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Abstract

From the energy saving perspective, it is essential to adopt highly efficient
DC to AC conversion (inverter) system for high power and medium voltage
applications. Indeed the conventional two-level inverters cannot handle
high power system unless series/parallel arrangements of semiconductor
switching devices are used. However, these reformations have severe prob-
lems such as misfiring the gating pulses, voltage unbalances between the
series connected devices and so on. Again to get rid of these problems,
large snubber capacitors and resistors (passive elements) are connected to
each switch for compensating transient voltages and static charge balance.
Nevertheless, these passive elements cause a higher switching loss and rel-
atively long switching time. On the other hand, total harmonic distortion
of the output voltage waveform of traditional two-level inverters is one of
the severe problems as the power ratings of the devices goes high. In this
critical situation, the multi-level inverters (MLIs) are successfully intro-
duced to overcome all the issues as mentioned earlier for medium and high

power applications.

Ever since the inception of MLIs, cascaded H-bridge (CHB), neutral point
clamped (NPC) and flying capacitor converters are among the earliest
topologies that are deemed to be well-established. Each of them has ad-
vantages and disadvantages. An NPC-MLI requires additional clamping
diodes for its extension whereas, CHB-MLI and flying capacitor MLI needs
many isolated DC sources to generate a multistep output and multiple
capacitors respectively. Since then, many derivatives and refinements to
these classic topologies have been proposed. The motivation for this re-
search work stems out from the demand to generate a substantial number
of voltage levels while keeping the device count as low as possible. There-
fore, by taking advantage of the basic MLI configurations, a few schemes
emanating as a result of combining two or more MLIs in part or fully,
referred to as hybrid MLIs are proposed. The offered solutions exhibit

considerable topological improvements with reduced control complexity.

In the present thesis, we have mainly concentrated on designing a novel

hybrid multilevel inverter which can provide an inbuilt isolation for grid-
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connected, FACTS devices and standalone applications. This MLI can at-
tain nineteen level output waveform with only 12 semiconductor switches.
Moreover, it can be extended to n number levels where the switch count
is further reduced enormously. In addition to that, a new PWM switch-
ing technique is introduced to refine the harmonic profile of the proposed
MLI'output voltage waveform. The new PWM can efficiently operate
at a very low switching frequency. Thereby, the switching losses of the

proposed configuration are minimised drastically.

Later, we have kept consistent efforts to derive a new power circuit from
our first proposed configuration. Herein the device count is further re-
duced from 12 to 10 switches to produce the same nineteen level out-
put waveform. In addition to that, an innovative controlling approach is
implemented which is a simple fundamental switching strategy so-called
‘FSQS’technique. Moreover, the switching technique can achieve the least
harmonic distorted output voltage waveform, and it can be applied to any

topology and ‘n’number of output levels.

On the other hand, motor drive applications always prefer the efficient
MLIs without any transformer involvement in their structures. In fact,
most of the power drives are still running with traditional MLIs where
the part count is a significant limitation. Thereby we designed a new
MLI topology which can attain the modularity with less circuit complex-
ity. It has been named as a multi-cell MLI where the power cell is built
asymmetrically. In fact, the part count of the proposed configuration is
an appreciable rate compared to the traditional and recent MLIs for the

equivalent level generations.

In the end, the thesis is devoted to design three unique configurations and
two new modulation techniques to address the full range of MLI applica-
tions. All developed configurations and schemes are simulated extensively
in MATLAB/Simulink. After that, the topologies are verified experimen-
tally by advanced DSP controller and OPAL-RT (Real Time) Simulator on
a prototype setup for recording the corresponding output voltage, current,
and the THD results.

v



Contents

iii

vii

xii

Xiv

1 TNTRODUCTION 1
2

(1.2 Research background| . . . . . .. ... ... ... ... ... .. 2
(1.3 Technical and physical features of the traditional multilevel inverters| 2
(1.3.1 Diode clamped multilevel inverter (DC-MLI)[. . . . . ... .. 3
(1.3.2  Flying capacitor multilevel inverter(FC-MLI)[. . . . . . . . .. 4
[1.3.3 Cascaded H-bridge multilevel inverter (CHB-MLI)|. . . . . .. 5

(1.4 Investigation on recently examined MLI configurations| . . . . .. .. 6
(1.4.1 Symmetrical MLIsf . . . ... ... ... ... ... ...... 6
(1.4.1.1 Summary of symmetrical MLI§ . . . . ... ... .. 15

(1.4.2  Asymmetrical MLIs|. . . . . . ... ... ... .. ... .... 18
(1.4.2.1  Summary of asymmetrical MLIs[. . . . . . . ... .. 26

(1.4.3  Hybrid MLIs| . . ... ... ... ... ... ... ...... 26
(1.4.3.1  Summary of Hybrid MLIs|. . . . ... ... ... .. 36

[1.4.4  Single DC-source MLIs| . . . . . ... ... ... .. ..... 36
(1.4.4.1  Summary of single DC-source MLIs| . . . . . . . .. 46

[L5 Research motivationl . . . . . . . . . .. ... ... ... ... .... 49
(1.6 Thesis objectives| . . . . . . . .. .. ... 50
(1.7 Thesis organization| . . . . . . . . ... ... ... ... ... 51




2 A NEW HYBRID MLI USING MODIFIED CARRIER SPWM |

[2.6  Experimental results| . . . . .. ... ..o o000 67
2.7 Comparative study| . . . . . . . .. .. ... 70
2.8 Summary| . . ... .. 72

[3.2  Proposed MLI configuration synthesisf. . . . . . ... ... ... ... 76
[3.3  Fundamental sine quantised switching technique, . . . . . . . . . . .. 78
[3.3.1  Mathematical analysig| . . . . . .. ... .. ... ... .. .. 85

[3.3.2  Evaluating the switching instants for the proposed 19L topology |

| by the FSQS approach| . . . . .. ... ... ... ... ... 87
B4 Simulation results . . . . . . ... L 91
[3.5  Experimental results| . . . . .. ... ..o 93
[3.5.1 Structural comparative study| . . . . . . .. ... ... 97

[3.6 Summaryl . .. ... 98

4 A NOVEL MUILTI-CELLL CMLI 99
1 100

4.2 Multi-cell MLI topology synthesis| . . . . . . . ... ... ... ... .. 100
[4.2.1  Modes of operation of the proposed MLI| . . . . . .. ... .. 102

4.3 Standard fundamental modulation techniques| . . . . . ... ... .. 106
[4.3.1  SHE control schemel . . . . .. . ... ... ... ... .. 106

4.3.1.1 Newton Raphson (NR) approach to determine switch- |

ing angles| . . . . . ... 108

1.3.2  Round control (or) Nearest level control method| . . . . . . .. 110

vi



441 Simulationresultsl . . . . . .. ..o 113
4.4.2  Experimental results| . . . . . ... ... ..o 000 114
[4.4.3  Comparative study| . . . . . . . ... . ... L. 115
.0 Summary| . . ... 117

5 CONCLUSION AND FUTURE SCOPE]

[ IGBT 123
[A.0.1 Conduction losses| . . . . . . . .. ... ... L. 123

[A.0.1.1 Calculation of the power IGBT-conduction loss (F;g)| 124

[A.0.1.2  Anti-parallel diode-conduction loss (Pp) calculation|. 127

[A.0.2 Switching losses| . . . . . . .. .. ... L 129

[A.0.2.1 Switching loss factor calculation for the IGBT switchl 129

[A.0.2.2  Switching loss factor calculation for the anti-parallel |

[ diodel . . .. ... 130

B DESCRIPTION OF EXPERIMENTAL PLATFORMI

[B.2.1 Steps to dump the .mdl file in OP5600-R’T" Simulator through |

| MATLAB/Simulink{. . . . . ... ... ... ... ... .... 136

[B.3 The peripheral interface circuit board| . . . . . . . ... ... ... .. 137
(Bibliography| 140
[Publications based on the thesisl 152

vil



List of Figures

[[.1 Typical output voltage waveforms: (a) Traditional two-level inverter |
| voltage waveform, (b) Multilevel inverter voltage waveform.|. . . . . . 3
(1.2 Circuit configuration of 5L DC-MLL. | . . . . . ... ... ... ... . 4
[1.3  Circuit configuration of 5L FC-MLIL.|. . . . ... .. ... ... ... . )
(1.4 Circuit configuration of 5L CHB-MLIL.| . . . . .. .. ... ... ... 6
[l.b  (a) Symmetrical CHB-MLI, (b) Common emitter bidirectional switch |
| based MLI, (¢) Reduced bidirectional switch based MLI, (d) Unidirec- |
[ fjonalswitch based MLLJ] . . . . . ... ... ... ... ... ... .. 7
(1.6 (a) Prior H-bridge cell based symmetrical MLI, (b) A single-phase MLI |
| using switched series/parallel DC voltage sources. |. . . . . .. .. .. 9
(1.7 (a) Symmetrical MLI using power cells with two inverter legs in series, |
| (b) Symmetrical MLI with reduced power components, (c) Symmetrical |
| MLI using only unidirectional switches, (d) Symmetrical modular MLI. | 11
(1.8 (a) Cross-switched symmetrical MLI, (b) Cross connected structure |
| MLI, (c¢) Symmetrical MLI with lowest number of switches, (d) New |
| cascaded symmetrical MLL| . . . ... ... ... ... ... ..... 13
[1.9  Novel structure in symmetrical MLI} . . . . . . ... ... ... ... . 14
[1.10 (a) The total number of steps (N, ) versus the total number of gate |
| drivers (N¢), (b) The total number of steps (Ny,) versus the total num- |
| ber of switching components (N;gpr), (¢) The total number of input |
| DC supplies (Npc) versus the total number of switching components |
| (NigBT)| -+« o o o 16
(.11 (a) Binary asymmetrical MLI, (b) Quasi linear MLI, (c) Trinary asym- |
| metrical MLI, (d) Common emitter bidirectional switch based asym- |
| metrical MLI, (e) Unidirectional switch based asymmetrical MLI in |
| binary fashion. | . . . . . . ... ..o oo 19




T12

(a) Cross switched asymmetrical MLI, (b) Cross connected structure

asymmetrical MLI, (c) Binary novel asymmetrical MLI, (d) A new

asymmetrical CCS-MLIL| . . . ... ... ... ... ... ... . ...

T13

(a) Trinary asymmetrical MLI for high power applications, (b) Penta

asymmetrical MLI, (¢) Asymmetrical MLI with least number of switch-

ing devices, (d) Advanced H-bridge asymmetrical inverter.| . . . . . .

T14

(a) New cascaded asymmetrical MLI, (b) Envelop type asymmetrical

15

(a) The total number of switching components (N;5pr) versus the

total number of steps (/V), (b) The total number of input DC supplies

(Npc) versus the total number of switching components (N;gpr), (¢)

The total number of input DC supplies (Np¢c) versus the total number

of steps (V). . . . o o o

.16

(a) Seven level hybrid inverter with distinct switching devices (b) Dis-

[1.17 (a) Three phase five level cascaded HMLI, (b) Novel symmetrical HMLIL| 31

18

(a) A single-phase HMLI using switched series/parallel DC voltage

| sources, (b) HMLI with series connection of DC-MLI and CHB-MLI| 33
[1.19 Double side CHB inverter connected hybrid nine level inverter] . . . . 34
[1.20 (a) Series connection of symmetric and H-bridge based HMLI, (b) Se- |

| ries connection of asymmetric and H-bridge based HMLI, (¢) A novel |

| HMLI with symmetric structure (d) A novel HMLI with asymmetric |

[ structure] . . . . ..o 35
[1.21 (a) A new cascaded MLI with single non-isolated DC link, (b) Cascaded |

[ single-phase transtormer MLI configuration.| . . . . .. ... ... .. 39
[1.22 Single DC-source CHB-MLI by employing low-frequency three-phase |

| transformerl] . . . . . ... 40
[1.23 Active neutral point clamped MLI using single DC supply. |. . . . . . 41
[1.24 (a) A DC source asymmetric MLI with high-frequency link, (b) Cas- |

| caded transformer MLI with single input supply.|. . . . . . . ... .. 43
[1.25 Cascaded H-bridge MLI by employing single DC and capacitors| . . . 44
[1.26 (a) Three phase single DC MLI with the minimum switches, (b) A |

[ single DC source seven level inverter.| . . . . . . . . . ... ... ... 45

1X



[L.27 (a) Seven-Level PWM inverter employing series connected capacitors,

(b) Reduced common mode voltage single DC seven level inverter, (c)

| A quad two-step inverter with single DC-source.| . . . . . . . . . . .. 47
[L28 The outline of the thesid . . . . . . .. .. .. ... ... ... ..., 52
[2.1 The diagrammatic presentation of the proposed nineteen level inverter] 55
[2.2  Key voltage wavetorms of the 19-level topology| . . . . . . .. .. .. 55
[2.3  Schematic arrangement of the POD-PWM strategy with proposed car- |

| rier and sinusoidal reference waveformsf . . . . . . . .. ... 59
[2.4  Developing Sy pulse train for the proposed carrier constraints (a) my |

| =20 and delta =-0.3; (b) m; =20 and delta =-0.15; (c) m; =20 and |

| delta =40.45; (d) my =60 and delta =+1.| . . . . .. ... ... ... 60
[2.5 The process of implementing the developed switching technique for |

| proposed nineteen level topology|. . . . . . . . .. ..o 62
[2.6 Schematic diagram of switching loss Ps; calculations| . . . . . . . .. 65
[2.7  Simulation results: (a) Bridge-A output voltage V,, (b) Bridge-B out- |

| put voltage V4, (¢) Load voltage Vi, (d) Load current iy,. (e) % THD |

| of the load voltage V. |. . . . . ... ... ... ... .. ... ... 68
2.8 (a) Effect of the modulation index on %THD and number of levels (b) |

I Power Josses of the switches for three delta valued . . . . . . . . . .. 69
2.9 (a) Bridge-A output voltage (V,), Bridge-B output voltage (V},) and |

| Load voltage (V1) at m, = 0.085; (b) Bridge-A, Bridge-B and Load |

| voltages at m, = 0.25;(c) Bridge-A, Bridge-B and Load voltages at |
| m, = 0.52; (d) Bridge-A, Bridge-B and Load voltages at m, = 0.81; |
| (e) Bridge-A, Bridge-B and Load across voltages, Load current (i) |

| waveforms at mg = 1.]. . . . . . ... 71
[2.10 FF'T spectrum for load voltage (V, ) at m, =1 . . . ... ... ... 72
3.1 (a) Proposed 19-level inverter configuration, (b) Key waveforms of |

| transformer-1 output voltage Vi, transformer-2 output voltage Vs and |

| load voltage V}, of the proposed topology.|. . . . . . .. .. ... ... 77
(3.2 (a) Zero voltage state, (b) First voltage state: E-volts, (c¢) Second |

| voltage state: 2E-volts| . . . . . . ... ... o000 79
3.3 (a) Third voltage state: 3E-volts, (b) Fourth voltage state: 4E-volts, |

| (c) Fifth voltage state: bE-volts| . . . . . . . . ... ... ... .... 80




13.4  (a) Sixth voltage state: 6E-volts, (b) Seventh voltage state: 7TE-volts, |
| (c) Eighth voltage state: 8E-volts| . . . . . . .. ... ... ... ... 81
[3.5 Ninth voltage state: 9E-volts|. . . . . . . . ... ... ... ... ... 82
3.6 (a) FSQST algorithm, (b) Simulink block representation for V. gener- |
| ation, (c) Vi signal|. . . . ... ..o 84
[3.7 Equal area criterion system to evaluate FSQST| . . . ... .. .. .. 85
[3.8  Simulation results: Triggering pulses ot proposed topology| . . . . . . 91
13.9  Simulation results: (a) Transformer-1 output voltage Vp; (b) Transformer- |
| 2 output voltage Vpa, (¢) Load voltage Vi, (d) % THD of the load |
| voltage V| . . . . . . .o 92
[3.10 Simulation results: % THD variation chart along with quantisation in- |

terval (Q)| . . . . . . 92

BT

Experimental results for 19-level waveform: (a) H4-bridge correspond-

ing transformer secondary terminal voltage (Vo;), H6-bridge pertinent

load (V1), and the current flowing through the load (i1); (b) THD

|
|
transformer secondary terminal voltage (Vo2), the voltage across the |
|
|

spectrum of the load voltage; (c) % THD variation chart for other

possible load voltage levels.| . . . . .. ... ... ... ... ... .. 94

B12

Experimental voltage waveforms across the secondary terminals of the

Transformer-1 (V4;) and Transformer-2 (Vy2) and the load terminals

(V) when the quantisation interval ‘Q’varies from one to one by eight

fraction: (a) Vo1, Voo, and V waveforms for Q = 1; (b) Vi, Vi, and V,

Vo1, Vo2, and V, waveforms for () = 1/4; (e) Vi1, Vie, and V;, waveforms

for () = 1/5; (f) Vo1, Voo, and Vi, waveforms for ) = 1/6; (g) Vo1, Voo,

|
|
|
|
waveforms for Q = 1/2: (c) Vo1, Voo, and V7, waveforms for ) = 1/3; (d) |
|
|
|

and V}, waveforms for ) = 1/7; (h) Vo1, Voo, and V, waveforms for

Q=1/8]. . 95

4.1 (a) The proposed 25-level multi-cell CMLI, (b) Key voltage waveforms |

[ Inperunits.) . . . . ... 101
4.2 Operating modes of the proposed configuration per halt cyclel. . . . . 103
4.3 SHE voltage wavetorm tor multilevel and traditional inverters| . . . . 106
4.4 (a) Nearest voltage level selection, (b) Nearest level control algorithm.| 111

x1



E5

Simulation results: (a) Output voltage of asymmetric bridge, (b) Sym-

metric bridge voltage waveform, (c¢) Load voltage waveform, (d) FFT

spectrum of the load voltage, and (e) Load current.| . . . . . . . . .. 112
1.6 Experimental results: (a) Asymmetrical bridge output voltage wave- |
form Ve, (b) Symmetrical bridge output voltage waveform Vi, (c) |
Load voltage waveform V;, (d) load current waveform iy . . . . . . . 115
4.7 %THD variation chart of the proposed 25-level output voltage waveform|116
[A.1 SKM75GB123D IGB'T power module under investigation| . . . . . . . 124
[A.2 Vg verses i characteristic curves of the SKM75GB123D-IGBT switch: |
(a) At the minimum temperature 25°, (b) At max temperature 125°.| 124
[A.3 Curve fitting waveform for IGBT conduction loss at 25 with respect |
to the collector current o] . . . . . . . ..o 125
[A.4 Curve fitting waveform for IGBT conduction loss at 125 with respect |
to the collector current o) . . . . . . . . ..o 126
[A.5 Anti-parallel diode under investigation| . . . . .. .. ... ... ... 128
[A.6 Diode curve fitting graphs for calculating conduction loss (Pp) : (a) |
At the minimum temperature 25°C' (b) At max temperature 125°C| . 130
[A.7 Device-switching energy loss characteristic graphs of the SKM75GB123D- |
IGB'T switch depend on collector current 2. | . . . . . . .. ... ... 131
[A.8 The parameter K;;pr(ic) for a given maximum junction temperature |
Tovae = 12500« o oo 131
[A.9 Diode turn-off energy dissipation per one switchingl . . . . ... . .. 132
[B.1 Platform of the experimental setup| . . . . .. .. .. ... ... ... 134
B2 The OP5600 Simulator Tayou] . . . . . o o o oo 135
[B.3 (a) Schematic, (b) PCB of the developed dead band circuit.| . . . . . 138
[B.4 (a) Schematic, (b) PCB of the developed driver circuit and inverter |
power board.| . . . . . . . ... 138
[B.5 Experimental setup built with OPAL-RT simulator| . . . . . ... .. 139

xii



List of Tables

(1.1 Component details of symmetrical multilevel inverters . . . . . . . .. 17
(1.2 Component details of asymmetrical multilevel Inverters . . . . . . .. 27
(1.3  Component details of subsequent asymmetrical multilevel inverters|. . 28
L4 Features of the HMLI§ . . . . . . . . . ... ... ... .. ... .. 37
[LLb Features of remained HMLId . . . . . . . ... ... ... ... ... 38
(1.6 Applications of available symmetric, asymmetric, hybrid and single |
[ DC-source based MLIsl . . . .. . ... ... ... ... ... ... 48
[2.1 Switching states of the positive 19-level waveform of the topology] . . 58
[2.2  'The pertormance ot the proposed MLI by varying the delta magnitude| 63
[2.3  Simulation parameters of the proposed setup| . . . . . . . ... .. .. 66
[2.4  Device count of the proposed topology with other structures| . . . . . 72
[3.1 Triggering states according to load voltage wavetorm levels| . . . . . . 82
[3.2  Comparative study on simulation and theoretical switching angles| . . 89
[3.3  Relative study among tundamental switching techniques| . . . . . . . 90
[3.4  Detailed loss analysis of the proposed MLI} . . . . . .. ... ... .. 96
[3.5 Structural uniqueness of the proposed configurations| . . . . . . . .. 97

4.1 Iriggering states ot the semiconductor switches ot the proposed MLI|. 105

4.2 System attributes considered for simulation and experiments| . . . . . 113
4.3 Detailed loss analysis of the proposed MLI} . . . . . .. ... ... .. 114
4.4 Component comparison ot the proposed topology with former contig- |
[ urations . . . .. 116
IA.1 Vgg- ic curve data points for Vg = 15V at T = 25° . . . . . . .. 125
IA.2 Vog- ic curve data points for Vop = 15V at Thuee = 1259 . . . . . . . 126
IA.3 V}- i; curve data points for T,,;, = 25° and Te, = 125° . . . . . .. 129

xiii



[A.4 Extraction of the samples for deducing the switching factor at 71,,,, =

X1v



List of Abbrevations

AC Alternating Current

ACHB Asymmetrical Cascade H-bridge

APOD Alternative Phase Opposition Disposition
CHB Cascade H-bridge Inverter

CMLI Cascaded Multilevel Inverter

CRNGO Cold Rolled Grain Oriented

D Diode

DC Direct Current

DC-MLI Diode Clamped Multilevel Inverter

FC Flying Capacitor

FFT Fast Fourier Transform

FSQS Fundamental Sine Quantised Switching Technique
GTO Gate Turn-off Thyristor

HMLI Hybrid Multilevel Inverter

IGBT Insulated-Gate Bipolar Transistor
IGCT Integrated-Gate Commutated Thyristor
LS-SPWM  Level Shift Sinusoidal Pulse Width Modulation
MLI Multilevel Inverter

MOB Multi Output Boost

MV Medium Voltage

MVR Maximum Voltage Ratio

NLC Nearest Level Control

NPC Neutral Point Clamped

NR Newton Raphson

p Number of Basic Cells per Phase

PD Phase Disposition

PIV Peak Inverse Voltage

POD Phase Opposition Disposition

PWM Pulse Width Modulation

Q Quantisation Interval

SCHB Symmetrical Cascade H-bridge

SHE Selected Harmonics Elimination

XV



SPWM Sinusoidal Pulse Width Modulation

SVM Space Vector Modulation

THD Total Harmonic Distortion

Tr Transformer

VA Volt Ampere

VSI Voltage Source Inverter

Ve Voltage Drop Across the Collector and Emitter Terminals of the IGBT
Ver Voltage Drop Across the Gate and Emitter Terminals of the IGBT

ic Collector Current of the IGBT

xXVi



Chapter 1

INTRODUCTION

Contents

[1.2  Research background| . . ... ... ... ..........

[L1.3 Technical and physical features of the traditional multi-

[L.3.1 Diode clamped multilevel inverter (DC-MLI)| . . . ... ..

[L.3.2  Flying capacitor multilevel inverter(FC-MLI)| . . . . . . ..

[L.3.3 Cascaded H-bridge multilevel inverter (CHB-MLI)[ . . . . .

1.4 Investigation on recently examined MLI configurations|

[1.4.1  Symmetrical MLIs| . . . .. ... ... ... ... .....

[1.4.2  Asymmetrical MLIg . . .. ... ... ... .........

M43 TYbrd MLOIS .« o oo oo e e e

[1.4.4  Single DC-source MLIs| . . . . . ... ... ... ... ...

1.5 Research motivationl. . . . . ... ... ... ..., ..
|1.6 Thesis objectives|. . . . . . ... ... ... ... ...
[L.7 Thesis organization| . ... ... ... ... ... ..




1.1 Introduction

The current chapter presents an introduction to the thesis, including research back-
ground, technical and physical features of the traditional multilevel inverters. Fol-
lowing a critical review on newly configured multilevel inverters, and features of the
existing control techniques are presented. In the end, the research objectives and

organisation of the thesis are included.

1.2 Research background

The increasing demand for electrical energy has been harshly depleting the fossil fuels
in worldwide. In fact, two prominent ways are observed in the literature to increase the
life of fossil fuels for the future generations. Primarily, the existing energy resources
have to be utilised efficiently. Secondly, government and private sectors should come
front to provide financial and technical support for the renewable energy resources
(photo-voltaic, geothermal energy, wind and nuclear power) to generate the electrical
power. Technically, when the power converters run at high efficiency, then the power
consumption comes down. However, the two-level inverter can generate only a square
waveform at its output terminals where the large size filters are required to improve
the quality of waveform by suppressing the harmonics. Therefore it cannot be an
optimal solution to the high power conversion systems, though, the semiconductor
switches are arranged in a series/parallel combinations. Under these circumstances,
identifying a suitable solution for medium voltage and high power applications become
easy by adopting the multilevel inverter. The traditional inverter (two-level) and

multilevel waveforms are depicted in Figure [I.1]

1.3 Technical and physical features of the tradi-

tional multilevel inverters

In the late 1980s, a novel configuration (Nabae et al., |1981)) is introduced to do the
same function where the normal two-level inverter has been doing for long years, i.e.,
treated as a first multilevel inverter. The characteristics like handling high magni-

tude voltages with reduced device stresses, fewer power losses (both switching and
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Figure 1.1: Typical output voltage waveforms: (a) Traditional two-level inverter voltage
waveform, (b) Multilevel inverter voltage waveform.

conduction losses), improved power quality by synthesis ac voltage from several dif-
ferent voltage levels on the DC bus. These are the main reasons for their widespread
acceptance in all possible industrial applications. In fact, any MLI can be configured
with a combination of input capacitors, isolated DC voltage sources, power semi-
conductor devices, inductors and transformers to create a multistep output voltage
waveform with variable and controllable amplitude, frequency and phase (Rodriguez
et al., 2002). A few such arrangements are considered as the classical MLIs and

discussed briefly as under.

1.3.1 Diode clamped multilevel inverter (DC-MLI)

A DC-MLI is essentially composed of two traditional 2L inverters stacked one over the
other and are fed by series connected capacitors (Nabae et all [1981)). The clamping
diode needs different voltage ratings for different inner voltage levels. The DC-MLI
is also called ‘neutral point clamped (NPC) inverter’, because the mid-voltage level
is defined as the neutral point level. A 5L three-phase power circuit configuration
is shown in the Figure [[.2] In fact, only half of the total switch count required

3



T Dal i Dhl‘i Dcl i
3 M e S
N 1 4 |
2V T D 4 ) |
o D W oy b4 2}
i — ] I L |

Figure 1.2: Circuit configuration of 5L. DC-MLI.

unique triggering pulses, whereas the remaining switches receive inverted gate signals
to avoid the DC-link short circuit. In addition to that, the DC-MLI can be extended
to higher power rating and more output voltage levels by adding additional power
switches and clamping diodes. As the number of output voltage levels increases,
the required number of clamping diodes increases dramatically. Thereby, a complex
control system is required to control the DC-link capacitor unbalance, which hindered
the application of the DC-MLI to a higher number of levels (> 5) by the industries.
However single DC supply is one of the biggest assets of this structure for n number

of levels.

1.3.2 Flying capacitor multilevel inverter(FC-MLI)

The FC topology is slightly similar to the DC-MLI, with the main difference that
the clamping diodes are replaced by flying capacitors(Meynard and Foch| [1992),as
shown in Figure[I.3] Similar to a DC-MLI, it also requires only two gating pulses per
leg. However, the complementary device positions are not the same. In comparison
to a DC-MLI, FC has a modular structure which enables its extension to a higher
number of levels effortlessly. This also adds an extra degree of freedom to control

the converter with the help of many available redundant states. But the load is
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Figure 1.3: Circuit configuration of 5L, FC-MLI.

not directly connected to the neutral of converter to create zero voltage level in
FC configuration. Thereby the zero level is attained by connecting the load to either
positive or negative rail through the flying capacitor and polarity could be the opposite
with respect to the DC link.

1.3.3 Cascaded H-bridge multilevel inverter (CHB-MLI)

A CHB-MLI is devised by connecting two or more 5L Three-phase H-bridge inverters
as shown in Figure (Hammond, |1995). Each H-bridge can generate three different
voltage levels (0, Vg, and —Vj.). The output voltage is synthesised by adding each of
the isolated DC voltage sources resulting in the generation of a stepped output voltage
with a step size of value equal to the magnitude of the connected DC sources. It is
one of the highly regarded MLI as far as modularity, device count, and scalability are
considered. Furthermore, soft switching techniques can be used to reduce switching
losses and device stresses. The three traditional converters have unique features and
challenges. Moreover, adopting a suitable control technique plays a vital role in the
quality of the multilevel waveform (Rodriguez et al., 2009, [Malinowsk-Gopakumar
et al., 2010, [Leon et al., [2011). All these factors attract a wide-range applications
such as traction (Stynski et al.; 2009), power-quality devices (Varschavsky et al.,
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Figure 1.4: Circuit configuration of 5L. CHB-MLI.

2010), renewable energy utilisation (Islam et all |2014), energy transmission (Nami
et all [2015), automotive (Pereda and Dixon, 2012), uninterruptible power supplies
(Cortés et al.,|2009), industrial drives (Rodriguez-Bernet, [2007), mining (Kouro et al.|
2007b)), marine propulsion (Apsley et al., 2009), MRI systems (Sabate et al.| [2004))

and so on.

1.4 Investigation on recently examined MLI con-

figurations

1.4.1 Symmetrical MLIs

When all the isolated DC sources have the same magnitudes to the multilevel in-
verter, then that will be treated as a Symmetrical MLI (SMLI). Over the years, tens
of the SMLI community topologies are proposed in the literature. Initially, the au-
thors(Mcmurray, (1971, Marchesoni et al., [1990) attempted to connect two H-bridges
in series for producing five level stepped waveform, and it has become famous for
high-frequency and low-voltage applications (Hammond, 1995). The present sub-
section gives priority to expose well established symmetrical structures and their

characteristics regarding device count, cost, modularity, and redundancy in voltage
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Figure 1.5: (a) Symmetrical CHB-MLI, (b) Common emitter bidirectional switch based
MLI, (c) Reduced bidirectional switch based MLI, (d) Unidirectional switch based MLI.



vectors.

All SMLIs are originated from the CHB-MLI (Lai and Peng},|1996]) which is shown
in Figure (a). Structurally, equal input magnitudes of the H-bridges are connected
in series where the control and protection units of H-bridges became modular for
reducing the manufacturing costs. Further, the number of load voltage levels depends
on the number of DC sources given by the following equation: N; = 2Np¢c + 1.
In fact, the MLI has been installing medium voltage rating switches to accomplish
high voltage waveforms since the cost of the inverter always compromises the switch
ratings. Furthermore, the redundant states of the CHB-MLI made to approve of
doing the program fault tolerant operations in telecommunication systems, production
environments, transportation systems, and medical systems (Franquelo et al.| 2008).
On other hands, CHB cannot be recommended for adopting LS-PWM technique
(Khomfoi and Aimsaard, 2009), and also its installation space and control complexity

increases due to rising in the device count for higher output levels.

Next, (Babaei et al., 2007)) proposed a new MLI for the dynamic voltage restorer
(DVR) applications is shown in Figure[L.5(b). The basic cell of the topology is a com-
posite of an input DC source and four quadrant switching components. Each power
cell can generate three levels. However, it does not have the potential to create more
levels than Figure[1.5{(a) with limited IGBT switches since the two switches are inter-
nally arranged in the common emitter configuration. In addition to that the topology
not suited for fault-tolerant applications due to lack of redundant states. Afterwards
(Babaeil, [2008) proposed a new topology with reduced bidirectional switches as shown
in the Figure (c) It is composed of two separate parts. One is level generated part,
and another one is polarity part. The level part can only create positive and zero
voltage levels while the polarity generator gives full load voltage waveform with simple
H-bridge. On the contrary, the presented topology cannot be extended to higher volt-
age magnitude levels, because the switches in polarity part are not able to withstand
the sum of all DC voltage magnitudes. Subsequently, (Babaei and Hosseini, 2009)
suggested an advanced topology with only unidirectional switches as shown in the
Figure (d) for medium voltage commercial applications like uninterrupted power
supplies. Herein basic power cell builds with only one DC source (equal to V), and
two unidirectional power switches S; and S;. Nevertheless, abnormal voltage stress
among the switches results in loss of modularity. These issues play an important role

in the cost and realisation of the inverter. The recommended topology by (Choi and
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Kang|, [2009, [Lee and Kang|, [2008) is displayed in Figure [1.6[a). It is so called ‘prior
H-bridge cell-based multilevel inverter’. Herein, level created part has smaller switch
count for the same applications. But, the level part cannot provide all individual
DC input magnitudes across output terminals. Therefore, it fails to provide equal
load sharing and also not recommended for asymmetric configurations. (Hinago and
Koizumi, [2010) proposed a topology where the DC sources are switched to series and
parallel combinations as shown in Figure (b) Design-wise, it has enough flexibil-
ity to share the load among input sources and synthesises output levels by activating
very few power switches for meeting electric vehicle drive applications. The signif-
icant limitation is that a zero voltage cannot be synthesised with level part of the
circuit and polarity region is no longer operated in fundamental switching frequency.
Thereby, all existed modulation techniques cannot be adaptable for controlling this

configuration.

Authors (Waltrich and Barbi), [2010) introduced a novel configuration based on the
synthesis of power cells from two inverter legs which are connected in series as shown in
Figure[1.7[(a). Each power cell in the circuit employs two isolated DC voltage sources
and switches with half power ratings. An extra DC supply is the only difference
between the CHB-MLI and the proposed configuration, remaining all the feature of
the CHB-MLI has existed in the topology. Thereby, it is considered as an alternative
for CHB-MLI applications. Although author developed a three-phase version, it can
also be realised in a single-phase system. Later on, (Kangarlu et al., [2012) suggested
a new topology exhibited in Figure (b) which can be obtained all positive and
negative levels and extended to n number of levels. The fundamental frequency
switching technique is implemented to control the topology. Further, in the multi-level
unit, only two switches are unidirectional and remaining switches are bidirectional.
Therefore, the number of gate drive circuits is low, as compared with the aforesaid
symmetrical topologies, except the Figure (b) topology where the same number
gate drive circuits existed. Next, (Babaei et al), 2012) came up with a modified
symmetric structure as shown in Figure [I.7(c). The configuration structurally has
two parts, the part-1 creates only positive levels of the load voltage waveform (i.e.,
level creator), and the part-2 adopts a simple H-bridge whose switch ratings are
excessive for producing the negative polarity waveform (i.e., polarity generator). The
part-1 switches assembled such a way that input DC supplies should be disjoined with

each other. Later on, (Ebrahimi et al., 2012) suggested a novel modular MLI as shown
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in Figure [L.7[(d). Though the circuit structurally imitates working principle of the
above-said topology, the level creator is a unique arrangement which is a unification
of four-quadrant switches and isolated DC sources. The presented topology is free
from nonuniform voltage stresses by employing four-quadrant switches. Nevertheless,
an equal load sharing among the input DC sources is unattainable due to lack of more

switching combinations.

Authors (Kangarlu and Babaei, 2013) found a suitable solution for high voltage
application by introducing an innovative topology as shown in Figure [I.§]a), which
came under the ‘cross switched multilevel inverter family’(Nami et al., 2013, Babaei
and Farhadi Kangarlu, 2011). This structure can extend to any number of voltage
levels. A strength of the configuration is to incorporate a moderate voltage rating
switch to avoid the polarity part of the structure. Similarly, (Liao and Lai, [2011))
presented a simplified five-level inverter topology for distributed energy resources-
based micro-grid applications which is demonstrated in Figure (b) In construction
point of view, it comprises of floating input DC sources connected in reverse polarities
through power switches. In literature, this kind of structures is famous as a cross-
connected sources-based multilevel inverter(CCS-MLI). It is constructed with less
switch count and low switching losses. However, the authors not attempted to discuss
the feasibility of structure to the higher level (more than five levels). Later on (Gupta
and Jain| [2012b)) introduced a generalised structure for CCS-MLI which can attain
any number of output voltage levels, but still, equal load sharing among the input
DC sources and fundamental frequency switching are not possible if levels exceed five
(Gupta and Jain, 2014)). By keeping this in mind, (Alishah et al., 2014]) suggested the
finest symmetrical structure with least device count, compact size, and cost-effective
version. It is shown in Figure[L.8|c). Herein, two parts jointly worked to generate the
desired output voltage waveform. Additionally, the switches and power diodes are
arranged elegantly. However, it requires different ratings of power switching devices.
Next, (Mokhberdoran and Ajami, |2014al) proposed a novel topology shown in Figure
1.8(d). The basic block has six power switches, eight power diodes, and two DC-
sources. The number of conducting switches in the current path is lower to attains

the lowest power losses.

Next, (Babaei et al., 2015)) proposed a new single-phase MLI as shown in Figure
1.9 It is also known as developed cascaded MLI. Herein, an additional dc¢ input

source is needed to get the first voltage level (Vi) ought to primary cells were not
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able to create the first output level. The renewable energy sources such as photo-
voltaic (PV) panels, fuel cells, and energy storage elements (capacitors or batteries)
contributes the necessary isolated DC input sources. If these would be the input DC
voltage sources, then an each DC source should have a DC-DC converter to balance
the voltage magnitudes. If not, the inequalities among them induce an unpredicted
harmonics in the output voltage waveform. There is another option to provide the

individual DC links by using transformers (Peng et al., |1996).

1.4.1.1 Summary of symmetrical MLIs

The subsection is assigned to analyse the most popular symmetrical configurations.
The component-based study for all the topologies are reported in Table [I.I} and
a significant investigation of the Ny, Njgpr and Npc is demonstrated in Figure
1.10, From the study of these, we can conclude that the most effective suggested
topology is presented by (Alishah et al., 2014)), apart from that, the configurations
proposed by (Lai and Peng} [1996)) and (Babaei et al., 2007) have become the famous
circuits when they resolve voltage unbalanced and reduced device count issues. In
fact, two configurations described above demanded the highest gate driver circuits,

and semiconductor switches respectively as the number of levels moving high.
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1.4.2 Asymmetrical MLIs

As discussed in the section, an ‘n’ equal DC voltage magnitudes can offer ‘2n+1’
distinct output voltage levels. However, there are many challenges have to be ad-
dressed, for example, the converter size, installation area, cost, and also implement-
ing the control techniques became difficult for higher levels. These significant issues
are addressed with asymmetrical topologies in the literature where the all DC source
magnitudes of the circuit are not the same. This section is devoted for doing a
comprehensive investigation on asymmetrical MLIs regarding structure, charge bal-
ancing, modularity, feasibility, and algorithms which can determine magnitudes of
DC sources.

Authors (Manjrekar et al.; 1998| |2000) had proposed first asymmetrical MLI con-
figuration as shown in the Figure [1.11|(a). It is operated with non-identical input DC
sources in a binary fashion see in Table [1.2] Thus it is named as binary asymmetri-
cal MLI. Herein, the topology can achieve 2"*! — 1 distinct voltage levels with only
‘n’cascaded H-bridges or ‘n’individual supplies. In other sense, it shows better perfor-
mance compared to symmetrical MLI for the same number of switching components
and DC buses. Next, (Mueller and Gran, [1998)) proposed a single-phase leg for the
quasi-linear MLI as shown in the Figure [1.11{b). For a given output voltage, more
than one combination of switching states can exist, and voltage levels dramatically
increased in this configuration. Additionally, maximum voltage ratio (MVR) is con-
stant despite the output voltage level, leads to getting small MVR for higher levels
which is always preferable for better MLI.

After a period of time, (Lai and Shyu, [2002) introduced a trinary MLI shown in
Figure [L.11)(c). It attains more output levels than the configurations as mentioned
earlier for achieving a better quality of output voltage waveform and the correspond-
ing selection of input DC sources is described in Table [I.2] In practical, the MVR
is getting unreasonable because of high input DC magnitudes. The high DC values
mainly rise the power ratings of the rest of devices and the voltage imbalance also
exists due to the different selection of input values. However, the power devices are
operated at the lower switching frequency to diminish the switching losses in this
configuration. Next, (Babaei et al., 2007)) came up with a new asymmetrical topology
which is depicted in Figure [[.11[d). There, the circuit was operating with a new
algorithm which can determine the DC voltage sources as shown in Table [1.2] and it

attains n2 +n+ 1 output voltage levels by suitable toggling of switches for ‘n'unequal
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DC voltage sources and 2(n+1) bidirectional switches. In the configuration, some of
the output levels were skipped across the output terminals due to lack of subtraction
(For example getting of V3 - V; level is not feasible by the circuit). However, only
four IGBT switches will conduct for every current path at any instant of time that
leads to low conduction losses. The authors could verify 147-levels with the pro-
posed topology. Consequently, (Babaei and Hosseini, |2009) proposed another novel
archetype as shown in Figure m(e) consists of a series connected sub-MLI blocks
associated with reduced number of IGBT switches for synthesising Ny at the phase
output terminals. Furthermore, all the basic units have equal DC magnitudes except
the first unit to accomplish charge balance control among the input supplies, and
the standing voltage of the switches is less compared to earlier topologies. Of course
(Babaei and Hosseini, [2007, Laali et al., 2010) proposed some of the charge balanc-
ing techniques for cascaded H-bridge asymmetrical topologies, and in the presented
topology, polarity generator (H-bridge) modulated at a low switching frequency to
get rid of switching losses (Du et al., [20006)).

Later on, MLI research families had given much interest to design the least device
count MLIs by the proper selection of input DC values. Authors (Ounejjar et al.,
2011) also proposed an asymmetrical flying capacitor (packed U cell) MLI as shown
in Figure [1.12|(a). They have reported an unusual method to ascertain the values of
voltages across the capacitors as specified in Table[1.2] In this configuration, V; is the
principal DC-bus, produced from AC supply and suitable control techniques regulate
the remaining DC voltage levels across the capacitors V5, V3... V,,. Thus accessories of
the input DC components like an excessive number of transformers and diode bridge
rectifiers not required which consequently depreciate the production cost. However,
the circuit undergoes from a common drawback manifested at low modulation indices,
where the input capacitors not adequately charged due to lack of connection between

the main DC bus and the capacitors.

Then after, (Gupta and Jain, 2012a)) proposed a novel MLI topology which can
be synthesised additive combinations of the input DC levels with fewer power de-
vices shown in Figure [1.12(b) similar to (Mueller and Gran| [1998)’s configuration.
In addition to that, all possible subtractive combinations also achieved with an ap-
propriate modulation scheme. This topology was ascertained as an alternative for
the CHB-MLI applications (Zeng et al., [2010, [Tolbert and Pengj, 2000, Sirisukprasert
et al., 2003, |Liu and Luo| 2005, Cheng et al., 2006, Rodriguez-Bernet, 2007). The
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circuit produces 22" —4n+1 redundant states which drive an active voltage balancing.
However, all possible voltage levels did not have redundant states.

The Figure [1.12](c) is an another novel asymmetrical MLI presented by (Babaei
et al., 2012). This configuration constituted of two parts; level creates unit and H-
bridge unit. Herein, the number of devices in the current path is considerably lower
than that of the other conventional topologies which lead to diminishing voltage drop
across the semiconductor devices. But, it requires DC voltage sources with different
values which to be a challenging issue. The asymmetrical topology must be able
to bypass or conduct the DC voltage sources separately for creating all the desired
voltage levels. They have reported a 15-level asymmetrical inverter whose output
voltage THD is 4.63%.

After that, (Gupta and Jain, 2014) did investigations for employing commonly
used asymmetric selections (binary, trinary) for CCS-MLI as shown in Figure[1.12|(d).
But the structure does not synthesis all additive and subtractive combinations of the
input DC magnitudes for implementing binary or trinary choices of the individual
DC supplies. Therefore the authors kept a great effort to develop a new algorithm for
selecting the proper individual supplies which can synthesise a multilevel waveform
with a maximum number of levels and equal step size. The primary development of
this topology is that the number of power devices is lesser than conventional circuit.
The algorithm is followed by equations [I.1] & [1.2] for ‘n’number of input DC sources.

For even number of sources:

(27 = 1) * Ve ; 1< j < n/2
Viej = (1.1)
2x(n+1—7)* Vg : m+2)/2 < 5 < n

For odd number of sources:

2% (n+1—75)*Vee (n+3)/2 < j < n

To the same asymmetrical family, (Babaei et al.| 2014b) introduced two new cir-

23



cuits with a reduced number of independent voltage sources as shown in the Figure
1.13| (a) and (b). Herein, the required number of DC sources are lesser than conven-
tional topologies which can observe from the Table [I.3] particularly at high voltage
levels. However cascaded cells are not the same which leads to the loss of modularity.
Moreover, the conduction losses are higher in the Figure [L.13] (b) than (a).

Later, (Alishah et al., |2014) proposed an MLI which produce the highest number
of levels with the smallest count of IGBTs and gate drive circuits as shown in Figure
1.13| (c). Therefore, this topology overcomes the cost and control complexity issues
and improves the overall reliability and efficiency. For this asymmetric structure,
the DC source values are considered according to the algorithm mentioned in Table
[1.3] After that, (Alilu et al] 2013) suggested an advanced H-bridge inverter with
single DC source and two unidirectional switches per each H-bridge module. On
observing, if the magnitudes of DC sources are equal then output voltage levels are
reduced to three, or else the values of DC voltage sources different to get extra voltage
levels without increasing switches. This design is further extended by (Babaei et al.,
20144)) as depicted in Figure [1.13] (d), with a new algorithm for assigning input DC
voltage values. One of the critical defects of this topology is that the wide variety of

magnitudes of the DC voltage sources.

Authors (Mokhberdoran and Ajami, [2014a) presents a generalised asymmetrical
topology using basic blocks as depicted in Figure m (a). The fundamental block
consists of six semiconductor switches, eight independent diodes and two DC links
whose magnitudes are unequal. Herein, anti-parallel diodes and independent diodes
are responsible for conducting a backward current caused by the inductive load. The
presented archetype is verified with three distinct algorithms as displayed in Table
[1.3] The normalised peak inverse voltage of proposed topology has higher than CHB

topology, and the circuit delivers an incredible power loss.

Next fascinating configuration is introduced by (Samadaei et al., [2016)), which
is known as Envelope Type (E-Type) module is shown in Figure [.14] (b). It can
generate both positive and negative levels without using any H-bridge circuit at its
output terminals. Moreover, it can be easily modularized, and each unit can deliver
13-levels with just 10-IGBT switches. Efficiency and THDv% of the proposed circuit
is reported as 96.56% and 3.46% sequentially.
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1.4.2.1 Summary of asymmetrical MLIs

The most referred asymmetrical MLIs are discussed in this subsection. The choice
of input DC values of the listed topologies is given in Table and [1.3] The Figure
exposes the lowest switch count configuration (Babaei et al., [20144) for a given
number of levels, the least IGBT count MLI circuit for a given Npe (Alishah et al.,
2014), and the highest output level configuration with the minimum input DC sources
(Babaei et al., [2014b).

1.4.3 Hybrid MLIs

The pursuit of a synergistic approach which combines the distinct semiconductor
switches, topologies and modulation strategies to optimise the power processing of
the overall system of the converter. This type of converters is very popular with the
name of Hybrid Multilevel Inverter [HMLI]. In the literature, an enormous HMLIs
have been presented for two decades. Firstly, (Jinghua and Zhengxi, [2008) were
attempted merely on hybrid modulation strategies for standard HMLI topologies. But
the author did not describe the novel hybrid configurations concerning semiconductor
switches and structural behaviour. Therefore the current section is entirely dedicated
to analysing the recent HMLIs and Hybrid modulation strategies.

Authors (Manjrekar et al., (1998 |2000) proposed a novel hybrid seven-level con-
verter using two distinct H-bridges connected in cascade fashion as shown in Figure
1.16| (a). Herein one H-bridge is developed by GTO/IGCT (large blocking voltage
switch), and another H-bridge is built with IGBT (high switching frequency switch)
(BinWu, [2006]). Thereby it can achieve proper harmonic profile of an output wave-
form for high voltage applications. However, each bridge has an isolated DC-source
along with unusual switching frequency leads to loss of modularity and increase the
manufacturing cost, and also the circulating current passes within the bridges dur-
ing the modulation depth region around 37% to 78% (Lund et all |1999). Thus it
had limited commercial applications (Abu-Rub et al| [2010). Nevertheless, (Rech and
Pinheiro|, [2007) were kept their effort to overcome those difficulties with their novel
topology which is depicted in Figure m (b). In structure point of view, each cell had
distinct topologies (like a two-, three- and five-level blocks) connected in series and
operated with generalised modulation strategy (Lund et al., 1999, Wang et al., 2004,
Lipo and Manjrekar, 1999)). Here, the circulating energy among the cells has reduced
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Table 1.2: Component details of asymmetrical multilevel Inverters

Type
of NDC NL NIGBT NG chps VO,ma:r Vdc,(j) (] = 17 27 n)
MLI
1 n 2(n+1)_1 4n 4n 2n (27-1)* Vg 215 Ve
Vi = V;lc
2 n | 2«3V 41 | 4n 4n 2n 3RV | V= (2%372) % Vg,
(1=2,3,..n)
. @1 =
3 n 3 4n 4n 2n Va2 37 % Ve
4 n n’+n+1 4(n+1)| 2(n+1)| 4 (2"-1)* V4. 21 % V.
5 n An-1 on+4 | 2n+4 | n (2n-1)% Ve Vio=Vaei Vs = 2% Vae
(7=2,3,..n)
‘/1 = ch
6 n 2001 | 2(n+1)| 2%(n+1) nt1 SV V= Skt * Ve
L
(1=2,3,..n)
n : V]:?)*VdC?Vn:‘/;lc
7 n 6n-3 4n 4n n+1 Y e Vi G=1,2(n—1)
8 n 2(n+1)_1 2n+4 | 2n+4 | n+2 (2" *V g, 2771 % Vye
9 n n+n+1 2(n+1)| 2(n+1)| n+1 | n(n+1)*Vy./2 -

1.Manjrekar et al.| (2000])
2. Mueller and Gran| (1998)
3.Lai and Shyu| (2002)

4. Babaei et al.| (2007)

5. Du et al.| (2006)

6. Ounejjar et al. (2011))
7.Gupta and Jain| (2012a)
8. Babaei et al.|(2012)

9. Gupta and Jain| (2014))
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Table 1.3: Component details of subsequent asymmetrical multilevel inverters

Type
of NDC NL NIGBT NG chps VO,maac Vdc7(j) (] = 17 27 7’L)
MLI
10 n 2%3(7)_] 4(n+1)| 4(n+1)| 2n+2 (3" 1) *V g, 3%V,
11 n | 20D n+4 | n+d | n+2 (2" 1)*V g, 21 % Ve
VL,j = 5j_1 * V;lc
12 2p | 20*tD.1 | 2n42 | 2n42 | 2p+1| 3x5P k1, Vi =2x5 1%V,
(j=1,2,...p)
5771 %V
n/2 5P—1 dc
2p 5 3n 3n 2p 5 * Ve G=1,2.p)
13 1
2p | 2011 3n 3n 2 (4P-1)*V,, 277 Ve
(=12, .2p)
70025 Vi s j =
n/2 7P—1 odd
2p 7/ 3n 3n 2p 5 * Ve 2% TU-D/2 4 1y =
even
Vi=Va=2x%Vg
14 4p 3n+1 2.5n 2n op 20p Vi =V, = Vi,

10.Babaei et al.| (2014b)
11./Alishah et al. (2014)

12.Babaei et al.| (2014al)

13.Mokhberdoran and Ajami| (20144a)

14.|Samadaei et al.| (2016))
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Figure 1.17: (a) Three phase five level cascaded HMLI, (b) Novel symmetrical HMLI.
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without affecting the number of levels of the output waveform since third cell (highest
power cell) was functioning at lesser than the load voltage. However, few significant
parameters such as efficiency, weight/ volume, harmonic distortion factor and circuit
three-phase extendability were not addressed. Later on, (Khomfoi and Aimsaard,
2009) were proposed a 5-level three-phase configuration as shown in Figure m (a).
It consists of two types of inverters to optimise the output voltage waveform. One is
standard three-phase inverter generates a square waveform, and another inverter is a
normal H-bridge which gives a three-level PWM voltage waveform. In fact, the topol-
ogy was investigated at different modulation indices. Therefore it is much suitable for
a broad range of voltage control applications like a traction drives. Comparatively, it
has a reduced number of power switches to perform the same function than the Figure
1.16| (a) circuit. Thus, it is an alternative to the topology presented by (Manjrekar
et all |1998). However, it was facing the circulating energy issues between the two

parts.

After that (Ruiz-Caballero et al., |2010)) introduced a novel symmetrical HMLI
(insulated DC supplies of equal value) for both, single and three-phase systems. A
single-phase version is depicted in Figure m (b). If it extended to the three-phase
system, then 15-levels and 9-levels are attained at the phase and load voltage wave-
forms consequently. Herein the switches S5 to Sg are connected in an H-bridge fashion
which is responsible for generating positive and negative voltages, and then switches
Sp to Sy are switched at proper modulation pattern to produce the desired load volt-
age waveform. It has similar potential to generate 2Ny + 1 levels across the load
terminals as stated in (Peng, 2000). In fact, this class of converters is very much
appropriate for MV networks. The extraordinary merit of this architecture is a less
number of input sources. Nevertheless, it has not been discussed the existence of an
asymmetrical HMLI structure.  Later (Hinago and Koizumi, 2010) were offered a
HMLI is shown in Figure m (a). Here two distinctive topologies were joined in series
and driven by a hybrid switching techniques (Liu et al., 2008, Zhang et al., 2001).
These unusual topologies are studied individually in earlier subsections. Compare to
symmetrical CHB inverter, the series-parallel conversion inverter has lesser number
of switching devices which modulated at a fundamental frequency, but H-bridge cell
is operating at high frequency. In fact, it is extendable to higher levels with fewer
devices. Then the same kind of approach was continuing with two different con-
ventional MLI configurations (diode clamped MLI and cascaded H-bridge MLI) by
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Figure 1.18: (a) A single-phase HMLI using switched series/parallel DC voltage sources,
(b) HMLI with series connection of DC-MLI and CHB-MLI.
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(Nami et al [2011)) and see in Figure[L.1§] (b). Herein an input of DC-MLI is supplied
by multi-output boost (MOB) converter. This arrangement determined asymmetri-
cally instead of symmetrical fashion to get more output voltage levels which result in
better THD and smaller filter size with the same number of switching components.
However, these circuits have to concentrate to overcome the limitations such as loss

of modularity, control complexity, and increased manufacture cost for higher levels.

A fascinating HMLI topology for industrial drive applications is presented by
(Rajeevan et al. 2011). This circuit consists of two three-phase traditional inverters
(two-level) supplied by isolating input DC-sources and six H-bridge inverters as shown
in Figure[[.19] It has few exciting features such as the elimination of triplen harmonics
in the winding currents, and reduction in switching losses since high voltage inverter
(three-phase two-level inverter) operates at the minimum switching frequency. It also
has potential to work in a three-level mode in case of any switch failure in H-bridges.
However, the topology needs a highly complicated control strategy to balance the

capacitor voltages of an each H-bridge when the levels are moving high.

In fact, (Babaei et al. 2012)) presented two novel MLI topologies which are realised
by symmetric and asymmetric input DC-sources, shown in Figure (c) and

(b) sequentially. In these arrangements, H-bridge switches T - T; have to tolerate
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a voltage equal to the sum of all the input DC sources thereby the topologies are
restricting for higher voltage levels. To mitigate this issue, the same authors were
suggested new HMLIs by minor correction as shown in Figures (a) and
(b). It is worth noting that the presented two HMLIs can run at all switching tech-
niques. Moreover, the H-bridge switches are working at diminished voltage ratings.
Therefore, the hybrid topologies are suitable for high voltage networks. Despite, this
configuration demands a large number of input transformers and rectifier circuits for
three-phase and high-level systems. After that (Alishah et al [2014)) also suggested
the modified circuits as similar as (Babaei et al., 2012)) suggestions which are depicted
in Figure (c) and (d). These HMLIs can generate the highest number of
output voltage levels with the least device counts than all other the disputed HMLIs.

1.4.3.1 Summary of Hybrid MLIs

All the listed HMLI topologies are analysed individually and comparatively. Each
HMLI circuit addresses a specific problem such as device count, switching losses, and
applications,...etc. The benefits and limitations of every HMLI are presented in Table
and [1.5] Herein, the component comparison among all HMLIs is not feasible since

the configurations are unevenly designed.

1.4.4 Single DC-source MLIs

In fact, most of the MLIs demand more input DC-sources, that means a large number
of input transformers and rectifier circuits have to be built to provide the separate
DC-sources. Thus, an installation area, overall cost, and efficiency of the MLI are
harshly affected. Therefore, the researchers have been focused on minimising the
input setup by using only one DC-source. The subsection gives a deep insight of the
all single DC-based MLIs.

Authors (Soto et al., 2003) were introduced a single DC-based five-level configura-
tion consisting of two H-bridge cells and two interface inductors. Here, the inductors
are connected between the positive rails of the two H-bridges and negative rails of
two H-bridge separately as shown in Figure m (a). Moreover, it can be extended
to higher levels by adding extra H-bridge cells along with interfacing inductors. The
significant feature of this circuit is the back to back energy transformation. But

the switches have to withstand for high currents. Next, a converter has employed
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Table 1.4: Features of the HMLIs

Ref

Benefits

Limits

It improves the power quality by
generating a higher number of
steps with given H-bridge mod-
ules.

It can run at higher VA rat-
ing with the minimum switch-
ing losses than conventional cas-

caded MLI.

Higher switching stresses.

Isolated asymmetrical DC-
sources are needed.

It is a generalised HMLI circuit.

It can minimise the -circulat-
ing energy among the series-
connected cells.

It is an intricate circuit design
when the topology forced to a
higher level.

It has lesser switching devices
than standard cascaded MLI to
get optimised voltage levels.

It is fit for renewable applica-
tions.

Charge balance and circulat-
ing energy issues are pro-
foundly affecting the entire
system if any malfunction
happens in DC source selec-
tion.

It can improve an output voltage
waveform with low harmonic dis-
tortion and smaller filter size.

It needs lessened insulated DC-
sources.

The requirement of semicon-
ductor devices is more as like
CHB-MLI.

1.Manjrekar et al.| (2000])

2.Rech and Pinheiro| (2007)

3. Khomfoi and Aimsaard| (2009)

4. Ruiz-Caballero et al.| (2010)
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Table 1.5: Features of remained HMLIs

Ref

Benefits

Limits

The switching device count is

comparatively lower than sym-
metrical CHB-MLI.

Compact in size and quickly ex-
tended to a higher level.

Loss of modularity.

It needs a large number of sepa-
rate DC-supplies.

It can achieve higher output
voltage resolution and lesser con-
trol complexity.

The cost of the entire circuit is
more since the high utilisation of
clamping diodes and rectifiers.

It has lower switching losses.

It has complicated charge bal-
ancing problem when the output
levels are moving high.

It is more suitable for higher
voltage networks.

It is not promising to apply
the voltage balance control tech-
niques.

Few switches shouldn’t be able
to withstand the rated output
voltage which leads to restricting
the high voltage applications.

It can possess the highest output
levels with the least number of
switching devices.

It is used in only unidirectional
power flow applications.

5. Hinago and Koizumi| (2010))

6. Nami et al.| (2011))

7.Rajeevan et al.| (2011)

8. Babaei et al.| (2012)

9./Alishah et al.| (2014)
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cascaded transformers to design a single DC circuits (Kang et al., 2005). The main
modification compared with the standard multilevel arrangements is that the config-
uration is functioned with only one DC source, and two distinct parts of the converter
as depicted in Figure (b) based the operating frequency of the individuals. The
first part is accomplished with PWM switching strategy and rest of the part is func-
tioned at the fundamental frequency. Moreover, each H-bridge output is connected to
the primary windings of linear transformers. Thereby the galvanic isolation between
input DC source and the load is provided which makes the converter to surrender
to the photo-voltaic applications. However, using bulky transformers poorly results
in size and efficiency of the inverter. Later, (Suresh and Panda, 2010) kept their
excellent effort in designing three-phase MLIs by using three-phase transformers as
shown in Figure [1.22] The proposed CHB system with three-phase transformers has
low complexity regarding additional components for high-quality output waveforms

than previous transformer based archetypes. Besides, the efficient cost function quan-
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Figure 1.23: Active neutral point clamped MLI using single DC supply.

tified by concerning filter-size and total harmonic distortion. Further, three primary
control methods for the CHB topology, namely (i) fundamental switching technique,
(ii) selective harmonic elimination PWM (SHEPWM) and (iii) SPWM methods were
implemented to this new circuit. In fact, handling the heavy elements (3 three-
phase transformers) is a hectic job. The authors (Saecedifard et al. [2012) presented a
new idea of Charge balancing capability by using an Active Neutral Point Clamped
(ANPC) to higher levels. Further, a new space vector modulation (SVM)-based con-

41



trol approach is implemented to balance the input capacitor voltages. The proposed
circuit is a seven-level converter (see Figure [1.23), and it has been evaluated for vari-
ous operating conditions. Moreover, it requires a higher number of switching devices,
i.e., 14 per phase and it is higher than a counterpart seven-level hybrid configuration
(Manjrekar et al., 2000) which utilises only eight semiconductor devices per Phase.
Next, (Pereda and Dixon| 2012, [2011)) suggested a simple high-frequency link (HFL)
for EV applications see in Figure M(a), and this investigation has initiated to utilise
toroidal transformer in MLI with appropriate modulation amendment. The recom-
mended switching strategy decreases the size of the HFL from 20% to less than 2% of
the power transferred to the machine. Even though individual H-bridges of the pre-
sented system will not transfer any power to the load, remaining inverter behave like
series-active filters. Afterwards, (Banaei et al., [2012a) were come up with cascaded
transformer reduced switch inverter (CTRSI) as shown in Figure [1.24[b). Herein,
every transformer produces 3-levels with two semiconductor switches. The direction
of the single DC source alters with the help of two switches for all the transformers.
In fact, (Kang et al., 2005) were developed a circuit with H-bridges which is a union of
the four switches. Thereby, the proposed inverter topology can attain a high-quality
output voltage with the minimum semiconductor switches. However, it uses switches
with higher current rating than the MLI illustrated in (Kang et al| [2005]) and it is one
of the significant defects of the circuit. Then after, (Sepahvand et al.| [2013) proposed
an option to substitute capacitors in places of DC sources of the H-bridge cells, and
entire design has run on only one real DC source. This arrangement is shown in Fig-
ure [I.25] With this design, the cost-effective converter can be developed. But it offers
severe impediment, i.e., capacitor voltage balancing. A new algorithm has proposed
with the phase-shift modulation PWM method to overcome the voltage balancing
issue. The proposed control technique has very flexible regulation when an inverter
is supplying a contaminated load (highly inductive load).  Later on, (Tsang and
Chan, 2014) proposed a new three-phase multilevel inverter with single DC-source.
The topology organises a combination of cascaded H-bridges and standard two-level
inverter; this arrangement is shown in Figure M(a). The proposed configuration
generates a multilevel output voltage with less number of switching components.
The authors verified the proposed version with a 19-level three-phase inverter. For
the verification of 19-level inverter, author utilised four H-bridges and one standard

three-phase inverter. Herein, the author used only one real source, and rest of them
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Figure 1.24: (a) A DC source asymmetric MLI with high-frequency link, (b) Cascaded
transformer MLI with single input supply.
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Figure 1.25: Cascaded H-bridge MLI by employing single DC and capacitors

are replaced with capacitors. This approach is similar to ref. (Sepahvand et al., 2013).
However, the design is entirely different comparing with ref. (Banaei et al., [2012a)).
Even though it is a cost-effective model, the capacitor voltage balancing is difficult.
To the same three-phase systems particularly for medium power application, (Araujo-
Vargas et al., 2014) suggested a new archetype as depicted in Figure M(b) The
three-phase elements such as transformers and standard two-level inverter are built
the circuit. Moreover, it could run with a neutral point clamped inverter in place of
the conventional two-level inverter. Thus it gives flexibility for choosing appropriate
inverter with three-phase transformers leads a quite simple production. A unique
switching strategy is implemented with a simple 16-bit micro-controller to verify the
presented topology, but the efficiency is slightly lower compared with other tech-
niques. Thereupon (Choi and Kang}, [2015]) implemented a seven-level PWM inverter
with single DC source. This arrangement is shown in the Figure M(a). In fact,
a unification of cascade H-bridges, diodes, active switches, series capacitors and sin-
gle DC source is the presented configuration. Nevertheless, when the energy storage
elements (like capacitors) are involved in the circuit, then voltage balancing issues

will arise. Of course, the author carefully addresses this issue with a new control
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algorithm. But still, it has the limited applications owing to the maximum voltage
ratio (MVR) is one.

Next, (Sanjeevan et al., 2015)) suggested an algorithm which works for every sam-
pling instant to correct the capacitor voltage magnitude irrespective of the load power
factor and modulation index (MI) for their new hybrid seven-level inverter as shown
in Figure m(b) The MLI employs two sets of three-level flying capacitor units cas-
cading with H-bridge modules per phase. Furthermore, a voltage balancing technique
is suggested based on the pole voltage redundancies of the inverter. Subsequently,
a new MLI has arrived for four-pole induction-motor drive applications in the same
family (Kumar and Sivakumar 2015)), see the Figure [[.27|c). Here, the circuit uses
a small magnitude supply, but it leads a consequence of a severe power balancing is-
sues. However, the authors addressed this issue; additionally, they suggested a mod-
ified SPWM approach to minimise the output zero-sequence voltages, which drops

between the motor phase windings and power electronic switches.

1.4.4.1 Summary of single DC-source MLIs

Most of the single DC configurations are running with substantial transformers, in-
ductors, and capacitors. The size and number of passive components have become
more for three-phase systems. If the single DC structures configured without bulky

devices, the topologies could be significantly used in power industries.
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1.5 Research motivation

Although many MLI topologies from distinct categories (standard configurations to
single DC source based MLIs) are reported in the literature, only a few of them are
commercially manufactured and utilised. In fact, the manufacturers are considered
the crucial factors such as an equipment cost, device count, maximum voltage block-
ing capability of the switches, reliability, protection, packaging, modularity, efficiency,
and lifespan while making the device as per customer demand. Table thoroughly
dedicated for specifying the applications of each topology which have been investi-
gated so far. The next important research area is a modulation technique which
has been much attracting the research community for long years. In recent past, a
huge number of modulation techniques are observed for controlling switching-states
and balancing the isolated input supplies (or capacitors) of the pertinent topologies.
However, choosing an appropriate switching strategy for a particular application and
configuration is a challenging job.

On this line, the researchers are still working to investigate the new MLI configu-
rations to synthesise possible topological variations for enhancing the structural and
operational behaviour of the selected emerging converter families. Additionally, they
have been aiming at developing suitable control strategies for switching the estab-
lished MLI structures with a smooth operation. In fact, industries and academicians
are always seeking the economical solution for any customer requirements and de-
mands. From the technical point of view, there is still scope for further reduction in
the device count of the existed topologies. Moreover, if the converters are running
with efficient control algorithms provides additional privileges in terms of implementa-
tion and extendability. Based on these criterions, the following objectives are framed
in such a way that the proposed MLI topologies should satisfy all the kinds of ap-
plications with the reduced part count. After that, the new control schemes with a
simple methodology are also introduced for enhancing the operation and control of

the newly proposed archetypes.
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1.6 Thesis objectives

The main objectives of this thesis are:

1. To develop a new hybrid multilevel inverter using modified carrier SPWM

switching technique.

2. To propose and verify a novel 19-Level inverter using an effective fundamental

switching strategy.

3. To introduce a new multi-cell based CMLI with nearest level control technique.
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1.7 Thesis organization

There are five chapters and two appendices in this thesis document. The outline of
this thesis is highlighted in Figurdl.28|

Chapter 1: Presents a brief introduction to state-of-the-art MLI topologies and in
particular, critically reviews the MLIs with reduced part count and their
associated intricacies concerning symmetric, asymmetric, hybrid and sin-

gle DC structural configurations.

Chapter 2: Proposes hybrid 19L-MLIs which have reduced power circuit complex-
ity. Besides, a modified level shift pulse width modulation technique is
introduced to trigger the power IGBTSs of the converter. Detailed simu-
lation and experimental studies are carried out to validate the proof of
controllability of the proposed topologies and its associated control sys-
tem. Furthermore, the detailed loss analysis and comparison in terms of
the number of power switches, DC sources, and their ratings are deliber-
ated in detail.

Chapter 3: Proposes a single-phase cascaded transformer configuration which has
further reduced power circuit complexity than chapter-2 presented topol-
ogy. A simple fundamental switching strategy is developed so-called fun-
damental sine quantised switching strategy. Simulation and experimental
results are exemplified to validate the proposed system. The proposed
topology and control strategy is verified through experimentally for dif-
ferent quantisation interval magnitudes. The possible extensions of the
proposed control algorithm for a higher level three-phase MLI are also
described. Finally, a comprehensive comparative study with other well-
established MLIs is included.

Chapter 4: In this chapter, a multicell MLI with reduced part count is proposed.
A detailed simulation of a 25-level system with the nearest level control
algorithm is elucidated. Following a thorough comparison with other

MLIs, the results are presented.

Chapter 5: Summarizes the significant thesis contributions and includes some dis-

cussions on possible future research.
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2.1 Introduction

This chapter introduces a novel single-phase cascaded transformer MLI controlling
with a level shift sinusoidal PWM (LS-SPWM) technique. It is a cost-effective solution
for high voltage and medium power applications since the circuit has built with the
least number of switching devices which further causes a cost reduction and reliability
enhancement to the converter. Next, this chapter presents the level shift PWM
approach accompanying a modified carrier for shifting and improving the dominant
harmonics and the RMS value of output waveform consequently. Besides, the losses
namely conduction, switching, core, iron and thermal losses are investigated to reveal
the uniqueness of the present topology.

Firstly, the topological details of the proposed topology are described in detail
followed by the new carrier-based PWM technique. Secondly, a total loss investigation
of the converter is studied. Finally, the performance of the proposed topology is
validated with MATLAB-Simulink software and the experimental setup.

2.2 The proposed 19-level inverter configuration

synthesis

Figure [2.1] shows the schematic representation of the proposed nineteen level inverter.
It has two parts as per the circuit concern, one called as Bridge-A & other named
as Bridge-B. The Bridge-A develops the voltage waveform having three levels, and
the Bridge-B is a low voltage bridge establishes a seven-level PWM waveform. The
principal idea under the utilisation of the transformers [Bridge-A transformer (Tr-
a) and Bridge-B transformer (Tr-b)] in both bridges is to accomplish a maximum
number of levels without using additional switches and separate DC sources lead-
ing to the better efficiency, reliability and economic improvement. The considered
switches are insulated-gate bipolar transistors (IGBTs) with an anti-parallel diode
for allowing the current in both directions and block the voltage on only one side,
and it is typically a bidirectional-unipolar semiconductor switch. The purpose of the
anti-parallel diode (D) in the circuit to allow the negative current of the switch, and
the IGBT (sw) is permitting the positive current. Regarding the input DC supply,
the magnitude of source V) should be twice the magnitude of source V5. In fact,

the magnitude determination of the DC sources and transformer ratios (1:2 and 1:1)
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plays a vital role in realising the more number of output voltage steps. Moreover,
the load and secondary currents of the transformers should be the same. Because,
the secondaries of two transformers are shorted by the load. The Figure presents
a key output voltage waveforms of the Bridge-A, Bridge-B, and load voltage. Here
the interesting fact stands on an appearance of the all current waveforms, i.e., load,
primary and secondary currents of the transformers accomplishes 19-level waveforms.
If that elaborates in detail, the actual Bridge-A output voltage ( V, ) is a quasi-square
waveform means three-level waveform and the corresponding primary and secondary
current waveforms possess 19-levels. Similarly, the Bridge-B output voltage ( V} ) is
an uneven waveform (7-level), though the associated primary and secondary current
waveforms accommodate 19-levels. It insists that in some of the switching states of
the converter produces the positive operating voltage and negative currents or vice
versa rather than the same polarity of operation in between the voltage and current
waveforms of the transformers. The individual switching states of the proposed topol-
ogy are exposed in Table 2.1} Let us consider V. is equal to the magnitude of V;
(input DC source).

e First state: this level is designated as 1L, switches S,1,5,2 of Bridge-A and Sy,
, Spa, Spa and Sps of Bridge-B are ON, Thus, the load voltage Vi =0+V>=V,.

e Second state (2L): Switches S,1, Sae of Bridge-A are involved to short the
transformer-A primary windings and Syi, Spz , Sp3 and Sy of Bridge-B are
ON, then V; DC source is connected to the Bridge-B, Thereby, voltage across
the load becomes V;,=0+V;=2V}..

e Third state (3L): Switches S,; and S,o of Bridge-A are involved to short the
transformer-A primary windings and then Sy, Spa , Sps and Sps of Bridge-B are
ON, afterthat V4 and V, DC sources are connected to the Bridge-B to get the
load voltage V,=V;+Vo=3Vj..

e Fourth state (4L): from this state the Bridge-A starts to share the load power.
Switches S,1, Sao of Bridge-A and Sy, Sie, Sy and Sye of Bridge-B are ON,
thus, the load voltage Vi =2(V1+V5) + (-V1) = 6Vye - 2V = 4V,.. The Bridge-
A output peak voltage magnitude is bounced from 3V, to 6V, since the turns

ratio of Tr-a is contemplated as 1:2.
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e Fifth state (5L): Switches Su1,Sq2 of Bridge-A and Sy, Spa, Sps and Sys of Bridge-
B are ON, Thus, the load voltage V,=2(V1+V3) + (-V5) =6Vj. - 1V3.=5V.

e Six state (6L): Switches S,1,S42 of Bridge-A and Sy, Sys of Bridge-B is activated
to attains the load voltage Vz=2(V1+V3) + 0 = 6V..

e Seventh state (7L): Switches S,1,S, of Bridge-A and Syy,Syo , Spa, Sps of Bridge-
B are ON, Then the voltage across the load is Vp=2(Vi+V3) + (Va)= 6V, +
1‘/11(:: 7Vdc'

e Eighth state (8L): Switches S,1,S,2 of Bridge-A and Sy1,Sy2 , Sis, Sys of Bridge-
B are ON, Thus, voltage across the load is Vi, =2(V1+V3) + (V1)= 6V + 2Va=
8Vie.

e Ninth state (9L): Switches S,1,S,2 of Bridge-A and Sy1,Sy2, Sps, Sps of Bridge-B
are ON to possess the load voltage Vi, =2(Vi+V,) + (Vi4+Vs) =6V, + 3Vy=
Ve

e Zeroth State (OL): this state can achieve in different combinations, herein,
switches S, and S,» of Bridge-A and Sy, Spz of Bridge-B are ON to gener-

ate zeroth load voltage state.

Similarly, the negative states (from -1L to -9L) of the load voltage waveform are
achieved with an appropriate switching. Herein, Bridge-B operated at PWM mode,
and Bridge-A is modulated with the fundamental frequency. The primary intention
behind the operation is to reduce overall conduction and switching losses of the pro-
posed topology. Later, the circuit can be extended to "N’ number levels in two possible
ways. The first possible way is by adding additional DC sources in Bridge-B sym-
metrically. In this case, the number of voltage levels (INV}) is related to the number of
DC sources (Npc) which is given in equation [2.1]

Ny = 6Npe + 1 (2.1)

Another way is to choose the magnitudes of the DC supplies in the following asym-
metrical method, where all DC sources are twice the magnitude of the K** DC source
(Vk). ie., Vi = Vy =...=V(x_1)=2Vk. For this arrangement, the number of levels is

given by an equation [2.2]
N, = 12Npe — 5 (2.2)
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Table 2.1: Switching states of the positive 19-level waveform of the topology

Vi Sar Saz Vo St Sz Sez S Ses See Wb
1L sw D 0 SW 0 0 SW D 0 1L
2L sw D 0 sw 0 SwW 0 0 D 2L
3L sw D 0 sw 0 SW  SwW 0 0 3L
4L sw 0 6L 0 D D 0 0 sw 2L
5L sw D 6L 0 D 0 D SW 0 -1L
6L sw D 6L sw D 0 0 0 0 0
L sw 0 6L sw 0 0 sw D 0 1L
8L sw 0 6L sw 0 SW 0 0 D 2L
9L  sw 0 6L sw 0 SW  SW 0 0 3L
0 SW D 0 SW D 0 0 0 0 0

2.3 Proposed switching scheme

The stated switching criterion originates from the Level Shift Pulse Width Modu-
lation (LS-PWM) technique family. According to the phase position of the carrier
waveforms, the LS-PWM are classified into three types so-called Phase Disposition
(PD), Phase Opposition Disposition (POD), and Alternative Phase Opposition Dis-
position (APOD). Among the three varieties, the POD is a strong competitor to the
other approaches (Tolbert and Habetler, 1998)). Later, the triangle and ramp car-
rier waveforms are widespread in all carrier-based PWM techniques, but high carrier
frequency (f..) is considered to curtail the lower order harmonics. On the contrary,
for higher f.. values, the switching and EMI issues are severely affecting the oper-
ation and control of the converter. Hence, the carrier frequency is negotiated as a
significant factor to address the problems described above. By keeping this in mind,
a new carrier waveform is proposed to override the traditional carriers for suppress-
ing lower order harmonics. In the present section, the demonstration of proposed
technique is explained in detailed. Let’s consider a carrier waveform with too higher
frequency and the 50 Hz fundamental sine reference signal (V,.f). It is noted that
the reference waveform is visible as a constant DC signal to the carrier waveform at
a high carrier frequency. Always the number of carriers depends on the output level
count, e.g., ‘Np’'levels needs ‘Np-1’carriers. Thus, 18-carrier signals are considered
to perform the POD technique for the proposed 19-level configuration as portrayed
in Figure 2.3 In fact, any multilevel voltage waveform mathematically expressed in
terms of DC offsets, fundamental and its sideband harmonics, carrier harmonics and
its sideband harmonics (McGrath and Holmes, [2002).
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Figure 2.3: Schematic arrangement of the POD-PWM strategy with proposed carrier and
sinusoidal reference waveforms

V(t) = % + Z Agq cos(quot) + Bog sin(qwot)

g=1

o0
+ Z Ay cos(pwet) + Bpo sin(pw.t)
p=1

+ Z Z Apq cos(pwet + quot) + Bpg sin(pw.t + quot) (2.3)
p=1 g=—00
q#0

The coefficients of equation are obtained for the general PWM strategy by

calculating the double Fourier integral of

1 v v .
A+ JBpg = ﬁ/ / V(y, z)ej(py+qz)dydz (2.4)

where y = w.t, z = wyt.

The equation is evident that the carrier shape can mathematically decide the

59



Reference

Carrier (+CrL9) at §=-0.3

8
0 time
Sg S‘) pulses for TS period at §=-0.3
1
0=—— time
T/6 T
(a)
\%
Reference Carrier (+CrL9) at 5=+0.45
09—

time

Sy S, pulses f¢ r T, period at Sﬁ;+0.
1— i ‘
| l |
0
T/6 T,
S
(c)

time

Reference

Carrier (+CrL9) at §=-0.15

time
89 pulses for Tsperiod atig=-0.15
<— > time
T {
Ts/6 s
(b)
Reference

Carrier (+CrL9) at §=+1.0

Figure 2.4: Developing Sy pulse train for the proposed carrier constraints (a) my =20 and
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existence of the harmonics in the multilevel output waveform. Hence, the present
work concentrates on designing a novel carrier that to from the conventional carrier

(Triangular) without changing the frequency and peak to peak magnitude.

Consider the triangle waveform with the frequency 1/T; and splits equally into
six parts by the time scale T,/6 which is shown in Figure (a). The carrier and
reference waveforms consider in Figure (a) can generate the positive 9% level
corresponding pulses called Sg. Similarly, other carrier waveforms shown in Figure 2.3
are compared with a reference waveform to produce relevant pulses for the dismissed
output levels. The positive slope of the carrier (first halftime period of the triangle)
intersects the voltage magnitude lines d; and ds at the T /6 and 27 /6 timing instants.

The difference between the two crossover points is noted as Delta (4).
Delta(é) = dl — d2 (25)

Whenever the magnitude of § varies, the number of pulses and width of the chops
will be altered accordingly. It can be demonstrated in the following figures, Figure
(a), (b),(c) and (d). Primarily, the polarity of the § arrives -0.3 in Figure
(a) which exactly represents a triangle carrier signal. The association of the carrier
and reference waveforms delivers pulse train Sg with only two pulses. Regarding the
second case 0 = —0.15 attains the same chops, but a width of pulses are different see
in Figure (b) . In the third instant, the § becomes a positive (§ = +0.45) value.
Furthermore, the number of hitting instants with reference waveform is also higher
leading to get more chops without changing the carrier frequency (that is still 1/
only) is shown in Figure (c). In the same way, if the carrier functions at 6 = 1
then its frequency becomes triple as shown in Figure (d) and also the shape is very
close to a triangle. The number of chops per carrier period depends on the polarity
of the delta. It means Sy attains more pulses for positive d values rather than the
negative values. Furthermore, the positive delta decreases harmonic content as well

as raises the fundamental magnitude of the output voltage.

An implementation of the proposed POD-PWM strategy to trigger bridge-A and
bridge-B of the stated configuration is depicted in Figure [2.5 The gating pulses of
the 19-level converter are accomplished with eighteen carrier waveforms. Moreover,
the positive nine carrier waveforms (from +Crp; to +Crpg) are out of phase with

the negative nine waveforms (from —C7rp; to —Crrg). But, all these carrier wave-
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Figure 2.5: The process of implementing the developed switching technique for proposed
nineteen level topology

forms are established with only one waveform. From the comparator which compares
the fundamental sinusoidal reference waveform with the proposed carrier waveforms
provides initial driving pulses (—Sy to +5). Later, the dead band circuit is allotted
to avoid the shoot through faults between the complementary switches. Finally, the
actual pulse trains of the bridges (Su1, Sa2, Sp1,52, etc.) are developed by proper
logical combination among the initial driving pulses.

The Table describes an effect of the factors like % THD, peak magnitude (V})
and dominant harmonic (n) of the 19-level output voltage waveform by changing delta
magnitudes with 0.15 variation. While investigating all these cases, the amounts of
significant parameters are chosen as Modulation index (m,) = 1, Frequency modu-
lation index (my) = 20, Input DC sources V, = 36V, and V; = 72V. Finally, three
remarkable cases are found at 6 = —0.3,0.45&1.

e Case 1 (6 = —0.3): This case is treated as conventional carrier-based PWM
technique since the carrier shape a triangle. The fundamental peak of load
voltage (V},) is 327.7V, and the dominant harmonics are 21%% and 19" orders at

1 kHz switching frequency.
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Table 2.2: The performance of the proposed MLI by varying the delta magnitude

1) %THD V,o(V)  hdomin(n) Shape of the Carrier
-0.3 5.97 327.7 21,19 Triangle (m; = 20)
-0.15 5.66 328 21,19 -

0.15 5.05 328.1 21,19 -
0.3 5.13 327.2 21,61 -

0.45 5.29  326.3 61,59 Proposed (my = 20)
0.6 5.37 325.5 59,61 -
0.75 5.50 325 59,61 -
0.9 5.64 324.4 59,61 -
1 5.67 324.8 59,61 Triangle (my = 3 x 20)

e Case 2 (6 = 0.45): In this case, output waveform achieves better THD than case-
1, i.e., 5.29%, and the carrier frequency is still 1 kHz. Moreover, the dominant

harmonics are shifted to 61, 59*" order.

e Case 3 (6 = 1): It also treated as a traditional carrier-based PWM technique
since the carrier shape is a triangle. Even though the given carrier frequency is
1 kHz, the switching frequency becomes triple since the delta magnitude is +1.

Besides, the V), value is lesser than case-2, and switching stresses are also high.

Lastly, it is observed that the carrier waveform presented in case-2 has prominent fea-
tures like (i) reduction in switching and conduction losses ( Py, and P,), (ii) improves
the FET spectrum, (iii) rise in peak magnitude of the load voltage and (iv) diminish
the filter size. Therefore the system becomes more efficient than the implementing
with a traditional LS-SPWM schema.

2.4 Power loss calculation

The converter is an assemble of transformers and IGBT switches. Normally, the
transformer yields an eddy current and hysteresis losses when it is subjected to an
alternative flux. However, a thin laminating and high-grade silicon core can depreciate
the transformer losses. Likewise, a semiconductor switch generates a switching and
conduction losses. All the losses are studied to find the complete loss profile of the

MLI for arranging the proper cooling system.
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2.4.1 Conduction losses of the semiconductor devices

The conduction and switching losses of the semiconductor switches are reported in
this section to analyze the performance of the suggested converter. Usually, the loss
analysis of the switch can be done in multiple ways, but numerical circuit simulation
method is widely accepted since a practical switch data-sheet carries the evaluation
process. The proposed configuration is built with SKM75GB123D IGBT switches, if
the positive current is flowing through the switch, then the IGBT is shorted or else
an anti-parallel diode (D) will conduct.

The conduction loss equations of the transistor (P,g) and anti-parallel diode (Pp)
are deduced from the curve fitting graphs which are illustrated in Appendix-1. The
loss equations are laid out from equation to[2.9]

Pigptas0 = 0.02365 x 42 + 1.551 x i, — 0.8995 (2.6)
Pigbi o0 = 0.02876 x 2 + 1.914 x i, — 2.452 (2.7)
Ppaso = 0.01521 x i} 4 1.245 x iy — 0.2321 (2.8)
Pp 1250 = 0.01485 x i} 4 1.06 X iy — 0.8451 (2.9)

Where i is a diode forward current and i. is a transistor collector current. Basi-
cally, the switch losses are depended on the temperature, and thereby the conduction
losses are also affected by a junction temperature (T) leading to revise the coeffi-
cients of the equations in terms of junction temperature. It is evident that the data
sheet of the switch should provide two temperatures (min and max) based I-V curves.
Otherwise, the temperature dependent loss analysis will not be possible. At last, the
coefficients are determined from the first order approximation system (Drofenik and

Kolar, [2005)), and final equations presented as follows

Pigue (i, T) = (0.0224 + 0.000058 x T)i% + (1.46025 + 0.00363 x T)i,
— (0.511375 + 0.015525 x T) (2.10)
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Figure 2.6: Schematic diagram of switching loss Pgy, calculations

Pp(is,T) = 0.0153i2 + (1.2913 — 0.0019 x T')i; — (0.0789 + 0.0061 x T) ~ (2.11)

2.4.2 Switching losses of the semiconductor devices

As per the switching loss concern, the current flowing through the switch and its
pulse train are the primary inputs to calculate switching losses of the device. The
switching loss factor of the IGBT (K;gpr(i.)) or diode (Kp(if)) is equal to the ratio
of the total energy loss (Eyuq) and the current flowing through the device (either i, or
iy ) at the maximum temperature (125°). The factors of the IGBT and anti-parallel
diode are presented in equations and based on the curve fitting approach.

Kiapr(ic) = 0.0001487 x 32 — 0.03366 x i2 + 3.224 x 4. + 170.3 (2.12)
Kp(ig) = —0.0007726 x i} — 0.436 x i 4 65.53 (2.13)
The units of the switching loss factor is LLati—sec pjoule

Ampere Ampere

A schematic switching loss diagram is shown in Figure 2.6l Each rising edges
of the pulse train (S, or Sp) are identified by the detect-increase block from the
Simulink library. Actually, the rise-detector block shifts the signal with on unit time
step; therefore the unit delay block is added to bring it back to its original position
otherwise the final result would be zero. The parameter T, is a width of the each

detected pulses, and usually, it is the sampling time of the system. Afterward, the
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Table 2.3: Simulation parameters of the proposed setup

Parameter Ratings
Modulation index (my,) 1
Delta (9) 0.45
Carrier frequency (f) 1.5KHz
DC source (V1) 72V
DC source (V) 36V
Power factor (pf) 0.9
Load (Pr) 0.56KW
Load voltage (VL (rms)) 230V
Load inductance (L) 163mH
Load resistance (R) 105.892
Transformer-a 380VA,50Hz
Transformer-b 120VA,50Hz

sampling time (7}) divides the signal and it’s units become sec™!. On another side,
two current sensors per switch are needed to sense the IGBT collector current (i,
) and antiparallel diode current(is). The identified ones have to monitor in order
to find the corresponding switching loss factors (Kjgpr(ic or Kp(if)). Next, the
voltage ratio factor (V;/Vy,) is considered to attain a great approximation in loss
calculations. Herein, (V;) and (Vj,) are the operating and maximum blocking voltages
of the switching devices. Finally, the converter switching loss (Psy) is determined by

adding all individual switching losses of the devices.

2.5 Simulation results

A list of the system parameters presented in Table is considered to confirm the
validity of the proposed topology with an advanced PWM technique. The isolated
gate pulses are required only for eight switches because the switches Sy2,5.4,5:2 and
Spa are complimentary switches of S,1, Sq3, Sp1 and Sp3 successively. Furthermore, the
VA ratings of transformers are 78% and 22% of the full load power for Tr-a and Tr-b
sequentially which is leading to construct a cost-effective system. Moreover, a PWM
mode of operation is carrying by the low rated bridge (Bridge-B), thereby the voltage
stress of the switching components during high switching frequency instants will not
deteriorate the overall performance of the configuration for long-run operations.

As per the waveform concern, the Bridge-A produces a three-level waveform (V)

shown in Figure (a), and Bridge-B accomplishes a seven-level uneven waveform
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(V) which is exposed in Figure (b). The peak values of the V, and V, are 216 V
and 108V continuously. Later, the secondary windings of the two transformers are
connected in series through the load, and hence the load waveform upgrades to a 19-
level waveform as shown in the Figure[2.7](c). Further, the load current waveform lags
25.84% behind the load voltage as displayed in the Figure (d), and it’s RMS value is
1.955A. Here the load current attained pure sinusoidal, due to the inbuilt impedances
(load and transformer). The analytical calculations gives an active power 450W, and
the simulation provides 446.5W for the given system parameters. The difference of
the active power is treated as a loss of the converter which is very negligible.

The presented control scheme mainly affects the total harmonic distortion in an
output voltage V shown in Figure (e) where 19 level output waveform attains
5.81% THD and Vi (peak) = 323V. The harmonic spectrum of all possible load
voltage levels 5, 7, 9, 11, 13, 15, 17 and 19 with respect to m, are exposed in the
Figure (a). The conduction and switching losses of each semiconductor device in
the circuit are exposed in Figure (b). Herein, Bridge-A possesses higher conduction
losses because of fundamental switching and Bridge-B has greater switching losses

than another one due to it’s PWM operation.

2.6 Experimental results

The laboratory prototype of the converter is constructed to verify the proposed topol-
ogy with an advanced controlling technique. Herein, SKM75GB123D half-bridge
IGBT modules, two linear CRNGO core transformers (Tr.1: 200VA, Tr.2: 100VA),
and an Aplab dual DC power supply to provide an input DC sources (V; = 30V
and Vo = 15V) and TLP-250 optocouplers are used to make the proper gate driver
circuits. Further, the OP5142-RT simulator merely considered as a controller with a
simulation time 50e~®. The details of the OP5142-RT simulator is presented in the
Appendix-2.

Presently, the output waveforms of the proposed circuit are shown in Figure 2.9
for five modulation index (m,) values. The Figure 2.9(a) carries Bridge-A, Bridge-B
and load voltages of the submitted topology for m, = 0.085. It is evident that, if m,
changes, the power-sharing between the bridges will vary accordingly (Kang et al.,
2005)). Even though the Figure[2.9(b) attains seven level across the load for m, = 0.25,

the Bridge-A could not feed the load since it is not generating any voltage waveform.
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Till m, > 0.3, the transformer-B is the only candidate bearing the total load, and
its power handling capability is also less approximately 22% of the rated load. Next,
in the Figure 2.9(c), (d) and (e) both the bridges participated in compiling the load
waveform.

Further an important practical issues about the transformers when fed with low-
frequency waveform creates heating issues. This further effects efficiency of a con-
verter. However, if winding currents are sinusoidal, additional losses can be min-
imised. On the other side, the presence of the transformer in the proposed design
ensures, (i). Less voltage and current rating switches, (ii). Drastically minimises volt-
age stresses, (iii). Eliminate higher order harmonics, (iv). Provide inbuilt isolation,
and (v). Matches the voltages between a source and line (Flores et al., 2009). Af-
terwards, the proposed MLI holds 19-level load voltage waveform as shown in Figure
(e) at m, = 1 and 180V, 90V, 270V, 7.3A are the peak-peak magnitudes of V,
Wy, Vi, and i, sequentially.

The harmonic spectrum of the 19-level load voltage is displayed in Figure [2.10}
herein the load voltage has achieved 4.97% THD without any additional filter, and the
driving switching frequency is 1.5 kHz. The load parameters of the values R = 3652
and L = 70mH are taken to evaluate the presented topology.

2.7 Comparative study

The proposed topology is compared with those presented in the literature regarding

switch count, transformers, DC supplies and peak inverse voltage (PIV), etc.

e Switch count: As it can be seen from the Table[2.4]the proposed 19-level inverter
requires the least number of the switches. Though the topologies Kang et al.
(2005), Gupta and Jain| (2012a) needs the same number of switches, the number

of levels are lesser than the proposed one.

e Transformer and DC source count: It is inferred from the Table 2.4 that both
transformers and DC supplies need only two numbers for generating 19-level

output voltage waveform.

e PIV and ratings of the switches: The peak inverse voltage of the proposed
converter has the least magnitude followed by the Kang et al.| (2005)), Behara
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Table 2.4: Device count of the proposed topology with other structures

Recent MLI configurations
1 2 3 4 5 Proposed

Number of levels 11 19 19 19 15 19
Number of DC-sources 1 1 1 5 3 2
Number of IGBT-switches 12 20 20 14 12 12
Gate drivers 12 20 20 14 12 12
PIV Wae Vi 1Vge 9V TV 3Vie
Number of transformers 3 9 9 0 0 2

1.[Kang et al.| (2005)
2.Banaei et al.| (2012b))
3.|Behara et al.| (2016])
4.|Babaei and Hosseini| (2007])
5./Gupta and Jain| (2012al)

et al| (2016). Even though the topologies Kang et al.| (2005) and |Behara et al.
(2016) have the least PIV switches, the number of required transformers are
more than the proposed topology. Furthermore, the proposed MLI can be ex-
tended to three-phase system where the number of transformers further reduced

to 2-three phase transformers instead of six single-phase transformers.

2.8 Summary

This chapter presented a novel single-phase HMLI which employed low-frequency

transformers for boosting output voltage levels and provides isolation between the
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load and supply. The performance of the proposed MLI is investigated with a new
carrier-based LS-SPWM technique. The proposed topology is achieved 19-level PWM
output waveform with only two simple bridges. Moreover, the offered switching tech-
nique plays a significant role to improve the FFT spectra of the output waveform with
the minimum switching frequency. All these features recommend the proposed con-
figuration towards active filters, var compensators, and grid-connected applications.

It is noted that the fundamental switching approaches are also having equal im-
portance along with PWM strategies. Therefore, we have introduced an easiest and
novel fundamental switching method along with a new topology in the next chapter
in detailed.
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3.1 Introduction

In the earlier chapter, a single-phase 19-level inverter with a new PWM scheme is
developed in the view of medium power applications. In this chapter, the same circuit
is modified for low voltage applications. Unlike PWM control, a new fundamental
switching is developed to control the proposed configuration.

This chapter is organized as follows: Firstly, the topological synthesis of the pro-
posed circuit is done on the basis of previously presented configuration followed by
detailed investigation of a new switching approach so-called a fundamental sine quan-
tiser switching technique (FSQST). Secondly, the adequate simulation results are
provided using MATLAB/SIMULINK software. Lastly, the experimental results are
exposed to verify both proposed technique and the improvised circuit with a detailed

comparative results.

3.2 Proposed MLI configuration synthesis

The process of designing 19-level (19L) configuration is initiated by inducing the
two diodes in place of switches from the circuit which has demonstrated in the sec-
ond chapter as shown in the Figure [3.1[(a). Thereby control complexity and number
of gate drive and switch protection setups are alleviated in the proposed circuit.
Later on, an appropriate bridge voltage waveforms are described in Figure (b)
Here, top waveform (Vp;) is collected across the secondary terminals of transformer-
1 and middle waveform (Vj2) is taken from an output side of the transformer- 2.
Regarding the shape of above-mentioned two voltage waveforms, the top one is a
quasi-square waveform, and the middle one is a zigzag waveform. However, both
waveforms possess quarter wave symmetry as well as odd symmetry, thereby com-
puting the signal become easy and also waveforms are free from an even harmonics.
In the proposed configuration, the load is connected between a dotted terminal of
transformer-2 and a non-dotted terminal of transformer-1 and remaining secondary
terminals of both transformers are shorted. Thus, load current flows from the dotted
terminal of transformer-2 to a non-dotted terminal of transformer-1, and correspond-
ing load voltage waveform is showed at the bottom of the Figure [3.1[(b). The Figure
3.1|(b) is evident that the transformers can boost the magnitude of the individual op-
erating voltages of two bridges (H4 and H6). Thereby the peak inverse voltage (PIV)
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of the semiconductor switches used in H4 and H6 topologies is reduced to one-third
of the load voltage.

Tabld3.1] summarizes all the possible output voltage levels and the switching com-
binations (0 for OFF and 1 for ON state of a switch) that can be generated with the
topology. Further, to have a comprehensive understanding of these switching states,
a path for the load current, active switches and the effect of each state on bridge
voltages, Figure , , and are included (only for a positive quarter cycle
of the output voltage). For apprehending the 0 level (OL), the switches S;, S5 of
H4 and S5, S; of H6 bridges are activated as shown in Figure [3.2a). Later, the
following components, diode D; and S7, S35, S5, Sg and Sjy switches are handled the
primary level (1L) by considering the magnitude of V. equal to 1E and a pictorial
representation is shown in Figure 3.2(b). For realising second level (2L), the DC
source Vg1 is selected with the magnitude ‘2E volts’thereafter Sy, Sz, S5, Sg and Sy
and diode D, are activated as shown in Figure [3.2(c). Up to the third level (3L),
H4 bridge settled at a zeroth state, and an entire topology depends on the H6 bridge
which contributes frim OL to 3L levels alone, the 3L generation is displayed in Figure
[3.3(a). Similarly, Figure and [3.5] interprets other positive pertinent levels (4L,
5L, 6L, 7L, 8L and 9L). Afterward, the negative states are accomplished by S5,5y, Sg
and Sy switches in place of 51, S3, S5 and S; sequentially. However, switches Sy and
Syo of H6-bridge are functioned continuously for a whole period. Regarding hardware
pulse generation, six isolated controlling signals are enough to drive the presented

configuration (ten switches) to attain all output voltage levels.

3.3 Fundamental sine quantised switching technique

As per switching criterion, large numbers of control techniques are presented over
the years in the literature (Colak et al. |2011). Specifically, sinusoidal pulse width
modulation (SPWM), space vector pulse width modulation (SVPWM), random pulse
width modulation (RPWM) (Trzynadlowski et al. [1994), selective harmonic elimina-
tion (SHE) (Dahidah and Agelidis, [2008), Round control (or) Nearest level methods
(Kouro et al.,|2007a)) and so on. Admittedly, every control technique possesses benefits
and limits, such as executing the SPWM technique are too complicated for high-level
voltage applications especially hybrid and single DC converters, at the same time

SVPWM cannot be applicable for single-phase networks and also understanding is
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Table 3.1: Triggering states according to load voltage waveform levels

Load voltage

Switching states of H4 -Bridge

Switching states of H6 -Bridge

Vi S1 S Sz S Vo Ss S¢ St Sz SS9 S Voo
0 1 0 1 0 0 1 0 1 0 0 0 0
1E 1 0 1 0 0 1 0 0 1 0 1 1E
2E 1 0 1 0 0 1 0 0 1 1 0 2E
3E 1 0 1 0 0 1 0 0 1 1 1 3E
4E 1 0 0 1 6E 0 1 1 0 1 0 2B
5E 1 0 0 1 6E 0 1 1 0 0 1 -1E
6E 1 0 0 1 6E 1 0 1 0 0 0 0
7E 1 0 0 1 6E 1 0 0 1 0 1 1E
8E 1 0 0 1 6E 1 0 0 1 1 0 2E
9E 1 0 0 1 6E 1 0 0 1 1 1 3E
(S U Vo V)
, \% J.'*' S9 S S i 6E
‘ A 7 ol >
D1 VoY) t(sec)
P L] 3E“Ji:
: 2E
o IE; _
A .“' Zx S6 i.“‘ Ss :%E‘J': t(sec)
: 4 S, 4 VLY
H \ .
] :
o o
|
g B
2E =
1E; _
I 0.005 t(sec)

Figure 3.5: Ninth voltage state: 9E-volts
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intricate beyond five levels. Thereafter, the formation of an asymmetrical carrier in
RPWM is one of the challenging issues. Similarly, Newton Raphson (NR) method is
observed to control the quality of the output waveform with appropriate switching
angles. An optimised SHE technique with NR method is also presented in the litera-
ture (Li et al. 2000a). However, getting firing angles in SHE technique through NR
method is a hard task when the output levels are raised up. Moreover, an initial guess
plays a key role to solve the mathematical equations in NR method, but guessing the
initial values is a pessimistic issue (Suresh et al., |2017). Finally, a Round control
method which is quite easier compare to other ones. But, the lack of caring the
switching angles severely affects the qualitative waveform. On this line, with a moti-
vation to deprive the colossal harmonic-magnitudes of the load voltage waveform, a
Fundamental Sine Quantised Switching Technique (FSQST) is introduced. So far, the
hysteresis current control approach and/or DC voltage progression have been adopted
the quantisation (Sujanarko et al.| 2010, |Manjrekar and Venkataramanan) 1996, |Rah-
man et al.; 1987, [Taghizadeh and Hagh|,[2010)). But in the proposed scheme, quantiser
has elected for creating the pertinent switching angles to control the magnitude and

harmonic spectra of the load voltage.

In this concept, designing the quantisation interval (Q) is an imperative step to
create the pertaining levels of the output voltage. Herein, the switch controlling
is mostly accomplished with the quantiser block and sine reference signal V,.; =V,
sin(2 x m x 50 x t), hence it is called ‘fundamental sine quantised switching technique
(FSQST)’. The sophisticated algorithm of the FSQST is displayed in the Figure[3.6]a).
Comprehensively the algorithm is insisting the procedure to find the appropriate
switching angles using quantiser, and the suitable control function is built to attain
the good harmonic profile in the output voltage waveform. Firstly, two waveforms
are considered to get deserved switching instants. One is the sinusoidal waveform
(Vief) so-called reference waveform and the second one is a staircase waveform of
the reference signal (V). Secondly, by comparing the V.., with Vi the pulse train
(Vge) is created as shown in Figure (b). It is evident that the frequency of the
comparing signals should not be altered to accomplish the precise switching instants.
Henceforth the pulse train also has the same frequency, and the switching instants
of the quarter cycle of the V,. are enough to build the whole control schema of
the proposed configuration, and it is meticulously demonstrated in Figure [3.6{c).

Analytical verification of the FSQS approach is justified in the following subsection.
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3.3.1 Mathematical analysis

The quantiser output waveform Vg usually a step waveform with an equal magnitude
change between two adjacent levels as shown in Figure . Here ‘V'is followed by its
quantisation interval (Q) where the Q value depends on the number of output voltage
levels and a peak of the reference signal. Moreover, the height of the reference and
quantiser waveforms is the same value, if not equal area criterion will be no longer valid
which leads to determining the (Q magnitude to match with the output voltage levels
and fundamental component of the inverter becomes very hard. The functionality
of the proposed technique is clearly interpreted through the Figure |3.7] Herein, a
reference signal (V,.s) passed over the quantiser output signal (V5), and the adequate
hitting instants are also depicted as oy, ag,.....etc., and the ‘Q’value is described as

follows
Vi

= =1

(3.1)

Where M is the number of required output levels. For simplification, let us consider,
e equal to the magnitude difference between two consequent levels of quantiser output

waveform; q; is the i switching angle, where the waveform jumps from (i — 1) level

85



to it" level; Vi, is an inverter output voltage waveform. The number of coincides
occurred between V,.; and Vg signals are “((M-1)/2)+1"times per quarter cycle.
Consider the angle wt = «a; where the magnitude of the reference and quantiser

signals are ‘V, sin(a7)’and ‘6.5 x e’sequentially. Then,

6.5 X e
V. = 3.2
P sin (ay) (3:2)
6.5 X e
i = 3.3
sin (a7) 0.5x (M—-1)xQ (3:3)
Due to the equal area distribution, e is equal to Q, therefore
13
a7 = Sin_l(m) (34)
Similarly
15
ag = Sinil(m) (35)
A generalised formula for i** switching angle is
2i—1
o =sin (22D here =12, (M —1)/2 (3.6)

(Af—1)

Then, Load voltage is expressed in Fourier form as follows

[e.e]

4
Vin(wt) = Z E(E cosnay + 2E cosnag + ....(
n=1,3,5,7,..

M—-1
2

) x E cos (nogsm-1))
(3.7)

The proposed scheme is also valid for three-phase inverters, in such cases quantiser

interval (Q) is depends on the number of line to line voltage levels.
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3.3.2 Evaluating the switching instants for the proposed 19L
topology by the FSQS approach

Firstly, consider a sine reference waveform (V,.;) with unit magnitude and 50 Hz
frequency. Secondly, the proposed converter can produce nineteen levels at most,
therefore the least Q value has become 1/9 (calculated from an equation [3.1)). Due
to holding the Q at 1/9, the pulse train V. has nine switching instants per (1/4)%
cycle and these nine instants are sufficient to drive an entire configuration because
load voltage is possessing both the quarter wave and odd wave symmetry properties.
The switching angles are extracted from the pulse train V. through the following
embedded MATLAB code.

[Angle extraction program]

cle;

clearall;

closeall;

formatshortE;

load(‘V gc.mat’);

Vge=Vgc;

Vgel = Vge(l: floor(size(Vge,1)/4),:);

Vge2 = Vgel(find(dif f(Vgel(:,2)) == 1)+ 1,1);
for ii=1:numel(Vgc2)
eval([‘alpha’'num2str(ii) = Vge2(ii). x (18000)']);

end

Structurally, the presented topology requires only six distinct control signals, though
the circuit built with ten switches. In another way, the existence of the complemen-
tary switches makes a more straightforward controlling embedded program for the

proposed structure.

4
Vi (wt) = ;(E cos aq + 2F cos ag + 3E cos oz + 4F cos oy + 5E cos o

+6F cos ag + TE cos ar + 8F cos ag + 9F cos ay) (3.8)
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Fifth and seventh harmonic components,

4
Vis(wt) = Q(E cos bay + 2E cos bay + 3E cos bas + 4E cos Hay + HE cos bas

+6F cosbag + TE cosbay + 8F cos bag + 9F cosbag) (3.9)

4
Viz(wt) = ﬂ(E cos Taq + 2E cos Tag + 3E cos Tas + 4E cos Tay + HE cos Tas

+6F cos Tag + TE cos Tay + 8FE cos Tag + 9E cos Tay) (3.10)

The switching angles of both theoretical and simulation of the proposed topology
are presented in Table for different quantisation intervals. The results of both
theoretical and simulation are much closer to each other because an error is very
minimal (less than one degree). Next, the nineteen level output voltage waveform’s
fundamental component is derived from the equation , and the harmonics 5%
and 7*" are also exhibited in equations and respectively. However, the overall
harmonic spectrum of the output waveform is very appreciable as per the international
standards though the lower order harmonics existed with amplitudes less than 1
percent. The error between the simulation and theoretical angles for every Q" value
is presented in Table[3.2] The difference between the analytical and simulation angles
is very negligible, or no variation. Finally, the uniqueness of the FSQS technique with

classical fundamental switching techniques is comprehensively presented in Table [3.3]
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3.4 Simulation results
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Figure 3.8: Simulation results: Triggering pulses of proposed topology

The present section deals extensively with the simulation verification of the pro-
posed structure. The following device parameters Vi, = 72.28V; Vi = 36.14V;
VL(RMS) = 230V; Proaa = 200 are considered to confirm the simulation validness

of the presented configuration. After that, the transformer-1 and transformer-2 power

ratings are evaluated mathematically Kang et al.| (2005)), and the corresponding values

are 200VA and 100VA sequentially. As stated in the earlier subsection, the proposed
circuit can accomplish 19L output voltage waveform whenever the quantisation ratio
of the suggested fundamental switching technique ‘Q ’has predefined by 1/9. The
simulation gating pulses of corresponding IGBT switches of the proposed topology
are presented in Figure for the quantisation value é. Here, gate driving signals for
Ss, Sy, Sg and Sy IGBT switches are not depicted because, they are complementary

switches of S, 53,55 and S7 successively.
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Figure 3.9: Simulation results: (a) Transformer-1 output voltage Vo1 (b) Transformer-2
output voltage Vi, (c) Load voltage Vi, (d) % THD of the load voltage V7,
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Figure 3.10: Simulation results: %THD variation chart along with quantisation interval

Q)

At this instant, the shape of the transformer-1 output voltage (Vo) is a quasi-
square waveform shown in Figure (a). In fact, transformer-1 handles twice the
power rating of transformer-2. The peak value of the quasi-square waveform is 216.84
V, and the tip of seven-level uneven waveform Vj, is 108.42V is shown in Figure 3.9

(b). Though the transformers ratings are different, the maximum blocking voltage
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of semiconductor switches used in the proposed inverter is equal. Further, these two
voltages V1, Voe are connected in series to produce 19-level waveform across load
Vp, is displayed in Figure (¢). The new control scheme FSQST mainly effects
the total harmonic distortion of the output voltage V. The FFT spectrum of load
voltage is presented in Figure (d) which attains 4.30% THD. Thereafter, the
fundamental peak magnitude of load voltage depends on ‘Q’as similar to modulation
index in selective harmonic elimination technique. These variants will be explained
in the further section with hardware figures. The FFT spectrum of all permissible
load voltage levels 3, 5, 7, 9, 11, 13, 15, 17 and 19 for the corresponding quantisation
interval are exposed in the Figure [3.10] Later, the detailed switch loss calculations
are carried in Appendix-A using curve fitting approach. For a given load (200W), the
total loss of the proposed MLI is 6.218W for 1 sec and the individual switch losses are
shown in Table for the same time period (1sec). Therefore the efficiency of the
proposed MLI is 96.89%.Furthermore, the proposed MLI can be extended to three
phase system where the number of transformers further reduced to two three-phase
transformers instead of six single-phase transformers. Thereby, a manufacturing cost
of the proposed MLI will be curtailed.

3.5 Experimental results

In hardware verifications, all desired triggering pulses of the proposed topology are
accomplished with the help of OP5142 real-time simulator which is one of the funda-
mental building blocks in the modular OP5600 Input / Output system from Opal-RT
Technologies. Appendix 2 comprehensively presented about the OP5142 real-time
simulator. Truly an experimental setup is assembled with six SKM75GB123D half-
bridge IGBT modules, two linear CRNGO core transformers (Tr.1: 200VA, Tr.2:
100VA), and two-channel Aplab dual DC power supply which provides two input DC
sources (Vg = 20V and Vg = 10V), moreover a suitable gate driver circuits are
built by TLP 250 optocouplers. Herein, the OP5142-RT simulator merely considered

6 seconds, so that there is

as a controller running with simulation time 7, = 50e~
less possibility to occur dead shot between the complementary switches of proposed
topology which leads to curtailing additional dead band circuits. The load parameters
R = 202 and L = 30mH are considered to evaluate the presented topology.

The experimental 19-level load voltage, load current and corresponding bridge
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Figure 3.12: Experimental voltage waveforms across the secondary terminals of the
Transformer-1 (Vp1) and Transformer-2 (Vp2) and the load terminals (V7)) when the quanti-
sation interval ‘Q’varies from one to one by eight fraction: (a) Vo1, Vo2, and Vi, waveforms
for @ = 1; (b) Vo1, Vo2, and Vi, waveforms for Q = 1/2; (c¢) Vo1, Vo2, and V waveforms for
Q = 1/3; (d) Vou, Vo2, and Vi, waveforms for @ = 1/4; (e) Vo1, Voo, and Vi, waveforms for
Q = 1/5; (f) Vo1, Voo, and Vg, waveforms for Q = 1/6; (g) Vo1, Vo2, and Vi waveforms for
Q =1/7; (h) Vo1, Ve, and Vg, waveforms for Q) = 1/8.
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Table 3.4: Detailed loss analysis of the proposed MLI

Device Insulated Gate Bipolar Transistor Anti parallel diode Deviceyoss(W)
Switch/Diode  Peona(W) Piwiten (W) Peond(W)  Payiten (W) -
Sy 0.3085 0 0.2619 1.856¢6 0.5704
Sa 0.3064 0 0.2619 4.136e~7 0.5684
Ss 0.2239 0.00185 0.3189 0.0005387 0.5452
Sy 0.2255 0.001852 0.3186 0.0005375 0.5465
Ss 0.3542 0.00185 0.2644 0.0002644 0.6207
Se 0.3551 0.001839 0.2645 0.0002693 0.6217
S7 0.4137 0.002855 0.3013 0.0006974 0.7186
Ss 0.4129 0.002873 0.3012 0 0.7170
So 0.03652 0.004095 0.2649 0 0.3056
S10 0.207 0.006222 0.2664 0.0003849 0.4800
Dy - - 0.2619 0 0.2619
Do - - 0.2619 0 0.2619

*Total loss = 6.218W

voltages are shown in the Figure m (a), where 60V, 30V, 90V, 2.2A are the peak
magnitudes of Vi, Voo, V7, and iy. The resistive-inductive load causes the minimum
phase difference between the load voltage and current waveforms. The harmonic spec-
trum of the load voltage is presented in Figure m (b), wherein the load voltage has
achieved 3.93% THD without any additional filter. The practical THD chart by vary-
ing number of levels in the load voltage is shown the Figure (c). Experimentally,
when the load voltage maintains minimum 15 levels, then the proposed topology can
be obtained the below five percent of THD of the load voltage by adopting the FSQS

technique.

Figure describes practical results of transformer-1 and transformer-2 sec-
ondary terminal voltages and load voltage when quantisation interval (Q) changes
from 1 to 1/8. Though the Vje waveform looks symmetric fashion, the odd and quar-
ter wave symmetry won’t loose it’s shape. The transformer-1 output voltage will be
the zero magnitudes till Q value cross beyond 1/3. At that time, the load should be
entirely driven by the transformer-2. Afterward, the Q reaches the value 1/4 then two
transformers (1&2) start to feed the load together. As Q changes, accordingly, the

96



power-sharing between the transformers varied. In fact, a peak value of the funda-
mental load component always equal to an amplitude of the highest level of the load
voltage waveform. For example, in Figure m(h), positive top of the load voltage
is 80V, thereby, the peak of the fundamental voltage waveform also be 80V. When
the switching technique applies to three-phase delta network, the harmonic profile
of the load voltage improves magnificently because of inherently accumulating the
two-phase voltage waveforms for giving the line to line voltage waveform. The main
limitation of the FSQST is all switching angles are calculated in off-line to execute

the proposed topology by the FSQS control schema.

3.5.1 Structural comparative study

Table 3.5: Structural uniqueness of the proposed configurations

Existed MLI topologies

1 2 3 4 5 Chapter 2/ Proposed
Number of levels 11 19 19 19 15 19 19
Number of DC-sources 1 1 1 5 3 2 2
Number of IGBT-switches 12 20 20 14 12 12 10
Gate drivers 12 20 20 14 12 12 10
Diodes 0 0 0 0 0 0 2
PIV Wae WVae 1Wge Ve TV 3Vae 3Vae
Number of transformers 3 9 9 0 0 2 2

1.[Kang et al.| (2005)
2.Banaei et al.| (2012b))

3. Behara et al.| (2016)

4. Babaei and Hosseini (2007])
5./Gupta and Jain| (2012a)

As per the device count concern, the proposed converter has reduced two self-
controlled switches than the circuit reported in chapter2. For higher levels, the de-
vice count will be further reduced. Moreover, the presented topology has a compact
structure compared to conventional cascaded MLI (Hammond, 1995) where 36 in-
dividual semiconductor switches and 9 DC links need to attain the same nineteen

levels. Similarly, the transformer-based configuration presented in (Banaei et al.|
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2012al) which demands 20 IGBT switches and nine low-frequency transformers for
achieving nineteen levels. Herein, the number of devices like transformers and 1G-
BTs are higher than the proposed configuration and thereby, the proposed topology
become an economically better circuit than the topology presented by the authors
(Banaei et al., 2012a). Moreover, the topology developed in chapter |2 needs twelve
controlled switches, but here, the proposed topology has implemented nineteen levels
with only ten IGBT switches. The component comparison analysis with existed and

popular MLI circuits is described comprehensively in Table (3.5

3.6 Summary

In the current chapter, a 19L single phase transformer based MLI proposed with
only ten semiconductor switches. Moreover, a simple fundamental switching strategy
‘FSQS technique’has comprehensively conferred. After that, an experimental and
simulation results have been provided to verify the performance of the FSQST for
the suggested MLI. In fact, the proposed technique can be adopted in place of any
fundamental switching technique (nearest level control, SHE technique, etc.) for
improving the harmonic profile of the output waveform and carefully mitigating the
switching loss.

Up to now, the transformer based archetypes are investigated for satisfying the
specific applications (grid-connected, FACTS, etc.) where the transformers have the
more vital importance. However, some of the applications should not accept the
existence of the transformer in their configurations for having a variable control and
compact size constraints. In this perspective, the next chapter is entirely devoted to

propose a novel transformer-less MLI with the least part count.
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Chapter 4

A NOVEL MULTI-CELL CMLI
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4.1 Introduction

In the last two chapters, transformer based multilevel inverters with reduced de-
vice count are discussed, and such inverters are mainly applicable for grid-connected
systems and FACTSs devices. The transformer in the inverter design limits the pen-
etration into the drives applications. For addressing this issue, the current chapter
proposed an architecture without any inductive elements named as a Multi-cell cas-
caded multilevel inverter. The chapter is systematised as follows. Section 4.1 gives the
details of modes of operation and possible converter extensions. Section 4.2 briefly
presents the standard control techniques (SHE and Nearest level control method),
and Section 4.3 provides the simulation and power loss calculations of the proposed
MLI. Finally, the Real-Time verifications are given in the Sections 4.4, and summary

of the chapter is presented at the end.

4.2 Multi-cell MLI topology synthesis

The proposed multi-cell CMLI consists of ‘Nps'number of equal DC voltage sources
which are handled to synthesize a multilevel output voltage employing power elec-
tronic switches. The value of the DC sources used in the different cells is supposed to
be different so that more output voltage levels can be generated using fewer devices.
Moreover, the number of DC supplies in every sub-cell can be altered according to
the requirement of the structure. However, the present configuration shown in Fig-
ure [4.1| considered a uniform number of DC supplies in every sub-cell, i.e., n=2, and
each sub-cell can generate ‘2n+1’levels. The Figure [4.1| shows the multi-cell config-
uration along with key voltage waveforms of each primary cell. Structurally, a basic
cell having uniformly two DC sources and four polarity reversing switches and two
level creating switches. Though the switches S¢q3 to Scqg are withstanding a voltage
equal to the total DC voltage of the cell, the entire input supply of the configuration

is shared between the cells for promoting to higher voltage applications.

Let us consider, the i*" cell has K; equal input sources and the value of the first-cell

source to be followed as
Va1 = Vae (4.1)
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Then the value of the DC voltage source of the i" cell can be determined as follows

i—1

Vi = (2ky + 1).(2kz + 1) (ki1 + 1). Ve = Vi [ [ (2km + 1) (4.2)

m=1

V(pu‘
First Basic cell output voltage

D el S L T M S
Pl Y W N WY N T

Second Basic cell output voltage
- Do 0.833
4. Basic | |

0.416 |

-0.416 \j J

Output voltage

0.666 ‘HJJ_LLL(
0.333 rrH LLL'
(FAE
-0.333 LLL‘ 'JJJ

-0.666 ILL‘ ’JJI

) o
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& & o =

Figure 4.1: (a) The proposed 25-level multi-cell CMLI, (b) Key voltage waveforms in per

units.

By considering the equationfd.2 for the input DC supplies of every sub-cell, the

total output levels of the MLI are determined as follows:

Ny = (2 +1).(2k +1)...(2k, +1) = ﬁ(%m +1) (4.3)

1
The positive peak magnitude of the load voltage can be written as

2k +1)- (ks + D)@k £ D] =1 [oas Gl A D=1

Vi maxr —
b 2 2
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The required switches of the each sub-cell is calculated by the following equation.
Nigpri = 2(ki + 1) (4.5)

Therefore the total switch count of the proposed MLI is function of the DC supplies

as follows

q
Nigar =Y 2(km + 1) (4.6)
n=1
Key voltage waveforms of the sub-cells and load voltage waveform are presented in
Figure (b) The proposed MLI has accomplished twenty-five levels for considering
the DC magnitude ratio 1:5. The waveform of the first sub-cell seems to be a zigzag
fashion so that it is treated as an asymmetrical bridge, and the second sub-cell wave-
form describes the symmetry (quarter wave and odd wave symmetry), thereby it is

named as a symmetrical bridge. The triggering states of both bridges are displayed
for half of fundamental cycle in Table

4.2.1 Modes of operation of the proposed MLI

The individual switching states of the proposed multilevel inverter are exposed in

Figure

e 1E Level: The Asymmetrical bridge alone provides the 1E level across the load
by conducting its single DC supply through the switches S¢12, S711, and Stis.
Herein the DC source of an Symmetrical bridge is bypassed form the load by

activating the switches S7o4 and Syoo.

e 2E Level: This level is accomplished when the Asymmetrical bridge switches
Sc11, St11, and Stia are turn ON. At the same time, the Symmetrical bridge
should be continuing the bypassed state.

e 3E Level: Two outputs of the individual bridges are cascaded to attain the 3E
level, where the Symmetrical bridge generates +5E and an Asymmetrical bridge

functioned to produce -2E magnitude.

e 4F Level: Similar to 3E level, 4E level also accomplished by cascading two

individual bridge outputs, where the Symmetrical bridge generates +5E and an
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Asymmetrical bridge functioned to produce -1E magnitude.

e 5E Level: The Symmetrical bridge alone provides the 5E level across the load
by conducting its single DC supply through the switches Scoo, S721, and Stas.
Herein the DC source of an Asymmetrical bridge is bypassed form the load by

connecting the switches Sry; and Stis.

e GE Level: The switches Sci2, S711, and Spi of Asymmetrical bridge and the
switches Scoa, S1o1, and Stgs of Symmetrical bridge are conducted to attain
the 6E level.

e 7E Level: In place of Scia, the switch Scqp will conduct to achieve this level

from the prior state 6E.

e SE Level: The 8E level is functioned across the load when the Symmetrical
bridge jumps from 5E to 10E and Asymmetrical bridge reverse the +2E polarity
to -2E.

e 9E Level: In place of Sgq1, the switch Sa1 will conduct to achieve this level

from the prior state 8E.

e 10E Level: The Symmetrical bridge alone provides the 10E level across the
load through the switches Sco1, S721, and Spos. Herein the DC source of an

Asymmetrical bridge is bypassed form the load.

e 11E Level: The switches Sci12, St11, and Sp1o of Asymmetrical bridge and the
switches Sc11, S721, and Spoo of Symmetrical bridge are conducted to attain
the 11E level.

e 12E Level: In place of Sc1a, the switch Sgq; will conduct to achieve this level

from the prior state 11E.

e OE Level: The zeroth level can achieved in multiple ways, in Figure three
ways are shown, in fact in four ways it can be accomplished. The ultimate goal
of the zeroth state is nothing but bypassing the input supplies of the bridges

from the load.

The switching table and individual states are representing only about the positive
states of the proposed multi-cell MLI. To attain the negative states merely energize

the complementary switches of all polarity generators of the sub-cells.
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de I—I_I—l _»Multilevel SHE voltage waveform

o Traditional SHE voltage waveform

Figure 4.3: SHE voltage waveform for multilevel and traditional inverters

4.3 Standard fundamental modulation techniques

Chapter 3 partially describes the standard low-frequency control algorithms such as
selective harmonic elimination (SHE) and nearest level control algorithms. Therefore
in the present chapter, the detailed functioning of the general control algorithms are
comprehensively provided. In fact, very high-power converters are typically switched
with fundamental switching frequency algorithms, below 1 kHz. If the carrier-based
pulse width modulation schemes want to implement, then the switching frequency
should be very low which causes the existence of the low-order harmonics in the
load voltage which creates performance issues. To address this aspect, the SHE
is developed where the switching angles are predefined. Furthermore, the angles
are precalculated via Fourier system of equations to confirm the elimination of the

unwanted lower order harmonics(Holtz, 1994).

4.3.1 SHE control scheme

The magnitude of all unwanted harmonic components of the predefined switched
waveform is made equal to the zero while the fundamental component is kept equal
to the desired reference amplitude. After that, the set of equations is determined

off-line using numerical methods like NewtonRaphson method to get a solution for
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the desired switching angles. The concept was extensively accepted for the three-level
inverter, and later, it is extended for multilevel configurations (Li et al., |2000b). The
SHE switching schema for MLI circuits generates ‘z’number of controlling angles per
quarter cycle to eliminate the ‘z-1’'unwanted harmonics. The remaining switching
angles control the first harmonic component magnitude for reference tracking. The
Figurd4.3| reveals prior defined voltage waveform with a set of switching angles. The
multilevel staircase waveform satisfies the odd wave symmetry, thereby only odd har-
monics are observed in the output waveform. The derivation of the Fourier coefficients

are presented as follows:

The Fourier coefficients, average value of waveform ay and even harmonic contents
a, are become zero and the odd order harmonic pertinent coefficient b,, only existed
in multilevel output waveform shown in Figurdd.3] The generalised formula of the

coefficient b, is given below.

b, = 4 /072r V(wt)sin(nwt)d(wt) (4.7)

™

Now the equation [4.7]is computed for the multilevel waveform as follows,

4 [0 03 z
b, = —[/ Viesin(nf)do +/ 2Vyesin(nf)dd + ... + /2 2Vaesin(nf)do)
T Jo, 02 0
4 . ™
= %[—Vdccos(nﬁ) zf — 2Vy.cos(nb) g; — oo = Vigecos(nt) |5 ]
4
= E[—Vdccos(nﬁg) + Vgecos(nby) — 2Vyecos(nbz) + 2V.cos(nby) — ...
+ 2Vgecos(nb,)]
4
= E[Vdccos(n%) + Vgecos(nby) + ... + Vgecos(nd,)]
4Vae
= %[cos(n&) + cos(nby) + ... + cos(nb,)]
m
Therefore
AVae
b, = 0; 4.
= Zcos(n ;) (4.8)

j=1
where b, is the amplitude of n'"* harmonic, it is worth noting that a; < as < as
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< ...a; < 7. Finally the Fourier series form of staircase waveform is expressed as
follows
o0 4 .
V(wt) = E [by] sin(nwt) E d E cos(nb;)]sin(nwt) (4.9)
nm
n=1 n=1 j=1

4.3.1.1 Newton Raphson (NR) approach to determine switching angles

The NR method is adopted for identifying the ‘z’switching angles of 2z+1 level output
waveform from the equationfd.8| The fundamental amplitude of the voltage waveform
is given below
AVye
by = [cos(0y1) + cos(0a + cos(03)) + ..cos(6,)] (4.10)

™

similarly, odd order harmonic amplitudes are assumed to be zero and presented as

follows
4Vdc
0= [cos(301) + cos(302) + cos(303) + ..cos(36.)] (4.11)
m
4
0= ‘;dc [cos(501) + cos(502) + cos(503) + ..cos(50.)] (4.12)
0= AV [cos(701) + cos(T0;) + cos(T83) + ..cos(76.)] (4.13)
i
AVe
0 = —=[cos(nby) + cos(nby) + cos(nbs) + ..cos(nb.)] (4.14)
nm

Note that, SHE technique does not have any control over the not eliminated harmonic
contents, it can only control the amplitudes of fundamental and eliminated harmonic
components. The term modulation index (m) is considered to control the amplitude

of the fundamental components and is given as

b1
2Vie

m = (4.15)
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Substitute above equationd.15|in the equationf4.10, and then rewrite the equations

from [£.10] to [£.14] as follows,

cos(bh) + cos(ba) + cos(bs) + ..cos(0,) = Zizﬂ (4.16)
cos(361) + cos(36s) + cos(365) + ..cos(360,) =0 (4.17)
cos(561) + cos(bbs) + cos(505) + ..cos(50,) = 0 (4.18)
cos(7601) + cos(763) + cos(705) + ..cos(76,) =0 (4.19)

cos(nby) + cos(nbz) + cos(nbs) + ..cos(nh,) =0 (4.20)

The aforementioned non-linear equations are to be solved to find the appropriate

switching angles of the multilevel waveform by the following steps.

Consider the switching angles in matrix form,
0 = (07,069,605, ..69]" (4.21)

Similarly the non-linear system matrix (F) is derived

cos(67) + cos(03) + ..... + cos(87)
c05(367) + cos(360}) + ..... + cos(369)
c05(507) + cos(560}) + ..... + cos(569)
61)

Fi cos(767) + cos(70}) + ..... + cos (4.22)

| cos(nb]) + cos(n}) + ..... + cos(nb?) |
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and

i —sin(#)) — sin(63) — ..... — sin(6?) ]
—3sin(36]) — 3sin(36}) — ..... — 3sin(367)
—5sin(50]) — 5sin(563) — ..... — 5sin(567)
[@}j _ —7sin(70]) — Tsin(760}) — ..... — Tsin(767) (4.23)
90
_—nsin(nﬁ{) — nsin(ng)) — ... — nsin(ng?) |
Thereafter harmonic amplitude matrix (A) is
T
Az[% 00 ... 0] (4.24)
Then, equations to can be rewritten in the given matrix format:
F0)=A (4.25)

The matrices[4.21]to[4.25]are implemented in the computer program to get the suitable
switching angles for corresponding modulation indexes. It is noted that the numerical
methods like NR method are performed for various modulation indexes, leading to
necessary calculations that are impracticable to work in real time with contemporary
microprocessors and thus are executed off-line. Though the solutions are saved in
lookup tables, interpolation is used for those unsolved modulation indexes. This
makes SHE-based switching algorithms not appropriate for applications requiring

high dynamic performance.

4.3.2 Round control (or) Nearest level control method

It is the most straightforward control approach introduced to reduce the practical
difficulties of the asymmetrical CHB converter where the low power rating cells or
bridges operate in regenerative mode though the load is not active (Pérez et al., 2007)).
Moreover, all three phases are controlled individually with appropriate 120° phase
shifted reference signals to perform switching operation in the three-phase systems.

This method mostly employed for high voltage applications where the number of lev-
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els is large enough to improve the output voltage. Now, the semiconductor switches

A
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Figure 4.4: (a) Nearest voltage level selection, (b) Nearest level control algorithm.

of the converter are triggered with the suitable gating-signals which are created by
the Nearest level control (NLC) method. The Figure describes the selection of
the closest voltage level and an operating principle of the NLC technique pictorially.
Firstly, consider the fundamental sinusoidal function with unit magnitude and mul-
tiplied with modulation index (m,). Afterward, allows the resultant signal through
the total number of positive levels of the inverter (N). Then apply the round function
to get the required levels. The purpose of the round function is that produces only
one commutation between two voltage steps which leads the system to reduce the
switching losses effectively. Though the technique is easy to implement, still lower
order harmonics are presented. Because, it is not an actual modulation technique to
eliminate the specific harmonics like SHE approach. Therefore the NLC is not suited

for less than 15-levels attaining high-voltage converters.
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Table 4.2: System attributes considered for simulation and experiments

Parameter Specifications

Switching devices IGBTCM100DU12H,600V,100A,
MITSUBISH IGBT MODULES

DC source (V1) 26V

DC source (Vg2) 130V

Load voltage (Vi (rms)) 25Level, 220V

Load frequency 50Hz

Load inductance (L) 20mH

Load resistance (R) 1509

DSP eZdspTMF28335

4.4 Results and Discussion

4.4.1 Simulation results

The system parameters considered for the simulation and experimental studies are
tabulated in Tabldd.2] The required simulation load voltage waveform is originated
with the aid of MATLAB/Simulink software. Herein the staircase switching strategy
is adapted to control the 25-level proposed MLI. This approach is well described in
previous subsection so-called nearest level or round control technique. This adopting
method has a key feature which attains the minimum error concerning the reference
voltage. The operating load is taken a series R-L with magnitudes 1502 and 20mH.
The simulation results are exposed in Figure 4.5l Therein the output voltage wave-
forms of the asymmetrical and symmetrical bridges are presented in Figur(a) and
(b). By adding two bridge output waveforms across the load, the 25-level output
waveform is accomplished across the load as shown in Figurdd.5(c). Finally, the FFT
spectrum of the load voltage and load current waveform are presented in Figur(d)
and (e). Though the lower order harmonics have existed in the harmonic profile of
the load voltage waveform, the overall %THD is considerably very low, i.e., 3.26%.
Moreover, the load inductance inherently smoothens the current waveform. For a
given R-L load, the load consumes 325.16W, and an individual switch losses (conduc-
tion and switch losses) are calculated using curve fitting approach and described in
Table 4.3] Therefore the efficiency of the proposed topology is 97.4% which is due to

low switching frequency for each switch.
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Table 4.3: Detailed loss analysis of the proposed MLI

Device Insulated Gate Bipolar Transistor(IGBT) Anti parallel diode Deviceiotal—10ss (W)

Switch  Peona(W) Pswiten(W) Peond(W)  Pswiten(W) -

Sc11 0.3097 0.009973 0.3536 0.002641 0.676
Sciz 0.7460 0.01412 0.4143 0 1.1740
Sc1s 0.2613 0.006535 0.4160 0.002772 0.6867
Sc14 0.4075 0.007099 0.3589 0.002466 0.7760
Scis 0.2613 0.006535 0.4160 0.002561 0.6865
Scie 0.4075 0.007099 0.3589 0.002255 0.7757
Sca1 0.4851 0.003859 0.2619 0 0.7509
Sco2 0.9764 0 0.4651 0.00184 1.443
Sco3 0.05019 0 0.2790 0.0003052 0.3295
Sco4 0.07183 0 0.2619 0 0.3337
Scas 0.05019 0 0.2790 0.0003052 0.3295
Sca6 0.07183 0.000552 0.2619 0 0.3343

*Total loss = 8.296W

4.4.2 Experimental results

To validate the simulation results, the hardware setup is built with the components
described in the Tabld4.2] Further, the gating pulses are generated by the DSP based
module programming. In fact, the Code composer studio is used to program the DSP
in MATLAB and Simulink software. To extract the experimental switching signals
from the PC, Firstly, confirm the MATLAB program for creating the pertinent trig-
gering pulses and then directly dumped the program into the DSP platform through
the USB JTAG controller. For hardware verification, the same R-L load is consid-
ered to get rid of the bewilderment between simulation and experimental results. An
output waveforms are shown in Figur. Herein, Figur (a) is the asymmet-
rical bridge output voltage waveform which has slight notches. Similarly Figurd4.6|
(b) describes the second basic cell output voltage waveform with five-levels. After
that, the load voltage waveform has accomplished 25-levels by cascading the prior
two bridge outputs as shown in Figurd4.6 (c), and finally, the load current waveform
is depicted in Figurd4.6| (d) which is smoother than load voltage waveform because of
the inductive property of the load. Furthermore, the % THD chart of the load volt-
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Figure 4.6: Experimental results: (a) Asymmetrical bridge output voltage waveform Vi,
(b) Symmetrical bridge output voltage waveform Vo, (¢) Load voltage waveform Vi, (d)
load current waveform iy,.

age waveform is shown in Figurdd.7 Though all odd order harmonics have existed
at very low magnitudes (less than one percent), the overall THD is attained 3.00%
which is very appreciable magnitude. If the SHE technique is implemented instead of
the nearest level control technique, then the specific lower order harmonics become

nullified. However, it is tough to adopt the SHE for higher levels.

4.4.3 Comparative study

To confirm the advantages and limitations of the proposed archetype, the standard

and recent popular configurations are compared with proposed topology. The Table
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Figure 4.7: %THD variation chart of the proposed 25-level output voltage waveform

Table 4.4: Component comparison of the proposed topology with former con-

figurations

Devices
Former configurations Switch Clamping diode balancing capacitors DC-bus
[1] 48 870 NA 24
2] 48 NA 435 24
[3] 48 NA NA 12
[4] 26 NA NA 08
[5] 14 NA NA 04
[6] 36 NA NA 16
[7] 16 NA NA 04
[Proposed| 12 NA NA 04

1.Nabae et al. (198

1)

2.Meynard and Foch| (1992)

3.Hammond] (1995))

1 Babaci @01)

5.[Lai and Shyu| (20

02)

6.[Babaei and Hosseini (2009))

7.Dixon et al.| (2007)
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4.4| contributes in detailed component comparison of the proposed topology regarding
switches, clamping diodes, balancing capacitors and DC buses. Usually, to accom-
plish the 25-level phase voltage waveform from CHB-MLI, DC-MLI and FC-MLI need
at least 48-IGBT switches. Besides, hybrid and asymmetric CC-MLIs for both sym-
metric and asymmetric output voltages demands 26 and 14 switches sequentially.
Furthermore, additional diodes and capacitors are not required like DC and FC-
MLIs. Another vital issue is input DC-supplies count; the proposed converter runs
with only 4-DC supplies whereas standard versions FC, NPC, and CHB-MLIs work
with 24, 24, and 12 isolated DC-sources respectively. A part from this, a high number
of DC-supplies are needed for asymmetrical and hybrid topologies. Thereby, it can be
concluded that the presented configuration uses the least device count for the same

levels of the load voltage waveform.

4.5 Summary

This chapter contributed a CMLI with sub-cells with a reduced number of switches.
An in-depth investigation is carried out on traditional and recent hybrid and sym-
metric topologies from current literature to emphasise the merits of the presented
configuration. Symmetric topologies can only generate the limited number of levels
in the output voltage. On the counter side, these symmetrical versions can operate
asymmetrically with different DC supplies. Nevertheless, these can provide a qualita-
tive waveforms (voltage and current). Later on, single DC source based structures are
also described, but the capacitor balancing is a highly complicated issue. Thereby,
the novel topology is proposed with lesser device count and capable to produce a
qualitative waveform. Additionally, the configuration is used the nearest level control
approach to trigger the semiconductor switching devices. The experimental results are
quite impressive regarding harmonic content in FF'T spectrum. Thus, the proposed

MLI shows promising attributes than traditional configurations.

117






Chapter 5

CONCLUSION AND FUTURE
SCOPE

Contents
B.1 Conclusionl . . v v v v v v v e e e e e e e e e e e e e e e 120
[5.2  Future sco Pel - e 121

119



5.1 Conclusion

In the present thesis Three Unique Hybrid MLI topologies and Two New Control
techniques are proposed. In this regard with and without transformer based hybrid
MLIs are designed. In transformer based architectures two simple bridges are utilised.
Further this design is optimised with only 10 switches. To control proposed MLIs two
new switching schemes are introduced. However the detail conclusions are drawn in

chapter wise as follows:

In Chapter 1, a review of MLIs including the classic, symmetric, asymmetric, single
DC, emerging and hybrid topologies has been verified. As an outcome, it was learned
that despite many solutions capable of generating more number of voltage levels,
an opportunity for developing an alternative way of achieving the same endures are
observed. Thus, apart from the existed MLIs, two configurations are gained significant
popularity. Firstly, the transformer based MLIs for constant frequency applications
such as grid connected, stand alone, and FACTs devices. Secondly, transformerless

MLIs for variable frequnecy applications like motor drives, cranes, tranction, and etc.

In Chapter 2, a novel hybrid multilevel inverter which employed low-frequency
transformers for boosting output voltage levels and provides isolation between the
load and supply are presented for high power applications. The performance of the
proposed MLI is investigated with a new carrier-based LS-SPWM technique. The
proposed topology is designed and verified for 19-level PWM output waveform with
only two bridges. Moreover, the proposed switching technique plays a significant role
to improve the FF'T spectrum of the output waveform with a low switching frequency.
All these features recommends the proposed configuration towards active filters, var

compensators, and grid-connected applications.

In Chapter 3, a 19level single phase MLI is proposed with only ten semiconductor
switches. Further, a novel fundamental switching strategy ‘FSQS technique’has been
introduced for the proposed topology. . After that, an experimental and simulation
results have been provided to verify the performance of the FSQST for the proposed
MLI. In fact, the proposed technique can be adopted in place of any fundamental
switching technique (nearest level control, SHE technique, etc.) for improving the

harmonic profile of the output waveform and for mitigating the switching loss.

Chapter 4 proposed a multicell MLI without transformers. An in-depth investiga-

tion is carried out on recent hybrid and symmetric topologies from current literature to
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emphasise the merits of the proposed configuration. Symmetric topologies can only
generate the limited number of levels in the output voltage. On the counter side,
these symmetrical versions could operate asymmetrically with different DC supplies
in-order to enhance the quality of output voltage. Additionally, the configuration is
realised with the nearest level control approach to trigger the semiconductor switch-
ing devices. The experimental results are quite impressive concerning THD of the
resultant voltage waveform. Thus, the proposed MLI would be suitable to variable

frequency applications.

5.2 Future scope

Based on the research carried out in this thesis, the recommendations for future

research are as follows:

e To integrate the proposed LS-SPWM method for additional improvement in
output voltage quality.

e To investigate the application of the presented FSQS technique to other MLIs

thereby, resulting in many other interesting topologies.

e To investigate and employ a single DC supply for both cascaded transformer

MLIs leading to a reduced cost.

e To further investigate and develop the proposed configurations by substituting a
multi winding and high frequency link transformers to make compact structure

and a reduced cost.

e Performance and cost comparison of the developed topologies by considering

for the suitable applications.
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Appendix A

GENERALISED CURVE
FITTING ANALYSIS OF THE
POWER IGBT

As mentioned in chapter [2] the conduction loss equations from [2.6] to 2.9} and switch-
ing loss factors K;cpr(i.) and Kp(if) are derived from the curve fitting approach
which calculates total losses of the semiconductor switch with slight effort. Moreover,
it has high accuracy and can be planted directly in any circuit simulator. This loss cal-
culations are based on switch data-sheet values and/or experimental measurements,
the MLIs delivered in chapter [2] and [3] are built with the SKM75GB123D-IGBT as
shown in FigurdA.I] Therefore the SKM75GB123D data-sheet information is consid-

ered for further explanations.

A.0.1 Conduction losses

Conventionally, the conduction losses are calculated by placing the Vj,. representing
forward voltage drop and a resistor Rg representing leakage current dependency in
series with an ideal switch. Though this approach can be modeled merely in the
simulator, the diodes and ideal switches are overloaded with additional parameters.
Moreover, the circuit simulator should accommodate controllable resistors to build
the temperature dependent characteristics into this model. Thus, we followed an

actual procedure presented in (Drofenik and Kolar, |2005)).
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Figure A.1: SKM75GB123D IGBT power module under investigation

A.0.1.1 Calculation of the power IGBT-conduction loss (P,g)

The considered IGBT data-sheet (SKM75GB123D) provides characteristic curves be-
tween the collector-emitter voltage (Vog) and collector-current (i) of the IGBT at
different gate-emitter Vg values. Moreover, the datasheet provided Vog- i¢ curves
for minimum and maximum temperatures [T},,;, = 259 and T} poe = 1250] as shown in
FigurdA.2] individually to describe the temperature dependency.

JEENY/ EEnEr /

15v 80
13V

11V

60

io[A]

40

20

w

Figure A.2: Vg verses ic characteristic curves of the SKM75GB123D-IGBT switch: (a)
At the minimum temperature 25°, (b) At max temperature 125°.
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Table A.1: Vog- ic curve data points for Vgg = 15V at Tinin = 25°

Vee(V)  ic(A)  Pigeoso = (Vor Xic)

0 0 0

1 1.4286 1.4286

1.5 8.5714 12.8571
2 21.4286 42.8572
2.5 40 100

3 62.1429 186.4287
3.5 82.8571 289.999

0 10 20 30 40 50 60 70 80
i, (A)

Figure A.3: Curve fitting waveform for IGBT conduction loss at 25° with respect to the
collector current ic.

In fact, the experimental working gate-emitter potential voltage Vg is equal to
the 15V. Thus, only one Vpog- i¢ curve data is extracted from Figur(a) and is
mentioned in TabldA.T] After that, multiply the Vop with ic to attain the power
at each extracted points. The key motivation behind this process is to calculate the
power loss in terms of the collector current i. To accomplish this approach, i versus
P, bt 250 waveform is constructed by using MATLAB curve fitting application. Herein,
first, we should provide X and Y-axises data (X-data representing ic and Y-data
representing P,y 050) and then the adjust the polynomial order till the error comes
minimum value. The presented data has arrived a minimum error at second order
polynomial equation. Thereby the waveform shown in FigurdA.3|is finalized, and it
has possessed the power loss equation [A.1]

Pigboso = 0.02365i% + 1.551i¢; — 0.8995 (A.1)
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Table A.2: Vog- ic curve data points for Vgg = 15V at Tyee = 1259

VCE(V) iC(A) Pigbt,1250 = (VCE X ic)

0 0 0

1 2.1429 2.1429
1.5 5.7143 8.5714
2 14.2857 28.5714
2.5 25.7149 64.2873
3 40 120
3.5 55.7143 195.0001
4 72.8571 291.4284
4.5 91.4286 411.4287

i, (A)

Figure A.4: Curve fitting waveform for IGBT conduction loss at 125° with respect to the
collector current ic.

In the similar way, the corresponding waveform of the power loss equation at
125°C temperature is drawn as per the TabldA.2 and it has shown in FigurdA.4]

Pgpi1050 = 0.02876i7, + 1.914ic — 2.452 (A.2)

To specify the temperature dependency in the conduction loss equation, the coef-
ficients should represent the running temperature (T). The generalised temperature

dependent- second order conduction loss equation has arrived at equation/A.3]

Pigbt(iCy T) = (CLO + alT)Zé + (bo + blT)ZC + (CO + ClT) (A3)

These loss pertinent coefficients are derived from the coefficients of the equations
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and [A.2 The coefficient matrix is

Pigbt,250,a Pigbt,250,b P’igbt,250,c . 002365 1551 —08995

Pight 12500 Pigbt, 12506 Pigbt,1250,¢ 0.02876 1.914 —2.452

The power loss equation is in second order, but the first order approximation calcu-
lates the coefficients. In other words, when the loss equation is n* order then the

related coefficient approximation should the (n — 1)™ order.

Pigt 2500 X Tinaz — Pigpt1250.0 X Tinin
Tma:c - Tmzn

(0.02365 x 125) — (0.02876 x 25)
125 — 25

ag =

= 0.0224

Pigbt,1250,a — 17igbt,250,a

= 0.00005
Tmax - Tmm

a; =

Pi X Tmaz - Pz X Tm'm
bO _ gbt, 250 b gbt, 1250 b — 1.46025

Tma;c - Tmm

b = Pigpt 1250 5 — Pigpt 2505

= 0.00363
Tmax - Tmm

P’L’gbt,250,c X Tinaz — P’igbt,1250,c X Toin

= —0.511375
Tmaa: - Tmin

Co =

-Pigbt 1250,¢ — 47ight,250 ¢
2 —— = —0.015525
Tmax - Tmzn

An equationfA.3] will be modified as follows by substituting all the above constants,

CcCl =

Piguu(ie, T) = (0.0224 + 0.000058 x T')i2 + (1.46025 + 0.00363 x T')i,
— (0.511375 + 0.015525 x T) (A.4)

A.0.1.2 Anti-parallel diode-conduction loss (Pp) calculation

The anti parallel diode follows the same steps what the IGBT has done for calculating

it’s conduction losses.
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Figure A.5: Anti-parallel diode under investigation

First, trace the corresponding diode characteristic curve Vy(Forward voltage
drop of the diode) versus iy (Forward leakage current of the diode) from the
data-sheet which is depicted in the FigurdA.5]

Second, trace the samples from the diode characteristic curves for minimum and
maximum temperatures, it is described in TabldA.3|

Third, consider the X-axis data as iy 950 ans Y-axis data as Pp o50 for T}, = 259
and fit the data into the MATLAB curve fitting application to get suitable loss
equation in terms of 7¢. In the same fashion, we can get the another loss equation
for Thee = 125°. The optimised diode conduction loss equations &
and curve fitting graphs are given below.

Fourth, Incorporate the temperature dependency in the conduction loss equa-
tion as similar to the equation for this anti-parallel diode. Finally, the
temperature dependent loss expression arrives at equation @

Pp aso = 0.0152145 + 1.245i; — 0.2321 (A.5)

Pp 1950 = 0.01485¢% + 1.06i; — 0.8451 A6
’ f f
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Table A.3: V- iy curve data points for T}, = 259 and T)per = 125°

Viaso(V)  ipas0(A)  Ppoaso = (Viaso X igas0) | Viiaso(V)  dpi1250(A)  Ppoagso = (Vyagse X df1250)
0 0 0 0 0 0

0.5 0 0 0.5 1.7143 0.8571

1 2.8571 2.8571 1 10 10

1.5 17.1429 25.714 1.5 30 45

2 50 100 2 64.2857 128.5714

Thereby, the coefficient matrix of the diode conduction loss parameter is deduced as

follows.

PD,250,a PD,25O,b PD,25O,C 001521 1245 —02321
PD,1250,a PD,IQSO,b PD,IQSO,C 001485 106 _08451

Pp(is,T) = (0.0153 x T)i% + (1.2913 — 0.0019 x T)i; — (0.0789 + 0.0061 x T')
(A7)

A.0.2 Switching losses

The switching losses usually contribute a notable weight in the total power electronic
device losses. Switching loss analysis is significant to estimate the junction tem-
perature for improving the system reliability. [Chen and Downer| (2004), Drofenik
and Kolar| (2005))] calculated switching losses by using a very simple calculations in

MATLAB.

A.0.2.1 Switching loss factor calculation for the IGBT switch

The semiconductor device data-sheets are often provided the current dependency
of the energy loss graphs as shown in the FigurdA.7] Now we have to trace and
tabulate the total energy loss (FEje) samples from the Figure concerning the
current waveform samples and is described in Table [A.4] Herein, the ratio of the
total switching energy loss (Eon + Forr) to the current has defined as a switching
loss factor (K;epr(ic)) which can be approximated by a third-order polynomial curve
fitting graph as also presented in FigurdA.§]
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Figure A.6: Diode curve fitting graphs for calculating conduction loss (Pp) : (a) At the
minimum temperature 25°C' (b) At max temperature 125°C

. Erotar - tW's
Kigpr(ic) = :Ct I[MA ]

= 0.0001487 x i — 0.03366 x 72 + 3.224 x i, + 170.3 (A.8)

A.0.2.2 Switching loss factor calculation for the anti-parallel diode

The diode turn-on energy losses are negligible so that only turn-off energy losses are
considered. The diode turn-off energy loss concerning the forward current iy is shown
in FigurdA.9 Herein, considered Rg = 240 from the data-sheet and proceeded the
above-defined steps to find the switching factor Kp. Now, the final expression is
derived and described in equation
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Figure A.7: Device-switching energy loss characteristic graphs of the SKM75GB123D-
IGBT switch depend on collector current i,
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Figure A.8: The parameter

(Thnaz = 1259)
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Kigpr(ic) for a given maximum junction temperature

Table A.4: Extraction of the samples for deducing the switching factor at Tj,q, = 125°

ic(A)  Eon(mWs) Eopp(mWs)  Eipa(mWs)  Krapr(ic)[ W
30 4.2593 2.9630 7.2223 240.7
40 6.1111 4.0741 10.1852 254.6
50 8.1481 5.1852 13.3333 266.7
60 10.2222 6.1852 16.4074 273.5
70 12.5926 7.2222 19.8148 283.1
80 15.1111 7.9630 23.0741 288.4
90 17.9630 8.7037 26.6667 296.3
Kpliy) = Zorr BWs) G 00077266 2 — 0.0436 x if + 65.53

Zf A
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Figure A.9: Diode turn-off energy dissipation per one switching
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Appendix B

DESCRIPTION OF
EXPERIMENTAL PLATFORM

This chapter describes the experimental setup and software used to implement the

developed control strategies and a detailed description of the laboratory prototype.

B.1 Overview of the experimental platform

The generalised block diagram representation of the developed prototype is shown in
Figure The setup comprises of the following units:

e A computer for rapid-prototyping and real-time control

e An OP5142-Real Time(RT) Simulator with an inbuilt compiler to run the pro-
gram developed, signal feedback, control signal generation and communicating

with the computer
e Interface cards (Isolations, dead band circuit, etc.)
e Power circuit board (IGBTs and gate drivers)
e The current sensors and voltage sensors
e DC supplies

e The load box
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Figure B.1: Platform of the experimental setup

B.2 OP5142-RT Simulator

OP5142-RT Simulator is designed to enable rapid prototyping and real-time simula-
tion (Hardware-In-the-Loop) of various engineering applications like complex power
grids, wind farms, micro-grids and hybrid vehicle with step time as low as 10mi-
croseconds to attain the excellent simulation accuracy. The picture of the OP5600
simulator and its back and front views along with inside FPGA layout is shown in
Figure B.2] The user has the flexibility to develop the desired model using Simulink
which is further compiled for generating the appropriate C-code. The generated C-
code is dumped into the FPGA platform. In the present work, the simulator has been
used as the controller to provide the experimental switching signals. The following

are the essential specifications of the OP5600 simulator:

Compatible Simulation Systems and Software

e RT-LAB
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OP5600-RT simulator with RJ45 and
mini-BNC on the front side

idokiil

FPGA Layout-
Xilinx: Spartan-3

OP5600-RT simulator with DB37
standard connectors on the back side

Figure B.2: The OP5600 Simulator layout

e HYPERSIM
e eMEGASIM
e ePHASORSIM
e eFPGASIM

CPU
e INTEL XEON E5

e XILINX FPGA (standard confguration): Spartan 3 (3.3 GHz) processor
with Red Hat Linux

e Hard (disc 250 Gb, 7200 rpm, SATA)

Number of cores

e 4 for general purpose

e &, 16, or 32 for complex networks

I/O and connectors
e /O modules with 16 analog or 32 digital signals: 8
e Maximum number of I/O channels : 256

e Connectors: 4 panels of 4 DB37F
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B.2.1

Steps to dump the .mdl file in OP5600-RT Simulator
through MATLAB /Simulink

The user has to follow the standard steps to run the active Simulink model in RT-

platform.

1. Prior mandatory changes in the .mdl file:

First, chose the fixed step solver (Step size:50e-6sec in the present case),

and single-tasking for periodic sample times.
Second, uncheck the ”"block reduction” in ”Optimisation” parameters

Third, Expand the ”Optimisation” and select the ”Signals and Parame-

ters.” Herein, unchecks the ”Signal storage reuse.”
Fourth, save the model and verify the working status of the model.

Fifth, Once the model is running in the Simulink, then split the model into

two subsystems.

In one subsystem contains only the constant blocks and scopes (This sub-
system is named as SC_any name), and other subsystem consists of the

plant (This subsystem is named as SM_any name)

Place the adequate RT-lab blocks in two subsystems and save the model.
Then after closing the MATLAB.

2. Procedure to dump the model into OP5600 simulator

Initially keep the OP5600 pertinent bitstream file and .mdl file in the same

folder. Moreover, the computer should be pinging with Simulator.

Give the right click on the "RT-LABv11.08.13” application and select the
"Run as administrator” option. Then RT-LABv11.08.13 application win-

dow will open.

Create the New Target by giving the right click on " Target” of the Project

Explorer and set as a Development node.
Now double-click on ”create new project” option and give the project name.

Add the .mdl file to this project by choosing the "import” option once the

new project is created.
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e Then automatically the new window will open with the name of .mdl file
beside the Target file.

e Four main steps are presented in the side window of ”Preparing and Com-
piling.” Follow these steps one by one. First, select the "Edit” to make
any modifications in the model. Second, select the ”set” to fix the Target
platform as a ”Redhat.” Third, click on ”Build” option to build the model
in FPGA platform. Fourth, select the ” Assign” to fix the targets to the

subsystems.

e Later on, Five executing steps are there.

Step-1: click on "set the executing properties” and choose the Real-time

simulation mode as a "Hardware synchronized.”
Step-2: Load the model
Step-3: Execute the model

Step-4: Pass the model to make the hardware connections like collecting
the pulses through the i/o card from the Digital output of the OPAL-RT.

Step-5: Reset the model when the experiment is finished.

e Close the project and RT-LAB application.

B.3 The peripheral interface circuit board

Practically, the power switch exhibits a finite delay time during switching ON and
OFF. Thus, it is essential to introduce a small dead time termed as dead band among
the switching of power switches constituting a leg or the switches whose simultaneous
switching ON leads to the shoot-through condition. The required dead band can
be generated in many ways like an analog-based circuit, dedicated digital circuits or
using the internal dead band modules of DSPs. In this work, a digital circuit with
passive components based dead band generator is developed. The schematic and the
printed circuit board (PCB) of the designed dead band circuitry is shown in Figure
B.3[a) and Figure B.3[(b) respectively. The minimum dead band required for the
selected IGBT (SKM75123D) with a rating of 1200 V and 75 A is given as (Xi, 2007).

tdb,min = [(td,off - td,on) + (tpd,max - tpd,min)] x 1.2 (Bl)
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From i/o card of the Simulator

From i/o card of the Simulator

....................

Input (S, )

Output ( S”,)

GND : TLP250-Driver

(a) (b)

Figure B.4: (a) Schematic, (b) PCB of the developed driver circuit and inverter power
board.

where, tq o5 and tq on respectively are the turn-off and turn-on delay time of the switch,
tpdmax and fpd min respectively are the maximum and minimum driver propagation
delay.  Referring to (Toshibal 2002) and (SEMITRANS, [2) the value of tqbmin iS

computed to be

tapmin = [(380 — 44) + (500 — 150)] x 1.2 = 823.2ns (B.2)

Further, the value of R and C is computed using as tapmin = R x C. Taking the
nearest values as 100 2 and 10nF results in a dead band of 1 us. The schematic and
the printed circuit board (PCB) of the developed gate drive is shown in Figure [B.4(a)
and Figure (b) respectively. Gate driver is an essential part of the power circuit
that is responsible for providing the required source and sinking current of the gate

to source capacitance of the power switch. The CC-65 AC/ DC current clamp meter
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Figure B.5: Experimental setup built with OPAL-RT simulator

is employed for sensing the load current. However, the procedure for the design of

the sensors is considered from (Mishra and Sasitharan, 2010). The overall hardware

setup with other associated units is shown in Figure
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