmonic Minimization in HC-MLI Using
Modified Grey Wolf Optimization

4.1 Introduction

In this chapter, selective harmonics elimination pulse width modulation (SHE-PWM)
technique has been employed through modified grey wolf optimisation (MGWO). This
optimization algorithm is then applied for the control of a three-phase, 11-level hybrid
cascaded multilevel inverter (HC-MLI) [114]. SHE-PWM technique is implemented
through MGWO which generates optimal switching angles for the HC-MLLI, so as to
eliminate lower order harmonics such as 5", 7, 11" and 13" from the output voltage.
The capacitor voltage balance is achieved even at higher modulation indices by exploiting

the redundant switching states of HC-MLI.
4.2 Mathematical Modelling of GWO Algorithm

GWO algorithm mimics the hunting mechanism and leadership hierarchy of grey wolves.
GWO uses four main steps to achieve the best positions such as searching, encircling,
hunting and attacking the prey [97], [98]. The algorithm consists of four types of grey
wolves which are alpha («), beta (f), delta (6) and omega (w). In this section, the
mathematical models of the social hierarchy, encircling, search of prey, attacking prey
and hunting mechanism are discussed. In order to mathematically model the social
hierarchy of wolves, « is considered as the fittest solution. Consequently, the second and
third best solutions are named £ and ¢ respectively. The rest of the candidate solutions are
assumed to be omega w. In the GWO algorithm the hunting (optimization) is guided by

a, fand 6.
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4.2.1 Encircling Prey
The grey wolves update their positions around the prey using (4.1) and (4.2), given as
D =|C-Xp() — X()| (4.1)
X(G+1)=Xp(j)-A4.D (4.2)
where j is the current iteration. X indicates the position vector of the grey wolf. X, is the

position vector of the prey. A and C are coefficient vectors. Vector A is expressed as

A=24.# —ad (4.3)
and vector C as
C=2% (4.4)

where a is a coefficient vector. r1 and r2 are random vectors. The value of a linearly

decreases from [2, 0] and ry, 2 are random vectors between [0, 1].

A two-dimensional position vector and some of the possible update co-ordinates are
demonstrated in Fig. 4.1. The grey wolf in position (X, Y) can update its position
according to the position of the prey (X”, Y”) as shown in Fig. 4.1. Different places around
the best agent can be reached with respect to the current position by adjusting the value

of A and C vectors.

—

*XY*%
(X.Y%)

N
£V *_ Y]
(X=X.Y%Y) i (X.Y%Y)

Fig. 4.1 2D vectors and their possible next locations in GWO [97].
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4.2.2 Attacking Prey (Exploitation Phase)

In order to mathematically model the attacking the prey, the value of d@ decreased in due
course iterations. The value of a linearly decreases from [2, 0] and ry, r2 are random
vectors between [0, 1]. The value of a is within the range [1, 2] at early stage. A becomes
greater than 1 or less than —1 in due course of time. This helps the grey wolves to diverge
from the currently considered prey to find a better prey. When, a decreases and comes
within the range [0,1], A lies in the range [—1, 1], which compels the grey wolves to move
gradually towards the best position. With these operators, the GWO algorithm allows its
search agents to update their position based on the location of the «, f and ¢ and attack
towards the prey. However, the GWO algorithm is prone to stagnation in local solutions

with these operators.
4.2.3 Search for Prey (Exploration Phase)

Grey wolves mostly search according to the position of the «, f and 6 wolves. They

diverge from each other to search for prey and converge to attack prey. In order to

mathematically model exploration, the value of A is set at a value greater than 1 or less

than -1. This emphasizes exploration and allows the GWO algorithm to search globally.
Fig. 4.2(a) shows that |/T| < 1 forces the wolves to attack the prey and Fig. 4.2(b) shows

that |/f| > 1 forces the grey wolves to diverge from the prey.

If |4] > 1

(@) (b)
Fig. 4.2 Attacking prey versus searching for prey [98].
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Hence, the optimal solution tends to diverge from the prey when, A>1and converge
towards the prey when 4 < 1.
4.2.4 Hunting Mechanism

Grey wolves have the ability to recognize the location of prey and encircle them. The
hunting is usually guided by a wolf. The £ and ¢ wolves might also participate in hunting
occasionally. In order to obtain the global optima more quickly, GWO improves the
current best solution by using a weighting method. In GWO, the position update
expression is weighted in every iteration as given in (4.7) and coefficient vectors are

obtained using (4.5) and (4.6), where A1, A> and Az are calculated using (4.3).

Dp = |C, - X5 — X| (4.5)
Ds =|Cs- X5 — X|
X, =X, — 4,.D,
X, =Xz —A,.Dp (4.6)
X, =Xs—A4,.D,

R+ 1) = faitkerks 47)

3

4.3 Limitations of GWO

In case of conventional GWO, the location of the wolves within the entire community is
updated by simple averaging of best locations. The GWO algorithm suffers from
premature convergence and weak local searching ability. In order to take care this
problem in the proposed work, a local search algorithm, called chaotic searching
mechanism is combined with GWO to enhance the rate of convergence and avoid it from

being stuck at local optima [112]. The evolved method is named as modified GWO
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(MGWO) in this work. MGWO balances the exploration by modifying the position co-
efficient to an exponentially decaying function. The convergence speed of the MGWO
increases, when exploration is increased in comparison to exploitation. Moreover, this
also avoids the local minima from being trapped. Weighted sum of best of the locations

is taken instead of simple average of positions to achieve global optima.

4.4 Modified GWO Algorithm

The proper balance between exploration and exploitation guarantees accurate estimation
of the global optima. Basic exploration and exploitation prevent the algorithm from
finding global optima and also results into local optima stagnation. Generally, higher
exploration of search space results in lower probability of local optima stagnation. Too
much exploration is similar to too much randomness and will probably not give good
optimization results. A right balance between these two exploration and exploitation can
guarantee an accurate approximation of the global optimum. Thus, a balance between
exploitation and exploration is a must. In MGWO, the transition between exploration and
exploitation is generated by the adaptive values of a and A. In MGWO, half of the
iterations are devoted to exploration (JA| > 1) and the other half are used for exploitation
(JA| < 1). Exponential functions are used instead of linear function to decrease the value
of @ over the course of iterations. The function which gives the exponential decay for a

during the iterations of MGWO is given as

m2
a= 2(1— n—z] (4.8)

where m indicates the maximum number of iterations and n is the current iteration. The
numbers of iterations used for exploration and exploitation are 60% and 40%,

respectively.
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GWO with chaotic search technique has been applied in this paper for the improvement
of search efficiency and the reduction of the possibility of being trapped at the local
optima [112]. The chaotic equation is defined as

Xjy1 = u.xj(l - xj) (4.9
where x; is a variable (j = 0,1,2 --) and u is the control parameter. The procedure of

chaotic local search is described as

cx[tt = . cx}’(l — cxj”) (4.10)

where cx;" represents the chaotic variable. n represents the iteration number.

The procedure of chaotic local search algorithm is as follows:

Step 1: Set n = 0 and map the decision variables x;* from the interval (Xpmy, j, Xmax, ;) 10

chaotic variables cx;* using

[V RV
cxt = —L T2 (4.11)

J Xmax, j~Xmin, j
Step 2: Determine the chaotic variables cxj"+1 for the next iteration using (4.9).

Step 3: Convert the chaotic variables cx*** to decision variables x}‘“ using

x]?“'l = Xmin,j T ijn+1(xmax,j ~ Xmin, j) (4.12)

Step 4: The new solutions are evaluated with variables xj”“.

Step 5: If the new solution achieves better performance or the maximum number of
iterations is reached, take the new solution as chaotic local search; or else,

modify n = n+ 1 and go back to Step 2.
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4.4.1 Proposed Variable Weights in MGWO

In GWO, the searching and hunting process are governed by a wolf, whereas the g wolf
plays less important role and the ¢ wolf plays lesser important role. During hunting
process, o is nearest to the prey among three grey wolves; f and ¢ ranks second and third.
So, the position of o wolf is mainly contributed in searching new individuals, while the
importance of other wolves is ignored. This means that the weight of a should be near to
1 at the beginning, while the weights of the £ and ¢ could be near zero. At the final state,
the a,  and o wolves should encircle the prey, which means that they have equal weights.
So, the weight of the « is reduced and the weights of the £ and ¢ arise in final stage of the
algorithm. The previously described (4.7) is now modified in the proposed MGWO

algorithm and given as
)?(_]"‘1) =W1)?1+W2)_()2+W3}_()3 (413)

where w1, w2 and ws are the corresponding weights.

The weight of a, £ and ¢ are denoted as wi, w2 and ws. The weights should always satisfy
w1 > w2 > wa. Mathematically, the weight of o is changed from 1 to 1/3 during the
searching procedure. At the same time, the weights of the f and ¢ is increased to 1/3 from

0.

The procedure for explaining the optimization problem using MGWO is as follows:
Step 1: Initialise MGWO parameters between upper and lower limits.
Step 2: Generate initial population randomly.

Step 3: Calculate fitness value of each grey wolf in the population and sort it according to

fitness values.

Step 4: Select the first, second and third best fitness values as the positions of grey wolves

a, ff and w respectively.
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Fig. 4.3 Description of MGWO algorithm.

Step 5: The position of o wolf is mapped into chaotic variables using (4.11).

Step 6: The chaotic sequences are calculated through iterative technique and converted

chaotic sequences are represented

as new positions using (4.10) and (4.12).

Step 7: The fitness of new position sequences is evaluated.

Step 8: Update the positions of current grey wolves using (4.15) - (4.17).
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Step 9: The co-efficient A and C in (4.5) and (4.6) and the parameter a in (4.13) are

updated.

Step 10: The fitness values of grey wolves a, £ and ¢ in new population are update till

global optima is achieved.
Step 11: Repeat step 2 to 10, till the termination criteria is achieved.

The detailed flow chart of the optimization algorithm (MGWO) is shown in Fig. 4.3.

4.5 Implementation of SHE-PWM in MGWO Optimized HC-MLI

The proper objective function f is represented by the following mathematical equation

f:min{(loo : T 2%[ j} (4.14)

subjected to

0<6,<6,..0, <§ (4.15)

where hs is the St harmonic order e.g., ho=5, hs =7, h4=11 and hs=15 and v, represents the
fundamental component of output voltage. The weighting factors (hi) defines the

elimination in lower order harmonics. The number of iterations and population size in the
algorithm are chosen as 200 and 100 respectively. The algorithm starts with the random
initialization of wolves (switching angles) and the fitness of each wolf is then evaluated. In
MGWO, chaotic iterative method is used for local refinement. Exponentially decaying
position co-efficient stabilities exploration and exploitation mechanism. The algorithm is
run for different modulation indices till the termination criteria is achieved. The plot of
switching angles versus modulation index (ma) is shown in Fig. 4.4. The graphs of fitness
value versus modulation index for GA, PSO, GWO and MGWO are shown Fig. 4.5. The

magnitude of lower order harmonics (5", 7", 11" and 13") versus modulation index for the

101



Y

Switching angles (dezree)
E B 5 & 58 & 2 8 &

[=]

=}
in

0.6 0.7 0.2 ] 1 11
Modulation index

Fig. 4.4 Switching angles at different modulation index.

1010 - : : . .
‘.
‘t
wer T ™, GA
1rler .\u o YaVaid '(.'a.qx.* s
!
Biof
in PSO
5 it e fly A A
iﬁlq}-ﬂ ek enfpe VN
11]_1":' M " x":""‘ A gkt 3
hli.!.l.' r‘:
10 il
¥
0 . , | . .
o 02 04 06 08 ]
Modulation index

Fig. 4.5 Fitness value for MGWO, GWO, PSO and GA
versus modulation index.

100 T T T T T T T
3- W :
g0 L —— 5" harmonic
=y '| l\ th -
= Al — ——- 77 harmonic
- 1\ \ thy .
5 W] e 1 1tbharm0n_1c
gﬁﬂ" — —-- 13"harmonic
© _
g
E 40 |-
= 201
0.5 0.8 1 1.1
Modulation index

Fig. 4.6 The 5",7" 11" and 13" harmonics versus modulation
index.

102



‘lm T T T T F 7

Bl |
N T e ,!* ¢ 5
r =
L | = = GWO & -
50 et i
TITTTI PSD ';Jf |."'. ;J‘
- '# ‘; J
[E 6“} B GIA. .-..,‘_l‘ Ll F ‘.-" “-r -
[ - - T e
U l’- - - _-.---F witt ""_-L
40 + + - o hd .
g - o rf
# -
}*‘r f I! "
7 s a I .
” ]
. * r
ﬂ -ll'". ol ’ 1-":" 1 # 1
105 1% 030 1020 10l e 10t

Fitness value

Fig. 4.7 Comparison of CDF versus fitness value for MGWO,
GWO, PSO and GA.

1010
10°6
el GA
LT s N
L 1010 " kW
A m-
> 1y TNy
@ 1020 4 A
& (AN R S, S
& ] \ ik ST S
w3t t‘l., ‘\"--. o
N, T ““---.-:::_'GWD
L T T ]
"-.‘\“‘
ﬁﬁﬁﬁﬁ .y Mewo
1050 - T —
¢ s 100 130 200 250

MNumber of iterations

Fig. 4.8 Convergence plot of MGWO, GWO, PSO and
GA versus number of iterations.

proposed MGWO are shown in Fig. 4.6. It can be observed from Fig. 4.6 that the lower
order harmonics have decreased significantly. The cumulative distribution function
(CDF) is evaluated to validate the usefulness of MGWO [114]. The comparison plots of
CDF for GA, PSO and GWO with MGWO algorithm are shown in Fig. 4.7. The results
obtained establish the superiority of MGWO in terms of rate of convergence as compared
to GWO, PSO and GA. The convergence plots of fitness function versus number of
iterations for MGWO, GWO, PSO and GA are shown in Fig. 4.8. It can be observed from
Fig. 4.8 that the controller needs up to 200 iterations to obtain the optimal switching angle

values in case of MGWO.
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Fig. 4.9 Comparison of %THD for MGWO, GWO, PSO and
GA at different modulation index.

Table 4.1
Parameters of MGWO, GWO, PSO and GA
No. of iteration=200 and Population size =100 at (m,= 0.5)

Parameters MGWO GWO PSO GA
Fitness value 6.7X104¢ 4.5X1038 5.3X10%° 6.2X101°
Convergence
rate very high high high low
to global
optima

The %THD at different modulation indices for reported algorithms with proposed
MGWO algorithm are shown in Fig. 4.9. The proposed MGWO optimized HC-MLI has
better harmonic content than GA, PSO and GWO. The comparison of fitness values and
convergence rate of different algorithms are given in Table 4.1. It can be concluded from
Table 4.1 that the fitness value and convergence rate of MGWO is better than GA, PSO

and GWO.

4.6 Simulation Verification

In order to verify the proposed work, a 1.5 kW three-phase, 11-level HC-MLI has been

simulated in MATLAB/Simulink using proposed MGWO algorithm.
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Fig. 4.10 Simulation results of MGWO optimized HC-MLI (Capacitor voltages).
(@) Vo and Vg for modulation index (ma) = 0.6. (b) Vo and Vesp for ma = 1.1 in case
of unbalanced condition of capacitor. (c) Vo and Vcyp for my = 1.1 at balanced
condition of capacitor voltage.
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4.6.1 Operation at ma=0.6
From Fig. 4.4, the switching angles are obtained as 61 = 31.75, 6> = 45.96, 63 = 57.54, 04

= 68.54 and 05 = 85.34. The waveform of Vo and capacitor voltage Vcsp Of the HC-MLI

are shown in Fig. 4.10(a). The average voltage across the capacitor is balanced at 30 V.

4.6.2 Operationatma=1.1

Similarly, for ma = 1.1, the switching angles are obatained as 61 = 5.33, 6> = 8.57, 63

=20.56, 04=25.39 and 65 = 41.58.
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Fig. 4.11 Simulation results of MGWO optimized HC-MLI (Line voltages and harmonic
spectrums).

(a) Line-line voltage (Vag) for m, 0.6. (b) Spectrum of harmonic analysis of Vag for m, 0.6.
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With these switching angles, it is unable balance the capacitor voltage. Hence, in order to
balance the capacitor, a third harmonic voltage is injected as discussed in 2.6.2 of chapter
2. Output voltage Vo and capacitor voltage Vcqp Without and with capacitor balance are
shown in Fig. 4.10(b) and (c) respectively. The average value of the capacitor voltage

also gets balanced at 30 V for higher modulation index.

The output line voltage (Vag) and its harmonic spectrum at m, = 0.6 are shown in Fig.
4.11(a) and (b). It can be observed from Fig. 4.11(b) that lower order dominant harmonics

(51,71 11" and 13™) have been eliminated from the output voltage of HC-MLI.

4.7 Experimental Validation

A 1.5 kW laboratory prototype is used to verify the performance of the proposed MGWO
optimized three-phase, 11-level HC-MLLI, as shown in Fig. 2.24 of chapter 2. The phase
voltages (Va, Ve and Vc) for resistive load at ma = 0.6 are shown in Fig. 4.12(a) and are
measured as 72.5 V. For R-L load, the output voltage Va and output current I at ma= 0.6
are shown in Fig. 4.12(b). The balancing of capacitor voltage at higher modulation index
is also investigated experimentally. Fig. 4.12(c) shows the output phase A voltage (Va) at
ma = 1.1 and three phase voltages (Va, Ve and Vc) are shown in Fig. 4.12(d) and are
measured as 111.5 V. The voltage of capacitor is balanced at 30 V. Hence, it confirms the
balancing of capacitor voltage at higher ma. The line-line voltage Vag of the MGWO
optimized HC-MLI at m,=0.6 is shown in Fig. 4.13(a) and measured as 168.53 V. The
harmonic spectrum analysis of Vag for m,=0.6 is shown in Fig. 4.13(b). From Fig. 4.13(b),
it can be observed that the lower order harmonics such as 5, 7", 11" and 13" are reduced.
Experimental results of line-line voltages (Vag, Vec and Vca) at higher ma= 1.1 are shown
in Fig. 4.14. The output voltage Vac and load current I_ after connecting filter inductor is

shown in Fig. 4.15(a).
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Fig. 4.12 Experimental results of MGWO optimized HC-MLI (Phase voltages).
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Fig. 4.13 Experimental result of line voltage at m,0.6.(a) Line -line voltage Vag for m,0.6.
(b) Spectrum of harmonic analysis of Vag for my, = 0.6.
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Fig. 4.14 Experimental results of MGWO optimized HC-MLI (Line-line
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Fig. 4.15 Experimental result of line voltage after connecting LC filter.

(a) Line-line voltage Vag and voltage of capacitor Vcap for my = 0.6. (b) Spectrum of
harmonic analysis of Vag for m,=0.6.

The output voltage of the HC-MLI is maintained at 85.2 V using closed loop control as
discussed earlier for a load current of 16.8 A. The detailed harmonic analysis of Vac at

ma = 0.6 after connecting LC filter is shown in Fig. 4.15(b) and harmonic magnitudes are

within the IEEE Std 519-2014 [110].
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Table 4.2
Comparison Between GWO [97] and MGWO

Modulation _ _
index (ma) ma= 0.6 ma=1.1

Harmonic th th th th % th th th th %
order (hy) 5 7 11 13 THD 5 7 11 13 THD

GWO [97] | 0.2478 | 0.2235 | 0.1526 | 0.1229 | 6.13 | 0.3754 | 0.3158 | 0.2613 | 0.2145 | 6.24

MGWO 0.1963 | 0.1642 | 0.1103 | 0.0876 | 5.54 | 0.3268 | 0.2416 | 0.2127 | 0.1763 | 6.03

4.8 Comparison Between GWO and MGWO

A comparison between GWO [97] and MGWO is made as shown in Table 4.2, containing
magnitude of lower order harmonics (5", 7, 11" and 13'") and %THD obtained through
experimentation for GWO and MGWO algorithms at modulation indices m, = 0.6 and
1.1, respectively. It can be observed that the lower order harmonics and % THD are further

reduced in MGWO in comparison to GWO.

4.9 Comparison Among MPSO, MWO and MGWO

From the results obtained in chapters 2, 3 and 4, a comparison is made among MPSO,
MWO and MGWO optimized HC-MLI using SHE-PWM for the same number of
iterations and population size. It has been found that the running time of MPSO is more
than MWO and MGWO. MPSO is more complicated than MWO and MGWO because it
is a combination of a global exploration and local exploitation, which uses a complicated
differential evolution mutation strategy. In the proposed MWO, the code complexity is
less and it uses leadership hierarchy mechanism to obtain better refined solution as
compared MPSO. The convergence rate of MWO is better than MPSO. The
computational time required for digital implementation of MWO is also less than MPSO.
The proposed MGWO gives improved results than MPSO and MWO; in terms of
possibility of attaining global optima, higher rank of convergence, higher fitness value

and harmonic content for the same population size and number of iterations.
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Table 4.3
Comparison of % THD Among Proposed MPSO, MWO and MGWO

MPSO MWO MGWO
Modulation index (%THD) (%THD) (%THD)
0.5 8.41 8.23 7.52
0.6 7.53 7.09 6.41
0.7 7.69 6.78 6.12
0.8 5.23 5.01 4.33
0.9 4.78 4.50 4.14
1 5.03 4.67 4.55
1.1 5.64 5.11 4.01
Table 4.4

Performance comparison of MGWO, MWO and MPSO
No. of Iteration=200 and Population size =100 at (m,=0.7)

Parameters MGWO MWO MPSO
Convergence rate Very high Medium Low
Computational time 1.116 1.132 1.953
(sec)

The %THD comparison among MPSO, MWO and MGWO s given in Table 4.3.
Table 4.4 gives the comparison of convergence rate and computational time for MGWO,
MWO and MPSO. It can be observed from Tables 4.3 and 4.4 that the proposed MGWO

gives better result in terms of harmonic content, convergence rate, and computational

4.10 Conclusion

In this chapter, MGWO optimized three-phase, 11-level HC-MLI is presented using SHE-

PWM. The use of adaptive position co-efficient vector and exponentially decaying
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function in MGWO gives improved results as compared to GWO. In MGWO, chaotic
local search technique efficiently takes care of local optima, while weighted position
control strategy enhances the convergence rate as compared to GA, PSO and GWO.
MGWO also helps to obtain the global optima quickly as compared to GA, PSO and
GWO and effectively eliminates lower order harmonics from the output voltage.
Moreover, the proposed MGWO control strategy balances the capacitor voltage even at
higher modulation indices by exploiting the redundancies of HC-MLI. The steady state
and dynamic performance of the proposed MGWO optimized HC-MLI has been validated
through simulation and experimentation. Further, a comparison among MPSO, MWO and
MGWO has been carried out, which confirms the superiority of MGWO in terms of

harmonic minimization and convergence rate.

It has been found that balancing of capacitor voltage is an inherent challenge in HC-
MLIs. Several control schemes have been reported in the literature to achieve capacitor
voltage balance in HC-MLIs, which makes the overall control complicated. The control
schemes become even more complicated with the increase in number of output voltage
levels of the HC-MLIs, as the increase in output voltage levels require more active and
passive components along with increased number of DC voltage sources. Switched-
capacitor multilevel inverters (SC-MLIs) have emerged in recent years as a promising
ML to counter these problems. SC-MLIs use lesser active and passive components along
with reduced number of DC voltage sources as compared to HC-MLI. Also, the capacitor
voltage is balanced inherently in SC-MLIs, without using extra control circuits and
therefore the switching scheme is simple as compared to HC-MLI. The SC-MLIs given
in literature are explored and two new topologies of them, namely diode assisted

switched-capacitor MLI (DASC-MLI) and reduced voltage stress switched capacitor

MLI (RVSC-MLI) are proposed using MGWO in the next two chapters.
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Chapter 5

A 17-Level Diode Assisted Switched Capacitor
Multilevel Inverter

5.1 Introduction

In this chapter, a new 17-level diode assisted switched-capacitor MLI (DASC-MLLI) is
proposed. The proposed DASC-MLI generates output voltage using single DC voltage
source and lower number of active and passive components, and has reduced total
standing voltage (TSV) and peak inverse voltage (P1V) as compared to conventional SC-
MLIs. The DASC-MLI possesses reverse current capability and can also be extended to
obtain higher voltage levels through its extended structure. The capacitors are self-
balanced in the proposed DASC-MLI without any additional voltage balancing
mechanism. Output voltages higher than input voltage can be achieved through DASC-
MLI, thus signifying its voltage boosting ability. The overall cost and volume of the

proposed DASC-MLI, reduces considerably as compared to other reported SC-MLIs.

5.2 Proposed 17-level Diode Assisted Switched-Capacitor MLI

The basic module of diode assisted switched-capacitor MLI (DASC-MLI) is shown in
Fig. 5.1. It uses series-parallel combinations of voltage source and capacitor to maintain
the capacitor voltages at the desired levels. It can be observed from Fig. 5.1(a) that the
capacitors are charged through parallelization by voltage source, when the switch Sy is
turned ON. In this mode, both the diodes Dpa and Doy, are reverse biased. As can be seen
in Fig. 5.1(b), the capacitor is discharged to obtain higher voltage levels by turning OFF
the switch Sw, thus forcing the current to flow through forward biased diodes Dpa and

Dob. This module forms the basis of the proposed DASC-MLI and is connected to DASC-
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MLI by four connection points a, £, y and ¢ as highlighted in Fig. 5.1. The complete
structure of proposed DASC-MLI and the connection with one of the modules is shown
in Fig. 5.2. It consists of a single DC source, four capacitors C1-Cy, five diodes D1-Ds and
eleven switches S1-Si1. The capacitor voltages of Ci1, C, and Cs are balanced at input
voltage Vpc respectively, whereas the capacitor voltage of C4 is balanced at Vpc/2. The
mathematical derivation for voltage balancing of capacitor Cs is explained below.
Assuming that the output voltage and current waveforms possess half wave symmetry,
the average current flowing through the capacitor (Cs) with R as the load resistance is

given as

| . 4Vdc _V04 | + 3Vdc _V04 | _ 2Vdc _VC4
o TR TR e TR
Vdc _VC _V _ _Vdc _VC
I + — 4 _ C4 I _ 4
c e R ! Ve c e R
2 L C,% RL 2 L
_ _2Vdc _Vc - _3Vdc _VQ,
| o = - I N, (5.1)
C'f R, “7 R

wherel.“and 1. are currents through Cs in positive and negative half cycle of output

voltage Vo. The expression for net charge (Q) delivered/absorbed for a period T can be

expressed as

0, —-0.

0. -6, -1 Y% Y

o G I . T

IC,SVdc ( - J.T+ c,7\;d° [ i ) (5.2)
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Fig. 5.2 Proposed 17-level DASC-MLI.

The switching patterns, diode behaviour and states of capacitors at each voltage level of
the proposed DASC-MLI are shown in Table 5.1. The current paths of the proposed 17-

level DASC-MLI for all positive levels are shown in Fig. 5.3(a)-(i). The dotted lines show
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Table 5.1

Switching patterns, Diode behaviour and Capacitor
states at each voltage level

Output Voltage S1—-Su Di-Ds Ci-Cs
+4Vpc 11100100101 00000 DDDU
+7Vpc/2 11100100110 00000 DDDC
+3Vbc 10100100101 10000 UuDDU
+5Vpc/2 10100100110 10000 uDDC
+2Vpc 01010100101 01111 DCCU
+3Vpc/2 01010100110 01111 DcCCC
+Vbe 00001100101 10100 CUUU
+Vpc/2 00001100110 10100 CuuC

0 01010110001 01111 ULCCU
-Vpc/2 00011110010 01111 UCCD
-Vbc 00001011001 10100 CUUU
-3Vpc/2 00001011010 10100 CUUD
-2Vpc 01010011001 01111 DCCU
-5Vpc/2 01010011010 01111 DCCD
-3Vbc 10100011001 10000 uDDU
-7Vpc/2 10100011010 10000 UDDD
-4Vpc 11100011001 00000 DDDU

In the column of switches, 1 and 0 represent turn ON and turn OFF. In the column of diode,
1 and 0 represent forward conduction and reverse blocking. The capacitor states are C for
charging, D for discharging, and U for unchanged.

the charging path of the capacitors, the red (solid) lines show the current path through the
load, and the blue (solid) lines show the reverse current path of the proposed DASC-MLI.
All circuit configurations for voltage levels in one complete positive half cycle of output

voltage are as follows:
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Fig. 5.3 Current flow for posituve voltage levels of the proposed 17-level DASC-MLI. (a) Current
flow at voltage level zero. (b) Current flow at voltage level Vpc/2. (c) Current flow at voltage
level Vpc. (d) Current flow at voltage level 3Vpc /2. () Current flow at voltage level 2Vpc. (f)
Current flow at voltage level 5 Vpc/2. (g) Current flow at voltage level 3Vpc. (h) Current flow at
voltage level Vpc/2. (i) Current flow at voltage level 4Vpc.
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Level zero: Fig. 5.3(a) presents the current path for zero output voltage level. The
capacitors Cz and Cs charge through D2, Da, Sa, Sz and Ds, Ds, Sa, Sz respectively in this

interval.

Level Vbc/2: Fig. 5.3(b) shows the circuit configuration for generation of voltage level
Vbc/2. The capacitors C1 and C4 charge through paths D3, Ss, D1 and Ds, Se, Si0, Se, D1
respectively in this level. The reverse current passes through the switches Sio, S, Ss and

So.

Level Vpc: The circuit configuration for obtaining voltage Voc across load is shown in
Fig. 5.3(c). The capacitor C1 charges in this interval through Ds, Ss and Di1. The reverse

current passes through the switches Si1, Se, Ssand So.

Level 3Vpc/2: Fig. 5.3(d) shows the circuit configuration for voltage level 3Vpc/2. All
three capacitors C,, C3 and Cs charge in this interval through charging paths D2, Da, Sa,
S2; D3, Ds, Sa, Sz and Ds, Se, Si10, Se, D1 respectively. Capacitor C: discharges through Ds,

Se, S10, Seand Sz during this interval.

Level 2Voc: Fig. 5.3(e) shows the circuit configuration of voltage 2Vpc. The capacitors
C2 and Cs charge in this interval through D2, D4, S4, S2 and D3, Ds, Sa, So. The capacitor

C1 discharges through D3, Se, S11, Sg and Sa.

Level 5Vbc/2: Fig. 5.3(f) shows the circuit configuration for generation of voltage level
5Vpc/2. The capacitors C, and Cs are connected in series with the voltage source and
discharge through Si, Ss, Se, S10, Se and Di1. The capacitor Cs is charged in this interval

through the same path.

Level 3Vbc: Fig. 5.3(g) shows the circuit configuration for output voltage 3Vpc. The
capacitors Cz and Cs are connected in series with the voltage source and discharge in this

interval through path Si, Ss, Se, S11, Sg and D1 to generate required output voltage.
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Level 7Vbc/2: Fig. 5.3(h) shows the circuit configuration of voltage level 7Vpc/2. The
capacitors Cy, Co, and Cs are connected in series with the voltage source and they
discharge through Si, Ss, Se, S10, So and Di to generate 7Vpc/2 output voltage. The

capacitors C4 charges in this interval through the same path.

Level 4Vpc: Fig. 5.3(i) shows the circuit configuration for output voltage 4Vpc. The
capacitors C1, C2 and Cs are connected in series with voltage source and they discharge

through switches Si, Ss, Se, S11, Soand S, to generate the required output voltage.

Similarly, output voltage levels for negative half cycle can be obtained through switching

patterns given in Table 5.1.

PIV is a major factor in the selection of components for any MLI. In the proposed
DASC-MLLI, the switches Ss, S7, Ss, S suffer maximum stress, whereas the switches Sio
and S11 suffer constant P1V of Vpc/2 irrespective of the number of levels. The PIV across

the switches and diodes in the proposed for 17-level DASC-MLI is given in the Table

5.2.
Table 5.2
PIV across Switches for 17-level DASC-MLI

Device PIV (xVbc) Device PIV (xVbc)
S1, S2 1 Se, S7, S, Sg 4

S3 3/2 S10, S11 0.5

S4 2 D1, D3, D4, Ds 1

Ss 3 D>

5.3 Extended Structure of Proposed 17-Level DASC-MLI

The extended structure of the proposed DASC-MLI can be obtained by adding a DASC
unit consisting of one switch, one capacitor, and two diodes. Each such extended unit (m)
adds 4 extra levels to the output voltage. The generalized (17+4m) level extended

structure of the proposed DASC-MLI is shown in Fig. 5.4. One diode of each module is
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connected through vy, while the other diode is connected through «. The switch and
capacitors are connected through ¢ and g respectively as shown in Fig. 5.1. All the
capacitor voltages in the proposed extended DASC-MLI are inherently self-balanced. For
achieving higher voltage levels, the proposed DASC-MLI does not require any additional
voltage source. Hence, the cost of the proposed DASC-MLLI is considerably reduced for

achieving higher voltage levels.
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B | o s S8
5, B2, e s — -
53 [33,
84| |Pa 55/ /S 510& S
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S
i
[ I Ci= | _—
D, v | .
C—F 51/ DC 1
|

Fig. 5.4 Extension of proposed DASC-MLI.

5.3.1 Generalized Configuration of the Proposed DASC-MLI

The required number of active and passive components for generating 4n+1 levels in the

proposed generalized DASC-MLI (where n is the number of capacitors) can be calculated as:

NSWitch =N+ 7
Npigge =2N—3 (5.4)
N =1

Source

where Nswitch, Npiode and Nsource are the number of switches, diodes, and DC sources
respectively. The TSV of the proposed DASC-MLI is calculated by adding the individual

PIV of all switches. The TSV and TSV, of the generalized DASC-MLLI are given as
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2
n“+5n+15
TSV =(—}'Voc (5.5)
2
n°+5n+15
TSV :(—Zn J'VDC (5.6)

5.4 Switching Scheme

Selective harmonic elimination technique using modified grew wolf optimization is used
to generate the switching angles for the proposed DASC-MLI. The switching angles and
output voltage levels of the proposed 17-level DASC-MLI are shown in Fig. 5.5. For

proper operation of SC-MLI, the switching angles should satisfy the condition given as
T
O<e1<02<93<04<05<06<07<98<09:E (5.7)

The Fourier expansion of the quasi-square waveform of the output voltage for the

proposed 17-level DASC-MLI is given as

i 28: cos(p) sin pat (5.8)

AVpg feeomemememememcmcccnanane,
7AV/ Y PO
KAV Vo] IO
V) SR
7AV/ 0
3Vpgf2 peeeeese-

Vpc/2 |-

Fig. 5.5 Switching angles and output voltage levels of proposed 17-level DASC-MLLI.
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where w is the angular frequency of the staircase output voltage waveform. The amplitude

modulation index (Mor) of the fundamental output voltage waveform is expressed as:

M :%Zcos(ﬁi) (5.9)

The switching angles for 17-level DASC-MLI 6; (i = 1-8) are obtained using

CoS 6, +c0sb, +cosd, +cosb, +cosb; +cosf, +cosb, +cosbd, =8M

cos(z6,) +cos(z6,) +cos(z6,) +cos (z6,) +cos (z6;)

+cos (z6,) +cos (z6,) +cos (z6,) =0 (5.10)

where z is the number of harmonics. The harmonics such as 5™, 71", 11", 13, 17 19t
and 23 are considered for obtaining the switching angles.

5.5 Capacitance Calculation

To calculate values of the capacitances, the charge-discharge cycle of each capacitor is
considered [45]. For demonstration, the largest discharge period is calculated for Ci1. The

largest discharge interval and the corresponding currents through resistive load R for

these intervals is calculated to define total charge and is shown in Table 5.3.

Table 5.3
Largest Discharge Interval for capacitor (C,)

Interval Current (io)
0,<0<6, 5y /2R,
0,<0<6, Wy /R,
0,<0<0, Nye 2R,
0,<0<7-06, e R

The maximum discharging value Q, of the capacitor C; is calculated based on discharge
cycles and is given as:

1 . . 8. .
Qc, =—| [1,d0+ [i,d0+ [i,do+ [ i,do (5.11)
@6, 6, 6, 6,

124



Similarly, maximum discharging values QC2 : QC3 , QC4 of the capacitors Cy, C3, C4 can
be obtained. The maximum allowable voltage ripples across the capacitor C; is kVCi (i=1,
2, 3 and 4), where k is the ripple factor. Using the derived values of Q, Q, Q, and

Q, the values of capacitors C1, Cz, C3 and Csare obtained as:

¢ (47—-36,—6,+46,-76,-0,) (5.12)
2 f kR,
Ar—56,—0,— 0,0,
c,c s (47=50-6,-6,-6) (5.13)
2 f kR,
o - (6,-6,-36,+36,-56,+56,-76,+1,) (5.14)

‘e 27 f kR,

For the resistive-inductive loading condition, the function of load current, I_(t) can be

derived as
I, (t) =1, sin(ot- @) (5.15)

here Imax is the maximum value of load current, and ¢ is the output phase difference. The

net charge can then be obtained. Substituting the charge to obtain capacitance yields

1 cos(6, — D) + cos(@, — D)
c " —cos(f, — D) —sin(D)

> 5.16

! 277 FkVpe (.16)
21 cos(6. —®) —sin(d

C,,C,> o (COS(6; — @) —sin(®)) (5.17)

27 fskVpe

cos (6, - ) —cos (6, — D) +cos (6, — D)
| s | —COS (6, — @)+ oS (6, - D) —cos (6, - D)

c,> +c0s(1.57) —cos (6, — D) (5.18)

2rf k Vo
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Assuming voltage ripple k=0.05 and 0.1, the optimal capacitor values can be determined.
From (5.16)-(5.18), it can be observed that the optimum values of capacitors inversely
vary with the ripple factor, and output frequency. To demonstrate the effect of load
resistance on the optimum capacitance values, the variations of Ci, C2, C3 and Cs with
different ranges of output load, R. are shown in Fig. 5.6(a). The optimal values of

capacitors are calculated for different values of phase angle and are shown in Fig. 5.6(b).
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Fig. 5.6 Values of capacitance of all capacitors. (a) under different load resistance. (b)
under different phase angles.

5.6 Conduction Loss of the Proposed DASC-MLI

The conduction losses, Pc in the proposed DASC-MLI can be attributed to two factors:

steady state conduction losses and the charging state conduction losses. The steady state
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conduction loss (CL), PcLss can be calculated by summing loss across each circuit
element (diode, Switch, etc.) and Fj (j=1,.., J) incurred at each voltage level Uq, (g=1,..,

Q).

Q J
CL SS ~ Z;le CL,SS, F U (5.19)
0=l J=

here J and Q are the total number of elements and voltage levels respectively. The

conduction loss, r, . . , at each level Uq for each element Fj can further be
R R

generalized as the sum of losses experienced due to on-state voltage drop at j" component

and their on-state resistances. This loss can be presented as

\Y i
on,Fj ,Uq load,avg, SS, Fj’Uq
feLss.FiU, 7| Ln 2 (5.20)
)9 on,Fj,Uq'Ioad,rms,SS,Fj,Uq

The charging state (CS) conduction losses (CL), Pct, cs occur due to charging currents
superimposing the steady state current while charging capacitors. This charging current,

il csp u ® and its associated losses can be drastically reduced using a very small

inductor (Ls) and a very small resistor (Rs) in series with the input source. The inclusion
of this impedance at source side transforms the circuit into a series RLC circuit. Assuming
series RLC circuit, the instantaneous current flowing through any element F;j, at any level

Uq can be easily calculated as

_t‘Req, u

i - S Ly . AV .
'CL,CS,Fj,Uq(t)‘e : Iq_lcos(/lt)— 2L sm(lt)—msm(/lt) (5.22)

where
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1 Req,U
_ _ q
A= (5.22)

LS -Ceq,Uq 2|LS

where Ceq. and Req. are the equivalent capacitance and resistance respectively in the
charging loop including source resistance Rs. The AV is the difference between the
capacitor voltage at beginning of level Ug. For each element F; at level Uy, this current

would generate conduction losses of magnitude:

th,end
Ron, FiUq 'iCZIL,CS, Fi. U, dt
P = Vv
CLCSF;. U, g end (5.23)
+ _[ Von, F.U, deLcs, F. U, dt
th,begin

where, th,begin and ty, ., are the beginning and ending time of output voltage level Uq.

The total CS-CL losses can be calculated like SS-CL by adding losses across each

element:

Q 1
FeLcs = ZZPCL,CS, Fu (5.24)

& |

Since, it is mathematically difficult to accurately predict voltage at each instant of time
due to several components involved, for ease in calculation of losses, AV is approximated

to its maximum value of 0.1Vpc.

5.7 Switching Loss Calculation

The switching loss occurs due to charging and discharging of parasitic capacitances of
switches during the turn on and turn off of switches in a cycle [51]. The switching loss
during turn on Psw, ion) and turn off Psw, iofr) are given as

128



I:)sw i(on) — fsw IVSWI i “on (5.25)

Psw, i(off) 6 fsw IVSWI i ff (5.26)

where Vs, i is the off-state voltage of the i switch, I is the current of the i switch when
the switch is turned on, I is the current of the i switch before the turn off of the switch,
ton IS the duration when the switch is turned on, toff is the duration when the switch is
turned off, and fsw is the switching frequency. To calculate total switching loss, the
number of Non and the number of Noss Switching states per one cycle is multiplied by (5.25)

and (5.26). The total switching loss is calculated for each level and added as follows:

17 [ Nongi Noft (i)
Po= 2| X Psw,on(ij)+

(5.27)
i1 j=1

> Fswoff(i)

Using (5.27), the total switching loss of the proposed 17-level DASC-MLI is obtained as:

2 2
54V 53.5V
DC DC
PS RL fSt +— RL fst ff (5.28)

5.8 Ripple Loss Analysis

The ripple loss occurs at the time of charging of capacitors at different switching

instances. The voltage ripple of capacitors is obtained as

1t
AVi; = c { |Ci (t).dt (5.29)
[

where i is the capacitor currentand t —t’ is the charging interval. The ripple voltages of

capacitors Cy, C2, C3 and C4 are given as
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v
Ny =58 (47-30,-0, +40,-70, -, ) (5.30)

C1- 3 4""5 YT T8
27fgR C
Vdc
STLY2
Vdc
AVC4:m(92—91—393+394—595+506—797+798) (5.32)

The ripple loss in one cycle operation of the output voltage is given as
p- L > ciav?
R™oT g =T (5.33)

where Ciand AV, are the i capacitor and ripple voltage of it.
The efficiency of the proposed DASC-MLI can be written as:

R

%+%+%+%

n (5.34)

where Po, Pc, Ps and Pr are the output power, conduction, switching and ripple losses

respectively.

5.9 Comparison with Other Reported topologies

In this section, the proposed DASC-MLI is compared with other reported SC-MLIs in
terms of used capacitors, switches, diodes, TSV, PIV, boosting factor and cost function
(CF). It can be observed from Fig. 5.7(a) that the proposed DASC-MLI requires lesser
number of capacitors to utilize the same levels as compared to other selected MLIs. The
DASC-MLI uses lower number of switches compared to other recently proposed

topologies like symmetric topology in [44] and switched-capacitor topology in [42] as
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shown in Fig. 5.7(b). Topologies presented in [43] possess large TSV for higher levels,
whereas topology [40] requires much more diodes to achieve same voltage levels. The
topology given in [41] and [45] requires a greater number of switches as compared to
proposed DASC-MLI. The TSV and number of capacitors required in [46] are also very
high. Table 5.4 also gives the comparison of different reported SC-MLIs and the proposed
DASC-MLLI in for 17-level SC-MLI. The generalized graphical representations of TSV
and number of diodes versus voltage levels for different SC-MLI topologies are shown in
Fig. 5.7(c) and (d) respectively. A CF has been further used to demonstrate potentiality

of proposed DASC-MLI compared to other reported SC-MLIs and is given as [54]

CF = I\Iswitch + Ncap + Ndiode +Tsvpu (5-35)

where Nswitch, Ncap and Ngioge are the number of switches, capacitors and diodes,

respectively.

Table 5.4
Comparison of proposed 17-level DASC-MLI with Other Recent SC-MLI Topologies

Param. [45] [42]  [40] = [41] [46] [43] [44] DASC-MLI

Nswich 39 25 12 25 12 235 235 11
Neap 7 7 7 7 8 45° 55 4
NDpiode 0 0 14 0 0 0 35" 5
TSVew 39 72 96 53 54 48 41 25.5
TSVgioee O 0 28 0 0 0 35 6
TSV 39 72 126 53 54 48 445 31.5
PIV 1 8 8 8 4 8 2 4
Boost 8 8 8 8 8 14 4 4
factor
Extend- vy Y Y Y Y Y Y Y
ability

* as per the generalization provided in paper
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The generalized graphical representations of CF versus voltage levels for different

SC-MLI topologies are shown in Fig. 5.7(e). It can be observed that the cost of the

proposed DASC-MLI is reduced as compared to other reported SC-MLIs. When operated

at same boosting factor, the proposed DASC-MLI requires lower number of switches at

same number of voltage levels. If the proposed DASC-MLI has greater TSV at same

boosting ratio, then the number of levels generated is almost twice those generated by

other SC-MLLI topologies, thus verifying the lower TSV and component count at higher

voltage levels of the proposed DASC-MLLI.
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Fig. 5.7 Comparison of the proposed DASC-MLI with recent topologies. (a) Number of required
sources versus levels. (b) Number of required switches versus levels. (c) TSV versus number of
levels. (d) Diode versus number of levels CF. () Cost function versus number of levels of
different topologies.

5.10 Simulation Studies

The performance of the proposed DASC-MLI is validated through a 550 W
MATLAB/Simulink model. Modulation index is taken as 0.75 in this study. The output
voltage Vo and current lo waveforms of the proposed 17-level DASC-MLLI for a resistive
load (R =40 Q) are shown in Fig. 5.8(a). The measured rms values of voltage and current
are 155.4 V and 3.42 A respectively at 50 Hz frequency. For R-L load (R =40 Q, L =100
mH), output voltage Vo and current lo are shown in Fig. 5.8(b) and measured as 155.4 V
and 3.38 A respectively. The capacitor voltages are shown in Fig. 5.9. It can be observed
that capacitor voltages Vci, Vc2, Vez and Vs are balanced at 60 V, 60 V, 60 V and 30 V
respectively. The voltage stresses across four switches (S1, Sz, Sz and S4) of the proposed
DASC-MLI are shown in Fig. 5.10(a) and are measured as 60 V, 60 V, 90 V and 120 V
respectively. The voltage stresses across switches (Ss, Sio and Si11) are shown in Fig.
5.10(b) and are also measured as 180 V, 30 V and 30 V respectively. Similar, the voltage
stresses across each switch (Se, S7, Sg and So) of the H-bridge are 240 V respectively, as

shown in Fig. 5.10(c).
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Fig. 5.8 Simulation results of the proposed DASC-MLI. (a) Output voltage (Vo) and current (lo)
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Fig. 5.9 Simulation results of capacitor voltages. (Vc1, Vcz, Vs, Vea).
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Fig. 5.11 Dynamic performance of the proposed SC-MLI for step-down change in load resistance.

The load resistance is step changed from 70 Q to 35 Q to observe the dynamic
behaviour of the DASC-MLI. The load current is changed from 3.5 A to 7 A due to step
change in resistance and is shown in Fig. 5.11. It can be observed that the load change
does not have any effect on the output voltage waveform. Hence, it confirms the self-

voltage balance of capacitors in the proposed DASC-MLI.

5.11 Experimental Validation of DASC-ML.I
The performance of the proposed DASC-MLLI is validated through a 570 W experimental
prototype as shown in Fig. 5.12. The parameters used in experiment are listed in Table

5.5.

Output &
voltage PP < =
Ty PC setup for digital J4

2 5 Voltage
\ | implementation

probe
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probe Gate
Al Capacitors ([ dnvers
Al
1) " i bl
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Table 5.5
Devices and Parameters Used for Experimentation

Microcontroller TI-TMS320F28335
IGBT HGTG12N60A4D
Gate Driver FOD3184
Diode STP516150
Electrolytic 2200puF (Cy, C2) and 1800
Capacitors MF (C3, Ca)

5.11.1 Steady State Performance
The steady state performance of DASC-MLI is investigated in this section. The DC
source voltage Vqc is taken as 60 V and the experimentation has been carried out using

TI-TMS320F28335 DSP processor.
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Fig. 5.13 Experimental results of the proposed DASC-MLI. (a) Output voltage (Vo) and current
(lo) for R load (R= 40 Q). (b) Output voltage (Vo) and current (l,) for R-L load (R= 40 Q, L= 100
mH). (c) Capacitor voltages (Vc1, Ve, Ves, Ves). (d) Harmonic spectrum of V.
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Fig. 5.14 Experimentally results of capacitor currents of DASC-MLI. (a) Capacitor currents
ic1, ic2, ics, and ica for R =40 Q. (b) Capacitor currents ic1, icz, icz and ica for R=40 Q, L = 100
mH.

Fundamental switching strategy (50 Hz) is used and the value of Mot is taken as 0.75. The
output voltage Vo and current lo waveforms for a resistive load (R = 40 Q) are shown in
Fig. 5.13(a). The measured rms values of voltage and current are 154.7 V and 3.38 A at
50 Hz frequency respectively. For R-L load (R =40 Q, L = 100 mH), output voltage Vo
and current lo are shown in Fig. 5.13(b) and measured as 154.1 V and 3.17 A respectively.
The capacitor voltages are shown in Fig. 5.13(c). It can be observed that capacitor
voltages Vci, Ve, Ves and Ves are balance at 56.5 V, 56 V, 54.2 V and 27 V respectively.
The ripples voltage AVci, AVc2, AVes and AV of capacitors are 4 V, 4.4V, 5.9 V and
2.3 V respectively. The harmonic spectrum of the output voltage Vo is shown in Fig.
5.13(d) and output voltage THD is measured as 7.41%. To verify the proper charge
balance in capacitors, the respective capacitor currents for R and R-L load are shown in
Fig. 5.14(a)-(b). The measured rms values of current in case of R load (R = 40 Q) for
capacitors Cy, Co, Czand Cs are 4.27 A, 4.10 A, 4.25 A and 2.64 A respectively as shown
in Fig. 5.14(a). Similarly, for R-L load (R =40 Q and L = 100 mH), the measured rms
value of capacitors are 4.35 A, 3.31 A, 3.58 A and 2.63 A respectively as shown in Fig.
5.14(b). The voltage stresses across four switches (Si1, Sz, Sz and Ss) of the proposed

DASC-MLI are shown in Fig. 5.15(a) and are measured as 60 V, 60 V, 92 V and 120 V
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Fig. 5.15 Experimental results of voltage stress of DASC-MLI. (a) Voltage stresses
across switches (Si, Sz, Ss, S4). (b) Voltage stresses across switches (Ss, M1, My). (c)
Voltage stresses across switches (Q1, Qz, Qs, Qa).

respectively. The voltage stresses across switches (Ss, M1 and M) are shown in Fig.

5.15(b) and are measured as 180 V, 30.4 V and 30.6 V respectively. Similarly, the voltage

stresses across switches (Q1, Q2, Qs and Q4) of the H-bridge are 240 V, as shown in Fig.

5.15(c). Peak charging current is common in DASC-MLIs and to alleviate the current

spikes, and reduce the device stresses, several strategies are discussed in literatures [47],

[48] and [52]. Reducing spikes by increasing switching frequency is given in [47].

Literature [48] discusses the alleviation of spikes by increasing capacitance value. Using

resistors [52] or inductors at source also reduces the spikes. In the proposed work, a small

inductor and a small resistor at the source is used to reduce the current spikes. The switch

and device current stress analysis is carried out for load resistance R=40 Q, input resistor

R=0.15 Q and input inductor L=35 pH.
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Fig. 5.16 Experimental verification of dynamic performance of
DASC-MLI for step-up change in load resistance.

5.11.2 Dynamic Performance

The dynamic performance of the proposed RV-SCMLI is investigated in this section. The
load resistance is step changed from 80 Q to 40 Q to observe the dynamic performance
of the DASC-MLI. The load current is changed from 1.8 A to 3.6 A due to step change
in resistance and is shown in Fig. 5.16. From Fig. 5.16, it can also be observed that the
load change has no effect on the output voltage waveform, which confirms the self-

voltage balancing of capacitors in DASC-MLI.
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Fig. 5. 17 Input voltage, current and output voltage, current for R load
(R =40Q) of DASC-MLI.
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5.11.3 Calculation of Efficiency

The conduction loss, switching loss and ripple loss are calculated using (5.24), (5.28) and
(5.33) and are 16.75 W, 5.37 W and 6.23 W respectively. The experimental efficiency of
the proposed DASC-MLI is also calculated. To determine the efficiency () of the
proposed DASC-MLI; input voltage Vin, input current lin, output voltage Vo and output
current I, are measured experimentally for R load from Fig. 5.17. For R load (R= 40 Q),
the measured input power, output power and loss are Pin=580.15 W, Pout =543.47 W and
Ploss = 37.49 W, respectively. The experimentally calculated efficiency (1) for 580 W

DASC-MLI is 93.54%.

5.12 Conclusion

A new 17-level DASC-MLI using reduced number of active and passive components is
proposed in this chapter. TSV of the proposed DASC-MLI is low, thus facilitating
utilization of lower-rated semiconductor devices for higher power applications. The
DASC-MLI possesses reverse current carrying capability and higher output voltage levels
using only one DC voltage source. Output voltage levels, higher than 17-level can also
be achieved using the extended structure of proposed DASC-MLI. The potentiality of
proposed DASC-MLI is verified through a cost function. Capacitor voltages are
inherently balanced utilizing a combination of switches and diodes, thus completely
eliminating the necessity of any external balancing circuit or algorithm in DASC-MLI.
The number of capacitors and switches required in DASC-MLI are lower than reported
SC-MLIs and thus its cost is lesser than reported SC-MLIs. The performance of the
proposed DASC-MLI has been validated through a 580 W experimental prototype in this
chapter. In order to further reduce the PIV, a new self-voltage balanced 17-level reduced

voltage switched-capacitor MLI (RVSC-MLI) is proposed in the next chapter.
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Chapter 6

A 17-Level Reduced Voltage Stress Switched
Capacitor Multilevel Inverter

6.1 Introduction

In this chapter, a new 17-level reduced voltage switched-capacitor MLI (RVSC-MLI)
is proposed. The peak inverse voltage (P1V) of the switches and diodes are within the
input DC source voltage level in RVSC-MLI. The proposed RVSC-MLI can generate 17-
level output voltage using a single DC voltage source with lesser number of circuit
components. The TSV of the proposed RVSC-MLI is comparatively lower than existing
SC-MLIs and diode assisted switched-capacitor MLI (DASC-MLI), which makes it
suitable for higher voltage applications with low rated power devices. Higher voltage
levels (more than 17-levels) can also be achieved using the extended structure of the
proposed RVSC-MLI with only one DC voltage source. The output voltage of the
proposed RVSC-MLI is more than the input voltage, which signifies its boosting
capability. A voltage gain of two can be achieved using the proposed RVSC-MLI and the
voltage gain can be further increased using the extended structure of it. In the proposed
RVSC-MLLI, the capacitors are periodically charged and discharged without using any

voltage balancing mechanism.

6.2 Proposed Reduced Voltage Stress Switched-Capacitor MLI

The circuit configuration of the proposed RVSC-MLI is shown in Fig 6.1. It consists of
thirteen unidirectional switches (S1-Ss), (T1-Ta), (Qa-Qp); four bidirectional switches (Sa-

Sq); four diodes (Da-Dp) and two floating capacitors (Ca and Cg). The PIV across all
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Fig. 6.1 Circuit configuration of the proposed 17-level RVSC-MLLI.

switches and diodes are within supply voltage Vqc in the proposed RVSC-MLI. Different
voltage levels can be generated by series and parallel combinations of voltage source and

capacitors in the proposed circuit.

6.3 Generation of Voltage Levels

The switching patterns of different voltage levels for (left and right half) of both half
cycles of the proposed 17-level RVSC-MLI are given in Table 6.1. The current path for
different left half of positive voltage levels are shown in Fig. 6.2(a)-(i). In these figures,
the blue colour indicates the current flowing path in the circuit. It can be observed from
Table 6.1 that to maintain the voltages of the floating capacitors Ca and Cg at V4c/2 and
Vac/4 respectively, their charging and discharging time intervals are kept identical. To
verify the charge balance of capacitors Caand Cg, the net charge Qa and Qg for a complete
cycle are given as (< > represents average current flowing through the capacitors for load

impedance 2)
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(Vac = Ve,) = Ve, + Vae/4) + (2Vae = Ve, = Vac/4) = (Vae + Ve,) + (2Vae —

Vey + Vac/4) = Vae +Ve,) + (Vae = Ve, )}

= 8Vdc - 16VdC (61)

L +L +L +L . +R +R
= (i — (i i —(i i —(i
Qp ( CB:%) ( 63,3‘2‘” ) +( CB»SI;_dC ) —« cB,ﬂf}dC )+ ¢ cB,ﬂf}dC ) —« CB.SZ‘“ )

Cp

Vae) = (i;stdc) + (T sy, — (T vy
4 B3 B3 4

+R +R -
+ (lCB.3Zd”) <lcg,%) + (i Cs

.—R .—R .—R .—R
i — (i i — (i -T
+ ¢ 63,711“) ( cB,SZdC) + ¢ 63,3‘1‘“) ( CB:%>

= %{(Vdc — Ve, — Vac/2) = (Vae + Veg = Vac/2) + (Vae — Ve, + Vac/2) — (Vae +
Veg +Vac/2) + (2Vae = V) + (Vae = Vi) = Ve + (Vac/2 = Ve,) — (Vep +
Vac/2) + (Vae = Vi) + (2Vac = Ve, — Vae/2) — (2Vae + Ve, — Vac/2) + (2Vge —

VCB) - (VdC + VCB) + (VdC - VCB) - VCB}

= 4V, — 16V, (6.2)
where igj(B),vo, igf(B)lvo are the currents through Cag) in left and right half of positive
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voltage level v, igj(B),vo, ig/’f(B)’vo are the currents through Cag) in left and right half of
negative voltage level vo, and T is the total time period of the output voltage.

At steady state, due to the symmetric nature of the output current and considering Qa =0
and Qg =0 in (6.1) and (6.2), it can be observed that the voltage across Ca and Cg are
Va/2 and Vqc/4 respectively. As the capacitors are self-balanced and do not require
additional circuit, the overall size, cost and complexity of the RVSC-MLI reduces.

The different voltage levels (left half) of positive half cycle are achieved in the

proposed 17-level RVSC-MLI through Table 6.1 and Fig. 6.2 are given as

Level zero: Fig. 6.2(a) shows the circuit configuration of the zero-voltage level. It is

achieved using switches T2, Sp, S3, Sa, T3, Sa, Qa, Qc, Sd and diodes Dg, Dp.

Level +Vac/4: Fig. 6.2(b) shows the circuit configuration of voltage level +Vqc/4. The
voltage source Vqc charges the capacitors Cz through the switches S1, diodes of Ss, Ss and
S2. The capacitor Ca charges through the diodes Da and Dg, whereas Cg charges through
diodes Dc and Dp. The switches Tz, Ts, Sa, Sa ensure positive voltage level across the load.
The voltage of +Vqc/4 is obtained as (+Vdc - Vac/2 - Vac/4).

Level +Vac/2: Fig. Fig. 6.1(c) shows the circuit configuration of voltage level +Vqc/2. The
capacitor Ca feeds the load to achieve the voltage level and it discharges through the
switches Qa and Qg. The capacitor Cg is bypassed through the switch Qc and diode Dp.
The capacitor C, remains unaffected while the current flows using switches Sz, Sz and Sa.
Level +3Vac/4: Fig. 6.2(d) shows the circuit configuration for generation of voltage level
+3Vac/4. The voltage source Vqc charges the capacitors C1 and Ca (as explained in level
Vac/4). The capacitor Cg discharges through the switches Qc and Qp. The voltage level

+3Vyc/4 is obtained as (Vqc - Vac/2 + Vac/4).
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Switching Patterns and States of Capacitors of the Proposed 17-level RVSC-MLI

Table 6.1

T o g
voltage Switches voltage Switches
levels Ci: Ca Cs levels Ci: Ca Cs
+2Vde T2, S1, Ss, Ss, T3, Sa, Qa, Qc, Sd D ) ) -2Vdc Sc, Qg, Qo, S, T4, S4, Sz, S2, T1 D U U
(+L)| 20 S S, S2: S T3,SSa, Qar Qe, cC D D | s, Qc, Qb, Sp, T4, 84, 53,8, T | D C D
+7Vacl4 Qc, Qo, S4 -TVacl4
(+R)| T2, S1, S, Ss, T3, Sa, Qa, Sd D U C (-R) Sc, Qa, Sp, Ta, Sa4, S3, 52, T1 D U C
+3Vdc/2 T2, Slv 83, SS; T3’ Sa’ QC, Sd D C §] '3Vdc/2 SC: QA! QBsy Q;, S_Fl T4, Sl, S4, c D U
5, S2, T1
L -L
(O] oSS S Sng?” > Qn Qo c b ¢ b Sc, Sb, Ta, Sa, Ss, S2, T1 D C ¢C
+5Vac/4 -5Vac/4
T84 %S Ta S Qa Qe | ¢ | o, S M Qe QS TS S | o,
*R) Qp, Sd (-R) S1, 84, T1
+VdC T21 811 S41 821 Sga T31 Saa QAV ch C U U 'Vdc SCv Q87 QDI Sva-r4l 551 Szv Slv 841 C U U
d 1
(+L)| T2, S1, Sa, S2, Ss, T3, Sa, Qc, Qb, c ¢ D (L) | Se Qa, Qs, Qc, Qo, Sp, T4, Ss, U D D
+3Vadl4 Sa Va4 Ss, 51, T
+R)| T2, 51,54,82,85 T5,5, Qs S¢ | C U C R)| SeQa, Sb, T4, S5, 82,81, 84 T2 | C U C
Wz | TS S SeTaSeQuQ |y oy || Ve | Qe S Ta S S SSu Ty [ € U
c, Sd
(+L) Ta, S1, Sa, S2, Ss, T3, Sa, Sd c € ¢C (L] S, Qa, Qs Sb, T4, S5,S3,S, T | U D C
*Vac/d Ta, S2, Sa, Sa, T3, Sa, Qa, Qc, U U D Vacld Se, Qa, Qc, Qb, Sb, Ta, Ss, Ss, U U D
(+R) Qbo, Sd (-R) S, Ta
0 T2, S2, 83,54, 73,82, Qa,Qc, S | U U U 0 Sc, Qs, Qp, Sb, T3, S4, S1, T1 u U u

The column ON Switches represents the switches carrying load current. The capacitor states C is for charging, D
for discharging, and U for unchanged. +L, +R are left and right half voltage levels of positive half cycle; -L, -R are

left and right half voltage levels of negative half cycle.

Level +Vqc: Fig. 6.2(e) shows the circuit configuration of voltage level +Vqc. The voltage

source feeds the load directly without involving any capacitor to generate the voltage

level. Cyis charged in this interval (as explained in level Vyc/4). The capacitors Caand Cg

remain unaffected and are bypassed through switches Qa, Qc and diodes Dg, Dp.

Level +5Vuc/4: Fig. 6.2(f) shows the circuit configuration for generation of voltage level

+5V4c/4. The switches Tz, S1, S4, Sz, Ss, T3, Sa, Qa, Qs and Sq are turned on in this interval.

The capacitors C; and Cg get charged in this interval. The capacitor Cadischarges through

the switches Qa and Qs.
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Level +3Vac/2: Fig. 6.2(g) shows the circuit configuration of voltage level +3Vq/2. The
switches Ta, S, Ss, Ss, T3, Sa, Qc and Sq are turned on in this interval. The capacitors Ca
get charged through the charging loop. The capacitor C1 discharges in this interval through
switches Si, Sz and Ss. The capacitor Cg remain unaffected and are bypassed through
switches Qa, Qc and diodes Dg, Dp.

Level +7Vac/4: Fig. 6.2(h) shows the circuit configuration for generation of voltage level
+7Vqc/4. The voltage source Vg charges the capacitors Cy (as explained in level Vqc/4).
The capacitor Caand Cg discharges through the switches Qa, Qg, Qc and Qp. The voltage

level +7Vqc/4 is obtained as (Vac +Vdc/2 + Vac/4).
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Fig. 6.2 Current flow for posituve voltage levels of the proposed 17-level RVSC-MLI. (a) Current
flow at voltage level zero. (b) Current flow at voltage level Vpc/4. (¢) Current flow at voltage
level Vpc/2. (d) Current flow at voltage level 3Vpc /4. (e) Current flow at voltage level Vpc. (f)

Current flow at voltage level 5Vpc/4. (g) Current flow at voltage level 3Vpc/2. (h) Current flow
at voltage level 7Vpc/4. (i) Current flow at voltage level 2Vpc.

Level +2Vac: Fig. 6.2(i) shows the circuit configuration of voltage level +2Vq. The
voltage source and the capacitor C; feeds the load directly without involving any capacitor
to generate the voltage level. Ctis discharged in this interval thorough switches S1, Sz and
Ss. The capacitors Caand Cg remains unchanged in this interval. The voltage level +2Vqc

is obtained as (Vdc +Vac).

6.4 Generalized Structure of the Proposed 17-level RVSC-MLI

For achieving higher voltage levels, the proposed RVSC-MLI structure can be extended

by cascading the (switches Si,i-Ss i and capacitors Cy,i ), where i is the number of units are

connected in cascade as shown in Fig. 6.3. The generalized structure of the proposed
RVSC-MLI does not require any additional voltage source to achieve higher voltage

levels.
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Fig. 6.3 Extended structure of the proposed 17-level RVSC-MLI.

Table 6.2
Maximum Blocking Voltage Across Switches of 17-level RV-
SCMLI
Switches Maximum  Switches Maximum
voltage voltage
stress(XxVac) stress(XVdc)

S1 1 Ta 1
S 1 Sa E
4
S3 1 Sh §
4
S 1 Sc 3
4
Ss 1 Sd E
4
T1 1 Qa l
2
T) 1 QB l
2

Ts 1 Qc, Qp 1 ’ 1

4 4

The maximum blocking voltages of all switches are given in Table 6.2. The PIV across

all switches are within input DC source voltage Vq.. From Table 6.2, the TSV of the 17-

level RVSC-MLI is calculated by adding the individual PIV of all switches and is

obtained as

{TSV =

16.5V,,

PIV =1V,

152
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The PIV of switches and diodes in the generalized structure of the proposed RVSC-
MLI are within Vgc. The number of active and passive elements for generating 8n—7
voltage levels in the proposed generalized RVSC-MLI (where n is the number of

capacitors) can be expressed as

Nswitch = 5n+6
Ndiode =4
(6.4)
NSOUI’CE :1
where N N, and N are the number of switches, diodes and DC sources

switch ! diode source

respectively.

6.5 Switching Scheme

Selective harmonic elimination technique using modified grey wolf optimization is used
to generate the switching angles of the proposed RVSC-MLI. The switching angles and
output voltage levels of the proposed 17-level RVSC-MLI is shown in Fig. 6.4, where the
amplitude of each step voltage and switching angle are taken as +Vq4c/4 and 6; (i=1-8)
respectively. Fourier expansion of the quasi-square waveform of the output voltage for

the proposed 17-level RVSC-MLLI is given as

Foa

2 Ve
74 Ve 0,
3/ Ve bs

5/ 4 Ve 0s

bz 6o

Ve 04
312' 4 Vcc €3
1/; 2 Vcc 8‘2

1/2'4 Vcc 81

Ll

0 7/2 T of

Fig. 6.4 Switching angles and output voltage levels of the
proposed 17-level RVSC-MLI.
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n ket (6.5)

s

8 cos(k@)
=1

where w is the angular frequency of the staircase output voltage waveform. The amplitude

modulation index (Morf) of the fundamental output voltage waveform is expressed as:

8
_%Zcos(ei) (6.6)

The switching angles for 17-level RVSC-MLI 6; (i = 1-8) are obtained using

C0S 6, +€0s 4, +cosb, +cosé, + cosd, + cosb, +cosé, +cosd, =8M
cos(mé,) + cos(mé,) + cos(mé,) + cos(mé,) + cos (mé,)
+c0s(mé,) + cos(mé, ) + cos(mé,) =0

(6.7)

where m is the number of harmonics. The harmonics such as 5™, 7, 11t 13t 17t 19t

and 23 are considered for obtaining the switching angles.

6.6 Capacitance Calculation

To calculate the values of the capacitances, the longest discharging cycles of the

capacitors are considered. It can be observed from Table 6.1 that the capacitor C; has the
longest discharging cycle in the interval &5 to 77 — & . The capacitor Ca has the longest
discharging period from 7 —6;to 7 +6,, which consists of a few small charging
intervals also. The discharging intervals are 7—6, to 7 —6;, 7+6, to 7 +6,,
T+6;t0 1+6 and 7 +6, to 7+ 6, , whereas the charging intervals are 7 — 6,
tor—6,, 7+Btox+0, x+60;t107m+6, and 7T+6Ost07r+6,. The

capacitor Cg has the longest discharging period from & to O, . The maximum

discharging values Qc1, Qa and Qg of the capacitors Cy1, Ca and Cg are given as
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1 _71'—98 -6, =0y
chzg .[ i,d0+ .[ i,d0+ J‘ i,dé (6.8)
| G T—6g T—6;
1 _ﬂ'—66 T—6y T+6, T+6;
Q, == J'iode— j i,do - j i,d0+ j i,do
| 7—6; 703 +6, 7+6,
7+6, T+65 T+6; T+05
- j i, do+ j i,do— j i, do+ f i,do 6.9
7+0, +0; +0 n+0;
1 dé
Qe, =— !'o (6.10)

where io::—" , Vo IS output voltage at the respective intervals (given in Table 6.1) and R is
L

load resistance. The maximum allowable voltage ripples across the capacitor Ci is kVci
(i=1, A, B), where k is the ripple factor. The optimal value of the capacitance (Ci) is given

as

C > —k%‘ fori=1, A, B (6.11)

Ci
Substituting the values of io into (6.8), (6.9) and (6.10) and from (6.11), the values of

capacitors (C1, Ca and Cg) are obtained as

1

Cimin = 87sz—R|_k(87z ~66; — 6, —96;) (6.12)

ArfsR K (6.13)

+50; - 76, +76;)
Bmin = #(—76’7 +76) 6.14
27Z'fs RLk ( ! )
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6.7 Switching Loss Calculation
The switching loss occurs due to charging and discharging of parasitic capacitances of
switches. Switching loss occurs during the turn on and turn off of switches in a cycle [51].

The switching loss during turn on Psw,ion) and turn off Psw,iwfr) are given as

I:)sw,i(on) - sz i (t) I(t)dt
on szi i
= fswjt Ll =t oty fat
o |t t, (6.15)
= 1 1:sw iszi Iiton
6 ) )
Poi (off) = Viw.i (1).(t)dt
g Voma g | (t—t ) |dt
- Tsw 0 toﬁ toﬁ off
(6.16)
fSWVSWI i ~off

where Vs, is the off-state voltage of the it switch, I; is the current of the i switch when
the switch is turned on, I/ is the current of the i switch before the turn off of the switch,
ton Is the duration when the switch is turned on, toff is the duration when the switch is
turned off and fsw is the switching frequency. To calculate total switching loss, the number
of Non and the number of Nos Switching states per one cycle is multiplied by (6.15) and
(6.16). The total switching loss is calculated as

on(i) off(l)
Fs = ZI(Z sw,on(j) Z swoff(lj)j (6.17)

Using (6.17), the total switching loss of the proposed 17-level RVSC-MLI is obtained as

14.65V, 2 13.76V, 2
PS = R—d fs on +R—d fs off (618)

L L
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6.8 Conduction Loss Analysis

Conducting loss is caused by the parasitic parameters such as on-state resistances of
switches, voltage drops of diodes, and the currents in the circuits. The diodes (including
the body diodes of switches) are assumed to have the same voltage drop Vp and resistance
ra. All the switches are assumed to have the same on-state resistance rs. The conduction

loss of the proposed 17-level RVSC-MLLI is given as

T i1 I‘eq + RL

2 & |V, —Voe
Pon :_Z{ﬁ}xreq'(giﬂ_ei) (6.19)

where Vo, Vbeq, 'eq @and RL are the output voltage, the equivalent voltage drops of diodes,

the equivalent parasitic resistance and the load resistance respectively.

6.9 Ripple Loss Analysis

The ripple loss occurs at the time of charging of capacitors at different switching

instances. The voltage ripple of capacitors is obtained as
AVpi = L t’ i (t).dt
ci = C_i't[ICi (t). (6.20)

where iCi is the capacitor current and t-t’ is the charging interval. The ripple voltages of

capacitors (C1, Ca and Cg) are given as:

1
AVer=——— (87— 60 — 6, — 96, (6.21)
¢l 87Z'stLC1( d 6 97 8)
1
AVep =——— (6 -6, + 36 — 360, —50- + 56 — 76, + 76, (6.22)
CA 171sR.C, (61— 6, +360; — 30, —565 + 505 — 16, + 763)
AVcg =;(—7¢97 +765) (6.23)
27Z'stLCB

The ripple loss in one cycle operation of the output voltage is given as
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1
2T -

Pr=== D, CAV (6.24)
1,A,B

where Ciand AV, are the i'" capacitor and ripple voltage of it.

The efficiency of the proposed 17-level RVSC-MLI can be written as

_ R
P+ P +Ps + P

n (6.25)

where Po, Pc, Ps and Pr are the output power, conduction, switching and ripple losses.
6.10 Comparison with Other Reported SC-MLI Topologies

In this section, the proposed RVSC-MLI is compared with other reported SC-MLIs in
terms of active and passive components, TSV, PIV and cost as given in Table 6.3. The
proposed SC-MLI requires one DC voltage source, PIV and TSV is reduced as compared
to the reported SC-MLIs. In [59] and [60] number of sources increases linearly with the
output voltage level. In [38], [40], [47] and [56] to generate 17-level output voltage, seven
capacitors are required and TSV and PIV are also relatively higher as compared to
proposed RVSC-MLI. The topology presented in [40] and [47] requires thirty-nine and
twenty-five switches to generate a 17-level output voltage with higher TSV and PIV as
compared to proposed topology. The TSV and PIV of the topologies [12-18] and DASC-
MLI are much higher than the proposed RVSC-MLI. The generalized graphical
representation of PIV and TSV versus output voltage levels for different topologies are

shown in Fig. 6.5(a) and (b).

A cost function (CF) has been used to compare the proposed RVSC-MLI with the

reported SC-MLIs and is given as [54]

CF = (Ngyien + Negp + Nyoge + ATSV, + SPIV, )N, (6.26)
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Table 6.3

Comparison of proposed 17-level RVSC-MLI with Reported 17-level SC-MLI Topologies

Parameters [60] [47] [40] [59] [56] [38] [45] DASC- RVSC-
MLI MLI
NSource 8 1 1 4 1 1 1 1 1
Nswitch 18 25 39 14 18 12 17 11 21
Ncap 0 7 7 4 7 7 4 4 3
NDiode 0 0 0 20 7 14 4 5 4
TSV(XVqc) 32 53 39 34 46 96 29 25.5 16.5
PIV(xVqgc) 8 8 1 4 8 8 4 4 1
CF 304 62.5 66 228 59 85 41.5 34.75 36.75
(2=0.5, 6=0.5)
CF 560 115.5 105 364 105 181 70.5 60.25 53.25
(A=1.5, 6=0.5)
CF 368 70.5 67 244 67 93 45,5 38.75 37.75
(2=0.5, 6=1.5)
CF 624 123.5 106 380 113 189 74.5 64.25 54.25
(A=1.5, 6=1.5)
Boosting Feature
and No Yes Yes Yes Yes Yes Yes No Yes
Extendibility

where Nswitch, Ncap, Ndiode @nd Nsource are the number of switches, capacitors, diodes, DC
source and A, are the importance factors of TSVpy and PIVpe. The active/passive
components such as the number DC voltage sources, number of switches, capacitors and
diodes are considered in the cost calculation. To explain the effects of TSV and PIV in
the proposed CF, weight coefficients A and & are multiplied in per unit scales. The values
of Zand & mentioned in Table 3 are: A=0.5, 6=0.5; A=1.5, 6=0.5; A2=0.5, 6=1.5 and A=1.5,
6=1.5. It is important to note that if Aands are less than one, the required number of
passive components are given more importance in the cost calculation. However, if 4 and
o are more than one, TSV and PIV are given more importance in the cost calculation.
Referring Table 6.3, when 2=0.5 and 6=0.5, the required number of passive components
are given more importance; for A=1.5 and 6=0.5, TSV is given more importance; for A=0.5
and 0=1.5, PIV is given more importance; for A=1.5 and d=1.5, both TSV and PIV are

given importance in the cost calculation. Thus, the cost calculated using four different
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values of 2and & shows the merits of the proposed RVSC-MLI for all cases, whether

passive components or TSV and/or PIV are given more importance.
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Fig. 6.5 Comparison of the proposed 17-level RVSC-MLI with

reported SC-MLIs. (a) PIV versus number of voltage levels. (b)
TSV with number of voltage levels.
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6.11 Simulation Studies

The performance of the proposed RVSC-MLI is simulated in MATLAB/Simulink. The
DC source voltage Vpc is taken as 100 V. Fundamental switching strategy (50 Hz) is used
and the value of modulation index is taken as 0.75. Considering 10% voltage ripple, the
values of capacitors C1, Ca and Cg obtained using (6.12)-(6.14) are approximately 1470
uF, 660 pF and 800 uF respectively. The output voltage Vo and current lo waveforms of
the proposed 17-level RVSC-MLI for a resistive load (R =40 Q) are shown in Fig. 6.6(a).

The measured rms values of voltage and current are 135.5 V and 3.42 A respectively.
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Fig. 6.6 Simulation results of the proposed 17-level RVSC-MLI. (a) Output voltage (V,) and
current (o) for R load (R= 40 Q). (b) Output voltage (Vo) and current (l,) for R-L load (R= 40
Q, L=60 mH).
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Fig. 6.7 Simulation results of capacitor voltages of RV-SCMLI. (Vc1, Vea and Veg).

The output voltage Vo and current lo waveforms for R-L (40 Q and 60 mH) condition
loading condition is shown in Fig. 6.6(b). The three capacitor voltages are shown in Fig.
6.7. It can be observed from Fig. 6.7 that capacitor voltages Vci1, Vca and Vcg are self-
balanced at voltages Vc1 = 100 V, Vca =50 V and Vce = 25 V respectively. The voltage
stresses across switches of (S1, Sz, Ss, S4 and Ss) of the proposed RVSC-MLI are shown
in Fig. 6.8(a) and (b) respectively. The voltage stresses across switches (S1, S2, Sz S4 and
Ss) are measured as 100 V respectively. The voltage stresses across switches (Sa, Sb, Sc
and Sq) are shown in Fig. 6.8(c). It can be observed from Fig.6.8(c) that the voltage

measured across switches (Sa, S, Sc and Sq) are 75 V respectively.
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The voltage stresses across switches Ti, T2, Ts and T4 are shown in Fig. 6.8(d) and are
measured as 100 V respectively. Similarly, the voltage stresses across switches (Qa, Qs,
Qc and Qp) are shown in Fig. 6.8(e) and measured as 50 V, 50 V, 25 V and 25 V

respectively.
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Fig. 6.8 Simulation results of voltage stress of the proposed RVSC-MLLI. (2) Voltage stresses
across switches (S1, Sz and S3). (b) Voltage stresses across switches (S; and Ss). (¢) Voltage
stresses across switches (Sa, Sp, Sc and Sq). (d) Voltage stresses across switches (Ty, T2, Ts and

Ta). (€) Voltage stresses across switches (Qa, Qs, Qc and Qp).

The dynamic performance of the proposed RVSC-MLI is verified through simulation
in this work. The load resistance is step changed from 80 Q to 40 Q to observe the
dynamic behaviour of the RV-SCMLI. The load current is changed from 1.8 Ato 3.53 A
due to step change in resistance and is shown in Fig. 6.9. From Fig. 6.9, it can be noticed

that the load change does not any effect on output voltage waveform. Hence, it confirms

the inherent voltage balance of capacitors in the proposed RVSC-MLLI.
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Fig. 6.9 Dynamic performance of the proposed RVSC-MLI for step-down

change in load resistance.
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6.12 Experimental Validation
The performance of the proposed RVSC-MLLI is validated through a 550 W experimental
prototype, as shown in Fig. 6.10. The parameters used in experiment are listed in Table

6.4.

SOL’RCE

W

LOAD | } 1
\".

.  LWVOLTAGE[MCURRENT \\ 2
SWITCHES [RPROBE PROBE  wa 2.

Fig. 6.10 Photograph of experimental prototype (17-level RV-SCMLI).

Table 6.4
Devices and Parameters Used for Experimentation
Microcontroller TI-TMS320F28335
IGBT HGTG12N60A4D
Gate Drivers FOD-3184
Electrolytic 1470uF (C1), 660 pF (Ca)
Capacitors and 800 (Csg)

6.12.1 Steady State Performance

The steady state performance of the proposed RV-SCMLI is investigated in this section.
The input DC source voltage Vqc is as taken 100 V. Fundamental switching strategy (50
Hz) is used and the value of Mot is taken as 0.75 in this study. The input voltage Vqc, input
current lin, voltage Vo and output current lo waveforms of the proposed 17-level RVSC-
ML for a resistive load (R =40 Q) are shown in Fig. 6.11(a) and the rms values of Vo and

loare 134.8 V and 3.37 A respectively. The measured frequency of Vo and lgis 50 Hz.
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Fig. 6.11 Experimental results of the proposed RVSC-MLI. (a) Input voltage (Vac),
Input current (lin), Output voltage (Vo) and current (l,) for R load. (b) Output voltage
(Vo) and current (lo) for R-L load. (c) Capacitor voltages (Vci, Vea, Veg). (d) Harmonic
spectrum of V..

For R-L load (R =40 Q, L = 60 mH), output voltage Vo and current lo are shown in Fig.

6.11(b). It can be observed from Fig. 6.11(c) that capacitor voltages (Vc1, Vca and Vcg)

are balanced at 100 V, 50 V and 25 V respectively. The ripples voltage AVc1, AVca and

AVcg of capacitors are 9 V, 4.5 V and 2.5 V respectively. The harmonic spectrum of the

output voltage Vo is shown in Fig. 6.11(d) and THD is measured as 6.75%. The voltage

stresses across switches of (S1, S, S3, S4 and Ss) are shown in Fig. 6.12(a) and (b) and

measured as 100 V respectively. Similarly, the voltage stresses across switches (T1, Tz, S¢

and Sq¢) and (T3, T4, Saand Sp) are shown in Fig. 6.12(c) and (d) respectively.
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Fig. 6.12 Experimental results of voltage stresses of the proposed RVSC-MLI. (a) Voltage stresses
across switches (S1, Sz, Ss). (b) Voltage stresses across switches (Ss, Ss). (¢) Voltage stresses across
switches (T1, T2, S¢, Sa). (d) Voltage stresses across switches (Ts, Ta, Sa, Sp). (€) Voltage stresses

across switches (Qa, Qs, Qc, Qo).
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It can be observed that the voltage stress across the switches Ti, T2, Sc and Sqare 100 V,
100 V, 75V and 75 V respectively and the voltage stresses across switches Ts, T4, Saand
Spare 100 V, 100 V, 75V and 75 V respectively. The voltage stresses across switches
(Qa, Qs, Qc and Qp) are shown in 6.12(e) and are measured as Qa, Qs, Qc and Qp are 50
V,50V, 25V and 25 V respectively.

The voltage stresses across diodes of the proposed SC-MLI are also within input DC
voltage Vqc. From the experimental results, it is verified that the PIV of all switches of the
proposed RVSC-MLI are within input DC voltage Vqc. The voltage stresses across diodes
of the proposed RVSC-MLI are also within Vgc.

The switching loss, conduction loss and ripple loss are calculated using (6.18), (6.19)
and (6.24) and are given as 8.51 W, 20.78 W and 9.67 W respectively. From Fig. 6.11(a),
the measured input power Pin =500 W, output power Pout = 456 W and 10ss Pioss = 44 W,

which gives efficiency 5 = 91.2%.

Telk T @ Acq Complete M Pos 10.40ms Tek Ny @ 4cq Cornplete b Pos: 10,40ms
+ -

+ 2

. Vea
I |' -;-

FN

{ns]

CH2 100y t 10.0ms
CH3 50.0%  CHA SOy

(@) (b)

Fig. 6.13 Dynamic performance of the proposed RVSC-MLI. (a) Step-down change in
load current. (b) Step-up change in load current.
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6.12.2 Dynamic Performance
The dynamic performance of the proposed RV-SCMLI is investigated in this section. The

load resistance is changed to observe the dynamic response of the proposed RVSC-MLI.
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The dynamic response for step-down change in load current 5 A (peak) to 2.5 A (peak)
and step-up change in load current 2.5 A (peak) to 5 A (peak) are shown in Fig. 6.13(a)
and (b) respectively. From Fig. 6.13(a) it can be observed that the load change does not
have any considerably effect on the output voltage waveform and Fig. Fig. 6.13(b)

confirms the self-voltage balance of capacitors in the proposed RVSC-MLI.

6.13 Conclusion

An extendable 17-level RVSC-MLI with reduced voltage stress and lesser number of
active and passive components using a single DC voltage source is presented in this
chapter. It has been observed that the PIV across all the switches and diodes are within
the input DC voltage in proposed RVSC-MLI. Higher voltage levels than 17 can also be
achieved through the extended structure of the proposed RVSC-MLI. The proposed
RVSC-MLI requires lower rated power switches as compared to existing SC-MLIs due
to reduction in PIV. Moreover, a voltage gain of two is achieved through the proposed
17-level RVSC-MLI which can be further increased through the extended structure of it.
Comparative analysis with the reported SC-MLIs validates its merits in terms of PIV,
TSV and active/passive components. Capacitor voltage balance has been achieved in the
proposed RVSC-MLI without using any additional circuit. The performance of the

proposed RVSC-MLI has been validated through experimental prototype.
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Chapter 7

Conclusion and Future Scope

7.1 Conclusion

This work presents modified particle optimization (MPSO), modified whale optimization
(MWO) and modified grey wolf optimization (MGWO) for harmonic minimization of hybrid
cascaded multilevel inverter (HC-MLI) using SHE-PWM. The results obtained through
MPSO, MWO and MGWO are compared in terms of harmonic minimization in HC-MLI as
compared to genetic algorithm (GA), particle swarm optimization (PSO), whale optimization
(WO) and grey wolf optimization (GWO).

It has been observed that at higher number of output voltage levels, the number of active
and passive components are very high in HC-MLI and complicated voltage balancing
mechanism is required in them, which makes the overall system bulkier and complex. The
problem can be reduced using switched capacitor based MLIs (SC-MLIs), where the number
of active and passive components are less as compared to HC-MLI. In SC-MLlIs, the
capacitors are self-balanced, and therefore the switching scheme is simplified. Two new
topologies of SC-MLI, named as diode assisted switched-capacitor MLI (DASC-MLI) and
reduced voltage stress switched capacitor MLI (RVSC-MLI) are proposed in this work using
MGWO, wherein the number of active and passive components are further reduced.
Moreover, the peak inverse voltage (P1V) and total standing voltage (TSV) are also reduced

in DASC-MLI and RVSC-MLI as compared to reported SC-MLIs.
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In chapter 2, an MPSO optimized three-phase, 11-level HC-MLI using SHE-PWM technique
is explored. Improvements in weight and velocity features in MPSO take care of local optima
efficiently, leading to better convergence rate and lower harmonic content as compared to
GA and PSO. The proposed MPSO optimized HC-MLI ensures capacitor voltage balance,
even at higher modulation indices by utilizing the available redundancies of HC-MLI. The
capacitor voltage balance in HC-MLI is also achieved at higher modulation indices using
harmonic injection method in this work. In chapter 3, MWO optimized three-phase, 11-level
HC-MLI is presented. The adaptive position co-efficient vector and exponentially decaying
function in MWO gives improved results as compared to conventional WO. In MWO, the
chaotic local search technique efficiently takes care of possible local optima and enhances its
convergence rate. Moreover, the proposed MWO balances the capacitor voltage even at
higher modulation indices, exploiting the redundancies of HC-MLI. In chapter 4, MGWO
optimized SHE-PWM has been used for harmonic minimization in HC-MLI. The use of
adaptive position co-efficient vector and exponentially decaying function gives improved
results as compared to GWO in MGWO. The chaotic local search technique in MGWO
avoids local optima stagnation, while weighted position method enhances the convergence
rate. The MGWO reaches global optima faster than other reported algorithms discussed in
this work and effectively eliminates selected lower order harmonics from the output voltage.
Some of the applications of the proposed work are medium and high-power motor drives,
static synchronous compensators and active power filters. The work has been validated
though theoretical findings and simulations. A 1.5-kW prototype is developed to demonstrate
the steady state and dynamic performance of the proposed MPSO, MWO and MGWO

optimized three-phase HC-MLIs.
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Two new topologies of SC-MLIs, 17-level DASC-MLI and RVSC-MLI using reduced
active and passive components are presented in chapters 5 and 6. The basic unit of DASC-
MLI and RVSC-MLI require only one DC voltage source to generate output voltage levels
using lesser number of active and passive components as compared to existing SC-MLIs.
Also, TSV and PIV of DASC-MLI and RVSC-MLI are reduced as compared to reported SC-
MLIs. Also, they have improved reverse current carrying capability as compared to existing
SC-MLlIs. Higher output voltage levels than 17-level can also be achieved using extended
structure of DASC-MLI and RVSC-MLI. Capacitor voltage balance has been achieved
without using any additional circuit in DASC-MLI and RVSC-MLI. The proposed circuits

have been verified through extensive simulation and scale down experimentation.

7.2 Future Scope

» Other reported advanced PWM techniques (other than SHE-PWM) such as selective
harmonic mitigation PWM (SHM-PWM) and selective harmonic elimination pulse
amplitude modulation (SHE-PAM) can also be applied to the proposed MPSO, MWO
and MGWO optimized HC-MLI to further reduce the harmonics in the output voltage
waveform.

+  SHM-PWM and SHE-PAM methods can also be explored in DASC-MLI and RVSC-
MLI.

» Advanced digital processors such as field programmable gate array (FPGA), real-
time laboratory (RT-LAB), dSPACE, etc. can be used to in place of DSP to achieve
improved results.

» Applications of proposed HC-MLI, DASC-MLI and RVSC-MLI can be investigated

in the area of renewable energy.
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« Gridintegration of proposed MLIs is another area which can also investigated. During
grid integration modes, the power quality issues are required to be addressed by

designing efficient switching techniques and robust controllers.
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