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ABSTRACT

DC CAPACITOR MINIMIZATION OF SINGLE PHASE POWER
CONVERSION AND APPLICATIONS

By
Runruo Chen

Single-phase power conversion system such as PWM rectifier, grid connected PV inverter
system, static synchronous compensator (STATCOM) can be implemented by an H-bridge inverter
with a large electrolytic DC capacitor to absorb the ripple power pulsating at twice the line
frequency (2o ripple power). In order to reduce the capacitor size and to achieve high power
density, a single phase DC-capacitor-less inverter with SVPWM control is proposed.

The DC-capacitor-less inverter consists of an H-bridge and an additional phase leg connected
to an AC capacitor to absorb the 2w ripple power. The H-bridge and the additional phase leg can be
analyzed together as an unbalanced three phase system. By adopting SVPWM control and
choosing the optimal AC capacitance and the voltage reference, the voltage and current stress of
the switches can be minimized to the same as H-bridge circuit. Among the existing methods, the
proposed method has the minimal energy storage capacitor and total device power rating (TDPR),
resulting in small capacitor size and low cost, for unity power factor inverter, PWM rectifier and
STATCOM applications. The size of capacitor can be reduced by 10 times with only 1.5 times
TDPR of H-bridge circuit.

One important application of the single phase DC-capacitor-less inverter with SVPWM
control is solid state variable capacitor (SSVC) for flexible AC transmission systems (FACTS)
devices. SSVC based on the DC-capacitor-less inverter shows special benefit of TDPR, which is

minimal among all applications. In order to reduce the DC capacitor to minimal value, a novel



control system directly based on ripple power is proposed for fast dynamic response and good
steady state performance. In addition, the proposed control system can be extended for other
single phase applications and can compensate not only 2 ripple power, but also other even order
frequency ripple power caused by the harmonics of grid voltage. As a result, the capacitor size is
reduced by 13 times with only 1.125 times TDPR of H-bridge circuit.

Another important application is high power density and high efficiency inverter system. An
interleaved DC-capacitor-less inverter with SiC devices is proposed for inverter application with
different power factors. In order to improve THD performance for output voltage, an enhanced
phase-shift interleaved PWM scheme is extended to unbalanced three phase system with different
power factors. In order to further reduce the filter size, a new structure of integrated coupled
inductors is proposed to suppress circulating current between the two parallel inverters and to filter
output current at the same time. As a result, the total capacitor size is reduced by 16 times and
power density of 45 W/in® is achieved.

In conclusion, the proposed DC-capacitor-less inverter with SVPWM is a competitive
candidate for high power density, high efficiency and low cost single phase power conversion

applications.



Dedicate to my Family:
Honglai Chen and Wei Chen
Fan Xu
Kevin Fan Chen



ACKNOWLEDGEMENTS

First of all, I would like to thank my advisor Prof. Fang Z. Peng for his insightful comments,
strict requirements, and continuous support during my graduate studies. | really appreciate his
valuable advices and patient help during the past years. | would not be able to achieve all these
works without him. I am so grateful and honorable of being his student.

I would like to express my appreciation to my committee members, Dr. Joydeep Mitra, Dr.
Bingsen Wang, and Dr. Ranjan Mukherjee for their enlightening class, valuable suggestions and
service on my PhD committee.

I would also like to thank all the PELab colleagues, Dr. Shao Zhang, Dr. Shuai Jiang, Dr. Xi
Lu, Dr. Liang Qin, Deepak Gunasekaran, Hulong Zeng, Yang Liu, Xiaorui Wang, and Ujjwal
Karki for their valuable discussions and priceless help in both study and life.

I would also like to thank Dr. Yan Xing, my first mentor in power electronics. Her guidance
and encouragement are always so valuable in the past and in the future. And I also thank so much
to my colleagues working at Dr. Xing’s lab in NUAA, Dr. Haibing Hu, Dr. Hongfei Wu, Dr. Li
Zhang, Shun Ding, Wenjin Sun and Lingfang Xia for their valuable discussions and helps in both
study and life.

Finally I would like to especially appreciate my wife Xu Fan for her unconditional love and
support, my parents for their care and support. There is no word can express my appreciation to

them.



TABLE OF CONTENTS

LIST OF TABLES ..ot bbbttt bbbttt viii
LIST OF FIGURES ...ttt ettt e et e e st e e e sba e e e ne e e e naaeeneeeanneeeas IX
CHAPTER1  INTRODUCTION AND MOTIVATION ....coiiiiiiiieiinisesesee e 1
1.1 H-Bridge circuit for single phase power conversion applications .............c.cccccvevrennnne 1
1.2 Problem of H-Bridge INVEIEr.........ccii it 7
1.3 ScOpe Of the diSSErtatioN.........cccoiieiiiiiiiiiiieie e 11
CHAPTER 2  SINGLE PHASE INVERTER TOPOLOGIES WITH CAPACITIVE ENERGY
STORAGE FOR RIPPLE POWER COMPENSATION .....cooiiiiee e 17
2.1 Criteria to evaluate single phase topologies with capacitive energy storage for ripple
POWET COMPENSALION ....evviieteite ettt e e e et e ste st e te e s e e seeseess e e e neestesrenraeneanes 19
2.2 Review and comparison of existing single phase topologies with capacitive energy
storage component for ripple pOWer COMPENSALION .........cceciiiiiiiiirieeee e 20
2.3 CONCIUSIONS ...ttt sttt b e b bbb e st e e e be s besbenbenne e 33

CHAPTER 3 DC-CAPACITOR-LESS INVERTER FOR SINGLE PHASE POWER

CONVERSION ... e e e e e e e ae e 35
3.1 Operation of DC-capacitor-1eSs INVEITET ...........coveiiieiiiereeeee e 36
3.2 CASES ANAIYSIS ...cuvieeiiiieeite ettt a e re e nre e 38
3.3 GeNeral CaSE ANAIYSIS. ....cc.eiuiiiiiiieiieie e 41
3.4 Comparison of DC voltage requirement, switches current stress and TDPR between
SPWIM N0 SVPWIM ...ttt ettt et tenreeneene e 42
3.5 SVPWIM CONIOL ...ttt ettt 47
3.6 CONLIOI STrATEQY ...vveuveeiieite ettt b b 50
3.7 EXPerimental reSUIS ........cuiiieiice e 57
IR B O 0] 0] 01 [ S SR 66
CHAPTER 4  SOLID STATE VARIABLE CAPACITOR .....ooiiiiiiiiieieieiee e 68
g 1 7T (104 A T o S SR 68
4.2 Operation OF SSVC.......oi it ra e 70
4.3 Benefit of SSVC in terms of current stress on shared leg and TDPR ...........cccccoenee. 74
4.4 DC capacitor OPtIMIZALION. ......cccuiiiuieiieiieesie st e e e s be e reeaneeas 87
4.5  EXPerimental reSUILS ........ooiiiiie e 89
I ©70] 0 [od [§ 1S o] S TR RP PR 96
CHAPTERS5  IMPROVED CONTROL SYSTEM FOR SSVC ......cccovciiiieieeiese e 98
5.1 C, voltage and current reference based on AC capacitor POWEr ............cccvveeveennen. 100
5.2 CONLIOL STFATEQY ..evveuveeeitiiiiiieeiieiie ettt bbbttt bbb 101
5.3 Closed-loop compensation for ripple POWEN ..........coveiiieiii i 104
5.4 Improved control system for ripple power with other frequency...........ccococvvvveiennee. 110
5.5  EXPerimental reSUIS .......ccuo i e 113
5.6 CONCIUSIONS ...ttt bbbttt bbbttt 116

Vi



CHAPTER 6  INTERLEAVED DC-CAPACITOR-LESS SINGLE PHASE INVERTER....117

6.1 DC voltage requirement and TDPR for different power factor..............cccccvevvervvennnn, 119
6.2 Interleaved phase shift PWIM SChEME ..o 136
6.3 Coupled inductor OPtIMIZALION ..........ccviieiiee e 152
6.4  EXPerimental FESUIS .........coiiiiiii s 161
6.5  CONCIUSIONS ...ttt bbb bbbttt bbb enes 167
CHAPTER7  DEVELOPMENT OF HIGH SWITCHING FREQUENCY INTERLEAVED
DC-CAPACITOR-LESS INVERTER WITH SIC MOSFETS.......ccooiiiiiniiieee s 169
7.1 Silicon Carbide POWET UEVICES .........coviiiiiiiiiiiieiieee s 169
7.2 PCB layout design and OptimizZation ............ccecvevieeieiieieese e 171
7.3 Control system and OptiIMIZALION...........ociiiiiriiieee s 178
7.4 EXPerimental reSUIS ........cvi i 182
7.5 CONCIUSIONS ...ttt ettt e e re e be et e s e nneenaeeneenreeneens 187
CHAPTER 8  CONCLUSION AND FUTURE WORK.......ccocctiiiiiiiiinieieieee e 189
8.1 CONTIDULIONS ......iieieiee ettt sre e eneenreene s 189
8.2 Recommendations fOr fUtUre WOIK...........cccciiiiiiniie s 191
8.3 Solid state variable capacitor in cascaded STATCOM ........cccoovvieiviiienierenieseeniens 192
8.4 Improved interleaved DC-capacitor-1eSS INVEIEr ...........cccoveieeiieie e 194
BIBLIOGRAPHY ..ottt ettt te e neene e st et et e nnentenneeneans 197

vii



LIST OF TABLES

Table 1: DC capacitor comparison between film and electrolytic. ............cccccvevviieiiiie e, 11
Table 2: Key Parameters for DC capacitor-1ess inverter SYStem ...........cccoceveveeneenesinseenesnenns 58
Table 3: Comparison of Ec and TDPR of different topologies for SSVC applications................. 86
Table 4: Key parameters fOr SSVC. ... ..o s 90
Table 5: Specification of single phase INVErter SYStEM. ..........ccovveieiiieie e 119

Table 6: Comparison of Ec and TDPR of different methods for inverter applications with

different POWEE TACTOFS. .......eoiieeie e 135
Table 7: Key parameters for 2-kW single phase INVErter. ... 161
Table 8: Comparison of the properties of Si and SiC. ... 170

viii



LIST OF FIGURES

Figure 1: Electricity generation by fuel, 2000-2040 (trillion kilowatt-hours) [2]. .......cccccevvreenee. 2
Figure 2: Photovoltaic (PV) System CONFIQUIAtIONS. ...........ccoviiiieiiieicsicsesee e 3
Figure 3: A typical fuel cell stand-alone system configuration.............c.cccccveveiieii e scese e 4
Figure 4: Circuit configuration of star-configured cascade PWM STATCOM .......ccccceoevvninininne 6
Figure 5: Circuit configuration of distributed power-flow controller (DPFC). ........ccccccevvevvvieenen. 7
Figure 6: AC voltage/current and POWEr WAVETOIMS. ........coiiiieiiieie e 8
Figure 7: H-bridge for single phase pOWEr CONVEISION. ..........ccviieiieiieiiese e 9

Figure 8: Topologies using inductor as energy storage components for 2® ripple power

COMPENSALION. ..vitieireie ettt e e s a e et e e se e s beesbeeseesbaesteensesbeeseeansesneenreenee e 18
Figure 9: Minimal capacitor energy storage reqUIrEMENL. ..........ccevererererinesieeieeie e 20
Figure 10: Single phase converter with unipolar energy-storage Capacitor. ..............ccccceevveieennens 21
Figure 11: Single phase converter with unipolar energy-storage capacitor key waveforms. ....... 22
Figure 12: Single phase inverter with half bridge for ripple compensation. .............c.cccccoeveenins 24
Figure 13: Single phase inverter with half bridge for ripple compensation key waveforms......... 25
Figure 14: Single phase inverter with minimum components for ripple compensation. .............. 27

Figure 15: Single phase inverter with minimum components for ripple compensation key

WAVETOIIMIS. ettt b et e bt bbb e e b e st st e st e neesbe et 28
Figure 16: Single phase inverter with H-bridge for ripple compensation. ..........ccccccevceiiiinennnne. 29
Figure 17: Single phase inverter with H-bridge for ripple compensation key waveforms........... 30

Figure 18: Single phase inverter with extra phase leg and AC capacitor for ripple compensation.

....................................................................................................................................... 31
Figure 19: Single phase inverter with extra phase leg and AC capacitor for ripple compensation
KEY WAVETOIMIS. ...ttt e e et e et e e eabeeareas 32
Figure 20: Equivalent circuit of the DC-capacitor-1ess iNVErter. ............ccoocuevvvrereininnereenne 36
Figure 21: Phasor diagrams of PWM rectifier with unity power factor, ¢ =0,60 = —% TR 39



Figure 22:

Figure 23:

Figure 24:
Figure 25:
Figure 26:
Figure 27:
Figure 28:
Figure 29:
Figure 30:
Figure 31:
Figure 32:
Figure 33:
Figure 34:
Figure 35:
Figure 36:
Figure 37:
Figure 38:
Figure 39:
Figure 40:
Figure 41.:
Figure 42:
Figure 43:
Figure 44:

Figure 45:

Phasor diagrams of inverter with unity power factor, p =7, 0 = % ..................... 40
Phasor diagrams of STATCOM with current leading, ¢ = % ; 0 =0 i, 40
Phasor diagram of general CASE. ..o 42
DC voltage requirement for different @...........cccocveviiiiiiiii 43
Switches’ current stress for different @..........cccccvvvviiiiiiiiiii 44
TDPR fOr different 0. .....cvviiiiieiiiie e 45
Phase diagram of PWM rectifier for SPWM.........ccoooiiiiiiiiiieeeee e 46
Space vector projections of PWM rectifier. ..........cccoovvveiiive i 48
Space Vector projections OF INVETTEL. ..o 49
Space vector projections of STATCOM. ......cccccvviiiiiiceee e 49
Control System for DC-capacitor-less single phase system. ..........cccccoeveniincnnnnnns 52
Grid current PR CONEIOIIET. ....c.ooveiiee e e 53
GIid CUITENE TOOP. ...ttt 54
AC capacitor CUMTENE TOOP. ......cviiieecie et 55
Transfer function from AC capacitor current reference to AC capacitor current. ....... 56
AC capacitor VOItAge 00D, .....ceoiiiieiic e 57
Simulation results PWM rectifier (PF = 1). ..o 60
Simulation results INVErter (PF = =1)....cooiiiecie e 61
Simulation results STATCOM (PF = 0, current leading voltage). .........c.ccococvnininnnne 62
Experimental key waveforms for PWM rectifier. .........cccoceveiiiiii e 63
Experimental key waveforms for INVEITEr. ..........ccoiiiiiiiiieseeee e 64
Experimental key waveforms for STATCOM. ........ccccoiiiiiieiie i 65
DC ripple FFT @nalySIS. ...c..ooiiieiiieieee e 66
An ideal variable CaPaCITON. ..........cooiiiiiiec s 69



Figure 46: Proposed SSVC system CONFIQUIALION. ..........ccccuiiiieiiieneieiesese e 70

Figure 47: Phasor diagram of SSVC with optimal reference. .........ccccccovviievieeve e 72
Figure 48: Phasor diagram of SSVC with non-optimal reference ..........c.ccocvviiiiiiiiiinee 73
Figure 49: Space vector projections 0f SSVC. ..o 74
Figure 50: The magnitude of the shared leg’s current, i, with different grid current. .................. 76
Figure 51: Phasor diagram of SSVC with rated CUITeNt. ........ccccovivieiieie i 76
Figure 52: Single phase converter with unipolar energy-storage capacitor key waveforms for

SSVEC CASES ...ttt 79
Figure 53: Single phase converter with half bridge for ripple compensation key waveforms for

SSVEC CASE.....eietiiiii it 82
Figure 54: Single phase converter with minimal component for ripple compensation key

WAVETOIMS FOr SSVC CASES. ....c.veveiiiiiiieieiest ettt 84
Figure 55: PWM switching details during one switching cycle. ... 88
Figure 56: Simulation results half rated grid CUITENt. .........cccoevieiiiicce e 91
Figure 57: Simulation results full rated grid CUMTENT............ccoeiiiiiiiiie e 92
Figure 58: Steady state experimental waveforms half rated grid current. .............cccccoeveiieinennens 93
Figure 59: Steady state experimental waveforms full rated grid current...........cccocooeiiiiiinnnnne 94
Figure 60: Power loss comparison between SSVC and conventional H-bridge.............c.ccccuvne. 95
Figure 61: Efficiency comparison between SSVC and conventional H-bridge. ............cccccoenee. 96
Figure 62: DC side connections for different applications ...........ccccoceviieiiiiiic e 98
Figure 63: Relationship between C,; voltage and ripple POWET..........ccccvvvririeiiiene e 101
Figure 64: Control SYStem fOr SSVC. .....ccuviiiii et 103
Figure 65: Closed-loop compensation for AC capacitor voltage reference. ..........ccccecevevvnnnne. 106
Figure 66: BOAE PIOt OF AL (S) - «eververreeriiiteiieieie et 107
Figure 67: BOAE PIOt OF A, (S) - woveiteieieiiiieiee e 108
Figure 68: Decoupling network for feedback cCOMpensation. ..........cccccevverinieiieneniie e 110

Xi


file:///K:/Dropbox/PhD%20Thesis/新建文件夹/DC%20CAPACITOR%20MINIMIZATION%20OF%20SINGLE%20PHASE%20POWER%20CONVERSION%20AND%20APPLICATIONS.docx%23_Toc453495351
file:///K:/Dropbox/PhD%20Thesis/新建文件夹/DC%20CAPACITOR%20MINIMIZATION%20OF%20SINGLE%20PHASE%20POWER%20CONVERSION%20AND%20APPLICATIONS.docx%23_Toc453495352

Figure 69: Modified closed-loop compensation for AC capacitor voltage reference. ................. 112

Figure 70: DC voltage FFT analySiS. ......c.coiviiiiieiic e 114
Figure 71: Transient response to sudden 1oad Changes. ............coevriieriiiniieisnee e, 115
Figure 72: Proposed interleaved DC-capacitor-less inverter System. .........ccocccvvveveeiieiieeniesinennnn, 118
Figure 73: DC source for single phase INVErter SYStem. ........cccooeoireriiineniseeeeeee s 120
Figure 74: Phasor diagrams of inverter case with unity power factor. ..........c.c.cccecevvvevveieinenne. 122
Figure 75: Phase diagram of inverter case with 0.7 lagging power factor...........ccccccvcenirvnnne. 124

Figure 76: Minimum DC voltage requirement and DC voltage with full load for different pf
(= Te T 0o ) TSSO P PO PR PP 125

Figure 77: Phase diagram of inverter case with 0.7 leading power factor..............ccceevevvernnnee. 127

Figure 78: Single phase converter with unipolar energy-storage capacitor key waveforms for
UNity POWeEr TaCtOr INVEIET CASES .......ecviiieiireiecieesie e seeste et eeste e sreesre e sraene s 129

Figure 79: Single phase converter with half bridge for ripple compensation key waveforms for
UNity POWEr TaCtOr INVEIEE CASE........eccviiieiieeiecee ettt sttt sraene s 130

Figure 80: Single phase converter with minimal component for ripple compensation key
waveforms for unity power factor iNVErter Cases. ........ocovveveveeveciie s 134

Figure 81: Key waveforms for SPWM single phase inverter using carriers with 90 phase shift.
..................................................................................................................................... 138

Figure 82: Key waveforms for proposed SVPWM single phase inverter using carriers with 90°
PRASE SNITL. ..o e 139

Figure 83: Key waveforms for proposed SVPWM single phase inverter using carriers with 180
PRASE SNITL. ..o 140

Figure 84: Key waveforms for proposed SVPWM single phase inverter using two sets of carriers.
..................................................................................................................................... 141

Figure 85: AC output voltage THD versus AC power with different interleaved PWM scheme:
unity power factor resistance 10ad. ..........ccceivieiieiie i 142

Figure 86: AC output voltage THD versus AC power with different interleaved PWM scheme:
0.7 power factor capacitive 10ad. ..........cccoeviiiieiie e 143

Figure 87: AC output voltage THD versus AC power with different interleaved PWM scheme:
0.7 power factor INdUCHIVE 10ad. ..........coeiiiiiiie s 144

xii


file:///K:/Dropbox/PhD%20Thesis/新建文件夹/DC%20CAPACITOR%20MINIMIZATION%20OF%20SINGLE%20PHASE%20POWER%20CONVERSION%20AND%20APPLICATIONS.docx%23_Toc453495356

Figure 88: FFT analysis of AC output voltage with different interleaved PWM scheme: unity
power factor resistance full 10ad. ............ccooveiiiii i 146

Figure 89: FFT analysis of AC output voltage with different interleaved PWM scheme: unity
power factor resistance half 10ad. ............cccoveviiiiiicc e 147

Figure 90: FFT analysis of AC output voltage with different interleaved PWM scheme: 0.7
power factor capacitive full 10ad.............cccooveviiie i 148

Figure 91: FFT analysis of AC output voltage with different interleaved PWM scheme: 0.7
power factor capacitive half [0ad. ............ccocveiiiieiic e 149

Figure 92: FFT analysis of AC output voltage with different interleaved PWM scheme: 0.7
power factor inductive full 10ad. .............ccooveiiiic i 150

Figure 93: FFT analysis of AC output voltage with different interleaved PWM scheme: 0.7

power factor inductive half 10ad. .............ccccoooiiieiec e 151
Figure 94: One phase leg with integrated coupled indUCtOr. ...........ccccoiiiiiinicicc e 152
Figure 95: Coupled inductor implemented by 4 U COIES. .......ccccvvevieiieiieie e 153
Figure 96: The equivalent circuit of coupled INAUCTON. ..........ccoeiiiiiiiiiii e 155
Figure 97: 3D structure of the integrated coupled iNdUCLO. ...........c.ccovevieiiiie i, 156
Figure 98: Differential mode (DM) and common mode (CM) flux path of integrated coupled

TNTAUCTOL. .t b et b ettt b bbb ebe e 157
Figure 99: Comparison between two separated coupled inductor [84] and proposed integrated

(o0 10T 0] LT T Vo [0 Tod (o S USSR 158
Figure 100: Simulation result of the integrated coupled iNdUCEOT.............coovviiiiiiiienee 160
Figure 101: Simulation result of two separated coupled iNdUCtOrS...........cccoevvevveveiicie e, 160
Figure 102: Equivalent line to line voltage of proposed INVErter...........ccoovviviireneiencnesee 162
Figure 103: Current sharing waveforms of phase A. ..o 163

Figure 104: Full load experimental waveforms of proposed inverter system with unity power
factor reSistanCe 10ad...........oovviiii i 164

Figure 105: Full load experimental waveforms of proposed inverter system with 0.7 power factor
CAPACIEIVE 10AU. ..o 165

Figure 106: Full load experimental waveforms of proposed inverter system with 0.7 power factor
INAUCEIVE 10AU. ... 166

Xiii



Figure 107:
Figure 108:
Figure 109:
Figure 110:
Figure 111:
Figure 112:
Figure 113:
Figure 114:
Figure 115:
Figure 116:
Figure 117:
Figure 118:
Figure 119:

Figure 120:

Vs voltage spike caused by miller effect during turn-off transition....................... 173
Gate driver and power supply layout with top view and side View......................... 174
SiC MOSFET output charateristic [99]. ........coeieiiiiieiieee e 175
PCB layout of INVErter DUS DAr. ..........cccveiiiieiieie e 177
Proposed interleaved DC-capacitor-less inverter control system. ...........ccccceveennene 179
Proposed digital control SChEME. .........ccoeiiiiiiiece e 181

Prototype of 2-kW interleaved DC-capacitor-less inverter with SiC MOSFETS.... 182

Gate driver signal of proposed SYStEM ..........ccceiiieiieiiieiieie e 183
Dynamic response to sudden load change between 1 kW and 1.5 kKW................... 185
Dynamic response to sudden load change between 1.5 kW and 2 kW.................... 186
Efficiency vs output power for the proposed SYStem. ........ccocvverveiereicnenenesene 187
Transformer-less UPFC using cascaded multilevel inverter.............cccooevvviiennnee. 192
Cascaded multilevel inverter based on H-Dridge.........ccoovviviiiiineiec e 192
Proposed improved interleaved DC-capacitor-1ess inverter. .........c.ccccoeevvevveeneenne. 195

Xiv


file:///K:/Dropbox/PhD%20Thesis/新建文件夹/DC%20CAPACITOR%20MINIMIZATION%20OF%20SINGLE%20PHASE%20POWER%20CONVERSION%20AND%20APPLICATIONS.docx%23_Toc453495398
file:///K:/Dropbox/PhD%20Thesis/新建文件夹/DC%20CAPACITOR%20MINIMIZATION%20OF%20SINGLE%20PHASE%20POWER%20CONVERSION%20AND%20APPLICATIONS.docx%23_Toc453495399

CHAPTER 1 INTRODUCTION AND MOTIVATION

1.1 H-Bridge circuit for single phase power conversion applications

H-bridge circuit has been widely used for single phase power conversion applications such
as inverter, PWM rectifier and reactive power compensation. The power rating of the system
ranges from several hundred watts to several tens of kilowatts.

With energy use and greenhouse gas emissions rising every year, renewable energy has drawn
more and more attention from both the industries and governments worldwide due to its
environmental friendliness, sustainability nature, economic benefits, and energy security [1].

The renewable energy landscape has changed significantly over the last decade. The U.S.
Energy Information Administration (EIA) estimates that about 13% of world electricity
generation was from renewable energy in 2013, with a projection for nearly 18% in 2040 [2].
One of the important applications of H-bridge circuit is the single phase DC-AC power

conversion stage in renewable energy system such as photovoltaic and full cells.
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Figure 1: Electricity generation by fuel, 2000-2040 (trillion kilowatt-hours) [2].

For grid-connected solar power system, DC-AC power conversion stage interfaces PV
module(s) with the grid to inject sinusoidal current into the grid. Grid-connected PV systems are
categorized into three categories: centralized inverter, string inverter, and AC-Module
“micro-inverter” as it shown in Figure 2 [3, 4]. Micro-inverter with power rating from 150 W to
500 W, has become the trend for grid-connected PV systems due to its advantages including:
improved energy harvest, improved system efficiency, lower installation costs, “Plug-N-Play”
operation, and enhanced modularity and flexibility [1, 5]. H-bridge circuit is one of the most
popular topologies for micro-inverter.

However many challenges remain in the way of achieving low manufacturing cost, high



efficiency, and long operational lifetime. Since micro-inverter is typically connected to PV panel
module directly, it is desirable for inverter to match the lifetime of the PV module. Most PV
module manufacturers offer a warranty of 25 years on 80% of initial efficiency, and a material
and workmanship warranty of five years [6].

It is well known that the bulky electrolytic DC-link capacitors in single phase inverter are the
limiting components that determine the lifetime of the micro-inverter [7]. The life time of
electrolytic capacitors is typically 1000~10000 hours at their rated voltage and temperature rating
[8]. In order to achieve high reliability (long operational lifetime), a great deal of research has
been done to reduce the required capacitance for DC-link capacitor, in order to replace

electrolytic capacitor with film capacitor, which has lower energy density, however much higher

reliability.
Centralized Muti-strin
technology String technology technologs
.3 .3 |
| I |
PV Modules AC-Module
technology
T = n = n
DC DC DC DC DC
AC AC AC DC| (DC DC DC
[ | AC AC
DC
AC
a) b) c) d)

Figure 2: Photovoltaic (PV) system configurations.



Renewable energy is also widely used in distributed power generation, which could involve
standby power for commercial customers, regional systems supplying neighborhoods or
individual units that may or may not be grid inter-tied [9]. In a stand-alone system, the user is
isolated from the utility grid either by choice or by circumstance. Figure 1.3 shows a typical fuel
cell stand-alone system configuration. The H-bridge inverter in stand-alone system often
operates as a voltage source inverter to deliver power to load. However, the problem of bulky

electrolytic DC-link capacitors still exists in this kind of single phase DC-AC system.

— e c—— c—— — — — —— — — — — |
| |
| |

Fuel Cell |

DC Link |
| Cap |
| DC/DC = H-bridge Il Load
| Converter Inverter |

Battery/ | |

Ultracap | | |
l |

- _— - — — _|

Figure 3: A typical fuel cell stand-alone system configuration.

For single phase rectifier application, PWM AC-DC converter has numerous advantages
over classical passive rectifier topologies including: unity power factor, low THD, bidirectional
power flow, and low components count [10, 11], and is well suited for applications with power
ranging from data center servers to LED lighting.

Conventional boost PWM PFC converter consists of a full-wave diode bridge rectifier and a



boost circuit. In the power stage, there are two diode voltage drops at the rectifier bridge and one
at the boost circuit, which set a hard limit on system efficiency [12]. Compared to conventional
boost PWM PFC, H-bridge PWM rectifier don’t need extra diode rectifier, thus greatly reducing
the conduction loss. In addition, the H-bridge PWM rectifier can achieve much better power
factor and THD performance for grid side current. Recently, due the development and maturation
of wide band gap devices (GaN and SiC MOSFETSs), totem pole PFC has already drawn a lot of
attention from industries [12-16]. In the future, H-bridge PWM rectifier will be a good candidate
for AC-DC converter with the cost reduction of wide band gap devices.

The concept of flexible AC transmission systems (FACTS) has been widely accepted as a
breakthrough for modernizing today’s power grids because FACTS devices can enhance the
network stability, reliability and controllability, which in turn, improve grid transmission
capability and power quality [17-27].

H-bridge circuit has been widely adopted for FACTs devices such as series compensator,
shunt compensator and unified power flow controller (UPFC). As it shown in Figure 4, H-bridge
circuit is adopted as multilevel converter module in star-configured cascade PWM static
synchronous compensator (STATCOM) for industrial and utility power distribution systems. This
enables to eliminate a bulky, heavy, and costly line-frequency transformer from the STATCOM
system [22]. However, for each H-bridge circuit module, bulky electrolytic DC capacitors are
needed to maintain smooth DC voltage for the normal operation of H-bridge circuit, which
increase the size and cost of the total system.

Figure 5 shows the circuit configuration of distributed power-flow controller (DPFC). The
DPFC adopts multiple small-size single-phase H-bridge converters instead of the one large-size

three-phase series converter in the UPFC. The large number of series converters provides



redundancy, thereby increasing the system reliability [17]. Since the DPFC units are clamped on
transmission lines, the size and the weight is very critical to the system. Therefore, the bulky

electrolytic DC capacitors will be a big limitation of the system.
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Figure 4: Circuit configuration of star-configured cascade PWM STATCOM
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Figure 5: Circuit configuration of distributed power-flow controller (DPFC).

1.2 Problem of H-Bridge inverter

A A

For all single phase power conversion systems, the power of the AC side is time varying,

while the power of DC side is constant. As it shown in Figure 6, the rated AC voltage, vs and the

rated AC current, isare defined as:
v, =2V, sin(et),
i, =/21_sin(at +¢) |
The rated AC power, ps and the rated DC power, pqc will be:
p, =V,l, cos(e) +V,l sin(2at + ¢ — %) ,
Pge =V, I cos(p).

And the rated apparent power of the system, S will be

S=V.I

s's*

(0.1)

(0.2)

(0.3)

(0.4)

(0.5)



The mismatching power between AC power and DC power is expressed as
. T
P2, = SS'”(ZCOH(P—E), (0.6)

which is fluctuated at twice the line frequency. The mismatch is defined as 2w ripple power, pa,.
In order to balance the power mismatch, an energy storage element is required to balance the 2w

ripple power, p2,.

Figure 6: AC voltage/current and power waveforms.

H-bridge converter shown in Figure 7 has been widely used for single conversion systems
such as PV inverter systems, PWM rectifiers, and STATCOM.

Conventional H-bridge circuit requires a DC capacitor decoupling the unbalance AC and DC
power, in order to maintain a smooth DC link voltage. The required DC capacitance, Cqc 1 Can be

expressed as [28]:

S

Co n=—"—, 0.7
dc_H a)\/chVdc ( )

where V. is the average voltage across the DC capacitor, AV is the allowed peak-to-peak DC



voltage ripple.

From (1.7), we can find that the DC capacitance is directly proportional to the apparent
power of the system and is reversely proportional to the allowed DC voltage ripple. For normal
operation of H-bridge inverter, the peak-to-peak DC voltage ripple is within 2.5%, which results
in very large DC capacitance value. Therefore, a bulky electrolytic capacitor is commonly used

for H-bridge circuit.
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Figure 7: H-bridge for single phase power conversion.

For many single phase power conversion applications, the system requires long lifetime and
high reliability. For example, the grid connected PV inverter module must be highly reliable
(long operational lifetime) since most PV module manufacturers offer a warranty of 25 years on
80% of initial efficiency, and a material and workmanship warranty of five years [29].

The main limiting components inside the inverters are the DC electrolytic capacitors used

for power decoupling [30, 31]. The operational lifetime for electrolytic capacitors can be



estimated by the operation voltage and temperature of the capacitor [32-34].

In order to increase the lifetime of the single phase power conversion system and to improve
the reliability of the system, one possible way is to replace the electrolytic capacitors with film
capacitors.

Compared to electrolytic capacitor, film capacitor has the advantages of high current ripple
capability, high operating temperature, very small equivalent series resistance and inductance.
However, the energy density of film capacitor is much lower than electrolytic capacitor and the
cost is higher [35]. A summary of the comparison between electrolytic capacitor and film
capacitor is shown in Table 1.

However, directly using film capacitor for the DC capacitor in single phase power
conversion system will result in extremely large size of capacitor, low power density and high

cost.
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Table 1: DC capacitor comparison between film and electrolytic.

Parameter Film Aluminum Electrolytic
Capacitance Low High
ESR Low High
Max operating temp 105 C 85 T
Max DC voltage Larger than 1000 V 600 V
Ripple current High Low
Life Long Short
Energy density Low High
Failure mode Fail open rupture
Construction Dry Liquid electrolyte
Polarity Non polar Have polarity
Cost high

low

Therefore, a lot of work has been done to reduce the DC capacitor of H-bridge single phase

system [28, 36-54]. By reducing the total capacitor requirement of the single phase system, film

capacitor can be used to achieve systems with high power density, high reliability and high

efficiency.

1.3 Scope of the dissertation

The goal of the research is to investigate the low cost method to reduce the DC capacitor of

H-bridge in order to develop a single phase system with high efficiency, high power density and
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high reliability for inverter, PWM rectifier and STATCOM applications.

In this dissertation, the existing single phase topologies are evaluated based on the energy
requirement of capacitor (size of capacitor) and total device power rating, TDPR (cost of
semiconductor devices) in chapter 2. A DC-capacitor-less inverter with SVPWM control for
single phase power conversion is proposed to achieve minimum voltage and current stress in
Chapter 3. By adding another phase leg to control an AC capacitor, the 2 ripple power can be
absorbed by the capacitor and theoretically 2w ripples to the DC capacitor can be eliminated
completely. By adopting SVPWM control method for DC-capacitor-less inverter and choosing
the optimal AC capacitance and the voltage reference, the TDPR is greatly reduced compared to
SPWM control method, and is only 1.5 times of conventional H-bridge for unity power factor
inverter, PWM rectifier and STATCOM applications. As a result, the proposed method for DC
capacitor minimization has the minimal energy storage capacitor and total device power rating
among the exiting methods to reduce DC capacitor of H-bridge, in order words, smaller capacitor
size and lower semiconductor device cost.

Two important applications of the proposed DC-capacitor-less inverter with SVPWM
control: solid state variable capacitor and high power density inverter are investigated in Chapter
4~7.

One important application of the single phase DC-capacitor-less inverter with SVPWM
control is solid state variable capacitor (SSVC) for flexible AC transmission system (FACTS)
devices. The special benefits of SSVC based on the DC-capacitor-less inverter in terms of current
stress of the shared leg and efficiency are analyzed in Chapter 4. The TDPR of SSVC is minimal
among all single phase applications, which is only 1.125 times of conventional H-bridge circuit.

For SSVC application, any ripple power which has not been compensated by AC capacitor

12



will go into DC capacitor, since the DC capacitor is connected to neither DC source (inverter
case) nor load (PWM rectifier case). Therefore, compared to other applications, the control
system for SSVC is more challenging. The existing control method [46] still requires a large DC
capacitor with same capacitance value of AC capacitor in order to maintain the stability of the
system during dynamic transient. In order to reduce the DC capacitor to minimal value just for
filtering switching ripple (less than 1/3 of AC capacitor), a novel control system directly based
on ripple power is proposed to achieve stable DC voltage and fast dynamic response in Chapter 5.
The proposed control system can be easily extended for other single phase applications. In
addition, the control system can be modified to compensate not only 2w ripple power, but also
other even order frequency ripple power caused by the harmonics of grid voltage.

Another important application is high power density and high efficiency inverter system. An
interleaved DC-capacitor-less inverter with SVPWM is proposed for inverter application with
different power factors (1 ~ 0.7 leading and lagging) in Chapter 6. By adopting SVPWM control,
the voltage and current stress is minimized. Considering the worst case of 0.7 leading power
factor, the TDPR is only 1.78 times of H-bridge circuit. In order to improve THD performance for
inverter output voltage, an enhanced phase-shift interleaved PWM scheme is adopted. The
interleaved PWM scheme is extended from balanced three phase system to unbalanced three
phase system with different power factors for single phase application. In order to further reduce
the filtering components’ size, a new structure of integrated coupled inductors is proposed to
suppress circulating current between the two parallel inverters and to filter output current at the
same time. Compared to existing coupled inductor design, the volume of inductors can be
reduced by 35%. As a result, the total capacitor size is reduced by 16 times and power density of

45 W/in® is achieved.
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In order to achieve single phase inverter system with high power density, high efficiency and
high reliability, SiIC MOSFETs are adopted for the interleaved DC capacitor-less inverter to
achieve 216-kHz switching frequency. The size of filtering components including DC filtering
capacitor and AC output LC filter are significantly reduced. The design and optimization of gate
driver and PCB layout is investigated for the interleaved DC-capacitor-less inverter system to
fully utilize the advantages of SiC MOSFETs. An effective and efficient DSP digital control
program is designed to meet the control requirement for the proposed system.

In conclusion, the proposed DC-capacitor-less inverter with SVPWM is a competitive
candidate to replace H-bridge for various single phase power conversion applications such as
PWM rectifier, inverter and STATCOM, with high power density, high efficiency and low cost.
The content of each chapter is summarized as following:

Chapter 2: Criteria to evaluate single phase topologies to reduce DC capacitor of H-bridge
are explained in details based on capacitive energy storage requirement (size of capacitor) and
total device power rating (cost of semiconductor devices). Review and comparison of existing
single phase topologies with capacitive energy storage component for ripple power compensation
are provided.

Chapter 3: A DC-capacitor-less inverter with SVPWM control for single phase power
conversion with minimum voltage and current stress is proposed. The H-bridge and the
additional phase leg can be analyzed together as an unbalanced three phase system. By adopting
SVPWM control and choosing the optimal AC capacitance and the voltage reference, the voltage
and current stress of the switches can be minimized to the same as the conventional H-bridge.
Among the existing DC capacitor reduction methods for H-bridge, the single phase system with

SVPWM has the minimal energy storage capacitor and TDPR. As a result, the size of capacitor is
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reduced by more than 10 times with only 1.5 times TDPR of H-bridge circuit.

Chapter 4: Asolid state variable capacitor (SSVC) based on the DC-capacitor-less inverter
with SVPWM is developed for reactive power compensation. The solid state variable capacitor
shows special advantages in terms of the switches’ current stress and efficiency compared to other
applications. The SSVC system based on DC-capacitor-less inverter reduces capacitor size by 13
times with 1.125 times TDPR of conventional H-bridge circuit, which is minimal among all
single phase applications.

Chapter 5: In order to reduce the DC capacitor to minimal value just for filtering switching
ripple (less than 1/3 of AC capacitor), a novel control system directly based on ripple power is
proposed to achieve stable DC voltage and fast dynamic response. The proposed control system
can be easily extended for other single phase applications. In addition, the control system can be
modified to compensate not only 2m ripple power, but also other even order frequency ripple
power caused by the harmonics of grid voltage.

Chapter 6: An interleaved DC-capacitor-less inverter with SVPWM is proposed for inverter
application with different power factor (1 ~ 0.7 leading and lagging). By adopting SVPWM
control, the voltage and current stress of the system is minimized. Considering the worst case of
0.7 leading power factor, the TDPR is only 1.78 times of H-bridge circuit. In order to improve
THD performance for inverter output voltage, an enhanced phase-shift interleaved PWM scheme
is adopted. The interleaved PWM scheme is extended from balanced three phase system to
unbalanced three phase system with different power factor for single phase application. In order
to further reduce the filtering components’ size, a new structure of integrated coupled inductors is
proposed to suppress circulating current between the two parallel inverters and to filter output

current at the same time. Compared to existing coupled inductor design, the volume of inductors
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can be reduced by 35%. As a result, the total capacitor size is reduced by 16 times, and power
density of 45 W/in® is achieved.

Chapter 7: In order to achieve a high power density, high efficiency and high reliability
inverter system, SiC MOSFETSs are adopted to achieve 216-kHz switching frequency. The size of
filtering components including DC filtering capacitor and AC output LC filter is significantly
reduced. The design and optimization of gate driver and PCB layout for the interleaved
DC-capacitor-less inverter system is investigated to fully utilize the advantages of SiC
MOSFETs. An effective and efficient DSP digital control program is designed to implement
SVPWM control, ripple power compensation and interleaved PWM scheme. As a result, the
system can achieve 96% efficiency at full load and good dynamics response to meet the control
requirement for the interleaved DC-capacitor-less inverter system.

Chapter 8: Conclusion of the dissertation contributions is summarized; suggestions for future

work are provided.

16



CHAPTER 2 SINGLE PHASE INVERTER TOPOLOGIES

WITH CAPACITIVE ENERGY STORAGE FOR RIPPLE

POWER COMPENSATION

In order to reduce the DC capacitor bank of H-bridge for single phase power conversion, a
great deal of research has been done on active power decoupling methods. The basic idea is to
use extra energy-storage components such as capacitor or inductor, which permits much larger
fluctuation of voltage or current, to balance the 2 ripple power.

A lot of topologies using inductor as energy storage components for 2m ripple power
compensation are investigated in [47, 55-57]. Some of the existing topologies are shown in
Figure 8.

However, compared to capacitor, the inductor has much lower energy density and higher
power losses under high switching frequency operation. Therefore, more detailed analysis and
comparison of topologies based on capacitive energy storage for voltage source H-bridge

circuit are investigated.
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Figure 8: Topologies using inductor as energy storage components for 2w ripple power

compensation.
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2.1 Criteria to evaluate single phase topologies with capacitive energy

storage for ripple power compensation

For single phase power conversion system, the key point is to minimize the energy-storage
capacitor, number of extra switches, and voltage/current stress of both switches and passive
components. One effective way to evaluate the circuits and power decoupling methods is to
compare the energy requirement of energy-storage capacitor, Ec and the total device power rating,
TDPR [58].

Ec is an indicator of the capacitor size; TDPR is an indicator of how much total silicon area
is needed for the semiconductor devices.

For conventional voltage source H-bridge converter, the bulky DC electrolytic capacitor is
used for energy-storage capacitor and Ec can be calculated by

1 1 1
EC = ECdc_HV ; = ECdC_H (Vdc + EAVdc)2 (11)

dc_max

Substitution of (1.7) into (2.1) yields:

S 1 2

E.=—V, +=AV, )", 1.2
C 2 0)\/dc Avdc (Vdc 2 dc) ( )

In order to maintain a smooth DC link voltage, the ripple DC voltage is design to be AV << Ve,

and E¢ can be simplified to

E ~§ Vdc

~ . 1.3
© 02V, (13)

In the following analysis, it assumes that the modulation index of inverter is 1, and that

minimum DC voltage is adopted. Therefore, minimum DC voltage, V4 will be

Vdc = \/EVS : (1-4)
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The TDPR for conventional H-bridge will be:
TDPR, e =4+Vye V21, =442V, V21, =85 (15)

Instead, if using an extra capacitor to absorb the 2w ripple power, the minimal capacitor
energy storage requirement, Ec min Can be calculated by integrating half cycle of the 2w ripple
power, Pz, :

T/12-p2w

prdt

E = =

C_min

SHEZ

. (1.6)

-pl2w
As we can see, for conventional H-bridge system, if allowed peak-to-peak DC ripple voltage
AV is 2.5% of the DC voltage, the stored energy in DC capacitor is more than 20 times of the

minimum energy storage requirement, which results in lower power density [28].

Ps Ec_min
pdc “-.--,--":-.;".

Figure 9: Minimal capacitor energy storage requirement.

2.2 Review and comparison of existing single phase topologies with

capacitive energy storage component for ripple power compensation

Based on the criteria of energy requirement of energy-storage capacitor, Ec and the total

20



device power rating, TDPR, the existing topologies and power decoupling methods can be
evaluated.

In Figure 10, the energy-storage capacitor, Cq is connected to DC link by a buck converter,
and the capacitor voltage is unipolar [39, 40]. If the capacitor voltage reference is a full-wave
rectified sinusoidal waveform, the 2w ripple power can be transferred to the capacitor as it shown

in Figure 11.
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Figure 10: Single phase converter with unipolar energy-storage capacitor.
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Figure 11: Single phase converter with unipolar energy-storage capacitor key waveforms.

The energy-storage capacitor’s voltage and current are expressed as

Ves = V2V, [sin(at +6)|, (1.7)
ey = J2 ., cos(at + ) -sgn(sin(at + 9)) L8)
=J2aC \, cos(at + 0) -sgn(sin(at + 6)) '

Then the power stored in the energy-storage capacitor will be
Peg =Vey leg SINQRat +260) = C VZ, sin(Qat + 26) . (1.9)

As it shown in Figure 11 (b), the power of Cq is controlled equal to the grid 2o ripple power:

Pca = Py, - (1-10)
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Then, the 2o power to DC side can be fully eliminated.

By designing C4 to be:

C,=—: (1.11)

the DC voltage can be fully utilized, and energy-storage capacitor’s voltage and current

magnitude will be:

Vg, =V,, (1.12)
leg =15 (1.13)

In ideal case, the DC link voltage will be:

Vi =V2V,. (1.14)
and the energy storage requirement is equal to the minimal value:

E.—IcVv2=>_E (1.15)

— =C_min?
2 @ -m

and TDPR for all applications including unit power factor inverter, PWM rectifier and reactive

power compensation will be:

TDPR =4V, 21, +2-V, -2l

(1.16)
=125 =1.5TDPR

H —bridge

However, the full-wave rectified sinusoidal reference, which contains rich harmonics, is
difficult for the control system to track. Although it is possible to decrease the harmonics in the
reference by increasing the energy-storage margin (therefore the capacitor voltage does not go
down to zero), this will compromise full utilization of the energy-storage capacitor. Therefore, in
real application, Ec will be larger than the ideal case, Ecmin. The minimal reported Ec is 1.5

Ec min [39,40].
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Some circuits also adopt a boost converter to connect energy storage capacitor to DC link
[59]. The circuit analysis is similar; however the energy storage capacitor will have high DC bias
voltage (larger than DC link voltage). Therefore, Ec will be larger than Ecpin. Compared to buck
converter, the controller design for boost converter will be more difficult, since boost converter
has a right half plane zero in control loop.

In Figure 12, the PWM rectifier system consists of an H-bridge and a half-bridge circuit for
ripple power compensation [38]. The voltage/current waveforms and power are shown in Figure

13. The sum of the power of C; and C; is controlled to be equal to the 2o ripple power on grid side.

siF sBf s L,
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Figure 12: Single phase inverter with half bridge for ripple compensation.
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Figure 13: Single phase inverter with half bridge for ripple compensation key waveforms.

The two DC capacitors’ voltage and current are express as:

vm:\%—ﬁvcsin(amm,

Ve, z\%+\/§VC sin(wt + 6),

i, =—i., =21, cos(wt + 6)
C1l C2 C
= —2aC (V. cos(at + 0) '

Then, the sum of power of C; and C, will be

Pers =Velg +Voole, = 20C V¢ Sin(2at + 26) .
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By designing C; to be:

|
Ci=C,=Cr=o=. (1.21)

The DC capacitors’ voltage and current magnitude will be:
V.=V, (1.22)
l.=1./2. (1.23)
Since the peak voltages of C; and C; are Vg, the DC voltage will be
V, =242V, (1.24)

which is double of the DC voltage requirement of conventional H-bridge system. The peak

currents of C; and C;is equal to \/§|s 2. The currents of S5 and Sg are the subtraction of the

currents of C; and C,; and the peak currents of Ss and Sg are equal to AC output peak current.

The energy storage requirement will be:

E —2xtcvi =g, (1.25)
2 ® -
and TDPR will be:
TDPR =6V, V21, =6- 242V, -\, =245 = 3TDPR,, ;... (1.26)

The advantage of this circuit is that C; and C, are also utilized as the DC filter capacitor.
However, in order to keep the switches’ current stress same as the H-bridge, the required DC
voltage of the circuit is double of H-bridge’s DC voltage. Therefore, TDPR is 3 times of
TDPRH-bridge- In addition, the voltages of C; and C, have a DC component of half DC link voltage
to maintain a constants DC voltage, which is the sum of the voltage of C; and C,. The individual

power of C; and C; has another component with the line frequency, beside 2w ripple power as it
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shown in Figure 13. Although the line frequency components of the power of C; and C, are
cancelled out, the energy of C; and C,are not fully used for 2w ripple power compensation and the

energy storage requirement Ec is significantly increased, which is 4 times of Ecpin.

In Figure 14, the circuit combines the half-bridge circuit for ripple power compensation with
one leg of the H-bridge inverter in Figure 12. Therefore, the circuit has the minimum components
among the existing topologies. The circuit basic operation is similar to circuit in Figure 12. And

the energy storage requirement Ec remains the same, which is 4 times of Ecpin.
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Figure 14: Single phase inverter with minimum components for ripple compensation.
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Figure 15: Single phase inverter with minimum components for ripple compensation key

waveforms.

Another advantage is that the current stress of the shared leg will not increase for applications
of inverter, PWM rectifier with unity power factor and reactive power compensation with leading
current. Therefore, the TDPR is reduced to 2 times of TDPRu.pridge fOr these applications.

A single-phase PWM rectifier with the power decoupling ripple-port shown in Figure 16 is
proposed in [28, 41]. By adding any extra H-bridge to interface the energy-storage capacitor, the
capacitor works in AC mode and the voltage/current waveforms are sinusoidal as it shown in

Figure 17.
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The capacitor’s voltage and current are expressed as

Cac VCac Sm wt + ‘9 (1.27)

oo = -2 |, COS(at +0) = \/Ea;C Ve, Cos(at +0) . (1.28)

Cac
Then the power of the AC capacitor will be

Peac = Veaelcae SINQRat +260) = @C, V2, sin(Rat + 26) . (1.29)
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Figure 16: Single phase inverter with H-bridge for ripple compensation.
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p Cac

Figure 17: Single phase inverter with H-bridge for ripple compensation key waveforms.

By designing Cy to be:

the DC voltage can be fully utilized, and AC capacitor voltage/current magnitude will be:

VCac :Vs7
ICac = Is '

In ideal case, the DC voltage will be:

Vdc = \/Evs ’

and the energy storage requirement is:

30
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EC = ECac (\/E\/Cac)2 = Cacvazc = §:EC min ! (134)
2 (0 -
and TDPR will be:
TDPR =4-V, -2l +4-V, 721, (135)
=16S = 2TDPR,, e ' '

Since the energy-storage capacitor is fully utilized, the capacitance is minimized. However,
the system needs too many auxiliary switches, which increase the system’s complexity and total
device power rating.

In [45, 46], the PWM rectifier system shown in Figure 18 consists of an H-bridge and an
additional phase leg connected to an AC capacitor, C,.. Compared to the topology in Figure 16, the
number of extra switches is reduced. And the energy storage requirement Ec remains the same,

which is equal to the minimal value.

]
(l

— — —
s i, i WLJ’ISJ:} SJF':} SJK} - V. /2
v, i, +
- N =T < T _ Coo 7<Viae _lll
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Figure 18: Single phase inverter with extra phase leg and AC capacitor for ripple compensation.
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p Cac

Figure 19: Single phase inverter with extra phase leg and AC capacitor for ripple compensation

key waveforms.

However, because of the adoption of SPWM control, the magnitude of the sinusoidal voltage
generated by phase B is higher than original H-bridge’s phase A and C. Therefore, the required
DC voltage is greatly increased and the voltage stress of switches is higher. A detailed analysis of
the required DC voltage and TDPR for all single phase power conversion cases is provided in
Chapter I1.

In this dissertation, a DC-capacitor-less inverter for single-phase power conversion with
minimum voltage and current stress is proposed. The circuit has the same topology in Figure 18.

However the system is analyzed as an unbalance three-phase system. By adopting SVPWM
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control and choosing the optimal AC capacitance and the voltage reference, the
DC-capacitor-less inverter can be used for PWM rectifier, inverter with unity power factor and
STATCOM (current leading voltage) without increasing both current and voltage stress. Since
only two more switches are needed and voltage/current stress is the same as the original
H-bridge, TDPR is only increased by 50%. The total size of capacitor (including the AC
capacitor and the DC capacitor) of DC-capacitor-less inverter is reduced by more than 10 times
compared to conventional H-bridge system.

Two important applications, that is, solid state variable capacitor (SSVC) and high power
density single phase inverter will be investigated. A solid state variable capacitor based on the
DC-capacitor-less inverter is competitive candidate to replace the conventional H-bridge in
flexible AC transmission systems (FACTS) devices. Interleaved single phase inverter with SiC
devices based on DC-capacitor-less inverter is proposed and developed to achieve high power

density and high efficiency.

2.3 Conclusions

Two importance concepts: the energy requirement of energy-storage capacitor, Ec and the
total device power rating, TDPR are introduced to evaluate the existing topologies using
capacitive energy storage elements. The advantage and the limitation of the topologies are
compared and summarized.

Based on the analysis, the topology using an H-bridge with an extra leg has the potential to
have the lowest energy requirement of energy-storage capacitor and the total device power rating

among the existing topologies. However, in order to minimize the voltage and current stress of
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the switches, the system needs to be controlled as an unbalanced three phase system and by
adopting SVPWM instead of SPWM. A detailed analysis and comparison of SVPWM and

SPWM control is provided in next chapter.
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CHAPTER 3 DC-CAPACITOR-LESS INVERTER FOR

SINGLE PHASE POWER CONVERSION

The DC-capacitor-less inverter for single-phase power conversion with minimum voltage
and current stress has the same topology shown in Figure 18. However, the two legs of the
original H-bridge and the extra leg will be considered together as an unbalanced three-phase
system. By adopting SVPWM control and choosing the optimal AC capacitance and the voltage
reference, the voltage and current stress of the switches can be minimized to the same as H-bridge
circuit. DC-capacitor-less inverter with SVPWM has the minimal AC capacitor for energy
storage capacitor and very small DC capacitor only for filtering switching ripple. As a result, the
size of capacitor is reduced by more than 10 times with only 1.5 times TDPR of H-bridge circuit
for unity power factor inverter, PWM rectifier and STATCOM applications. Among the existing
methods to reduce H-bridge DC capacitor, the proposed method has the minimal energy storage
capacitor and total device power rating (TDPR), resulting in small capacitor size and low
semiconductor device cost.

In this chapter, the operation of the proposed system and cases analysis for unity power
factor inverter, PWM rectifier and reactive power compensation are provided. A comparison of
DC voltage requirement, switches current stress and TDPR between SPWM and SVPWM s
provided to show the benefits of the DC-capacitor-less inverter in terms of voltage and current
stress. A 1.5-kVA single phase power conversion system is designed and tested to verify

DC-capacitor-less inverter for different applications.
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3.1 Operation of DC-capacitor-less inverter

Taking the output voltages of the three phase-legs as controlled voltage sources vy, Vp, Ve, the

equivalent circuit for the DC-capacitor-less inverter is shown in Figure 20

Suppose the grid voltage and the rated grid-side current to be:
V= ﬁvs sin(at),
i, =21 sin(et + ) |
and the voltage and current of the storage AC capacitor to be:

V.. sin(ot+6),

Cac Cac

e, = V21, COS(ct + 6) = \2C V., cOS(t +6) |

Cac

Cac

Figure 20: Equivalent circuit of the DC-capacitor-less inverter.
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Then, we can get the expression of grid power:

P, = Vi, =Vl [cos(¢p) —cos(2at + ¢)]

: 7 (2.5)
=Vl [cos(p) +sin(2at + ¢ — E)]
which contains DC power component and the 2o ripple power component
. T
P,, =Vl sin(2at + ¢ — E) . (2.6)
The instantaneous power generated by C,. can also be obtained:
pCac = VCaciCac = a)CacVCZac SIn(Za)t + 20) . (27)

To simplify the analysis, the power on filter inductors Ls; and L¢, (which are normally less than
5% pu) is neglected [60, 61]. Then, the power of C,c should be controlled equal to the grid 2m
ripple power:
Peac = P20 - (2.8)
Therefore, the magnitude and phase of vcac should satisfy the following equations:

wC, V2 =V.1, . (2.9)

c " Cac

1 T 1 T
O==(p—-2),0r =(p—=)+rx. 2.10
2(<0 2) 2(<o 2) 7 (2.10)

If the decoupling capacitance is designed to be

Cp=—, (2.11)

the magnitude of the voltage and current of C, will be:

V., =V, (2.12)

Cac S

o = | (2.13)

Cac s

and the current and voltage stress of the system can be minimized.

37



3.2 Cases analysis

According to the previous analysis, for any ¢, there are two possible solutions of 6. Since the
system can be treated as an unbalanced three phase system, SVPWM can be adopted. For SVPWM,
the minimum DC voltage is determined by the maximum line-to-line voltage. For the rated power,

we have:
, (2.14)

Nab

N,

IC

- NS - NCac

IS

, (2.15)

a Cac

For PWM rectifier with unity power factor, inverter with unity power factor and STATCOM,

there will be two possible solutions for 6. Only by choosing 6 to be —% , % and 0 for PWM

rectifier, inverter and STATCOM respectively, the magnitude of V__is smaller than Vs, and the
magnitude of I, is smaller than Is. Then, the voltage stress is \/EVS, and the current stress is

\/§|S. Therefore, the voltage and current stress of switches are equal to the original H-bridge
system.

If 0 is not chosen properly, the current and voltage stress will be greatly increased. For
example, 6 can also be 7 for STATCOM case. However, the magnitude of V,_ will be 2V, and the
magnitude of I, will be 2I;. and the voltage and current stress will be doubled. Figure 21, Figure

22, and Figure 23 show the phasor diagrams of three specific cases with the minimum voltage and
current stress.
Because the voltage and current stress of the proposed system and the H-bridge system are the

same, the two systems can use the same rating switches, and the power loss on switches can be

38



directly compared based on the each phase’s current. For full rated power, phase A and phase C’s
leg currents of the DC-capacitor-less inverter are the same as the two legs’ current of conventional
H-bridge system, and phase B’s current of DC-capacitor-less inverter is always smaller than
H-bridge’s phase current. Then, the power loss on phase A and C together are almost equal to the
H-bridge system; and the power loss on phase B is always smaller than half of the H-bridge system.
Therefore the total switch power loss of the DC-capacitor-less inverter is less than 150% of the

H-bridge system.

Figure 21: Phasor diagrams of PWM rectifier with unity power factor, ¢ =0,6 = —% .
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Figure 23: Phasor diagrams of STATCOM with current leading, ¢ = % , 8=0.
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3.3 General case analysis

Figure 24 shows the phasor diagram of general case. The angle between V_ and V_, is ‘9‘:

£ (VyVy) = 6],

ab!

and the angle between I and I is:

ac’ ‘¢

/(i) = ‘0—¢+%‘.

According to triangle relationship, Vacand Iy are expressed as

V, = JVf +VZ —2vZcos(d),

1, =J|§+ I§—2I§cos(9—(p+%).

When ¢ is from —7/2 to &, Vacand Iy are minimized when 6 is chosen as:

1 T
0==(p-=).
2(<0 2)

When ¢ is from —rt to —1/2, Vac and I, are minimized when 6 is chosen as:

1 T
== —— ).
2((/) 2) 7
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Vc — Vb

ac

Figure 24: Phasor diagram of general case.

3.4 Comparison of DC voltage requirement, switches current stress and

TDPR between SPWM and SVPWM

In order to show the benefit of SVPWM, the minimum DC voltage requirement and switches
current stress, and TDPR are compared between SPWM and SVPWM control [62, 63].

For SVPWM, the minimum DC voltage is determined by the maximum line-to-line voltage.
Based on previous analysis, the minimum DC voltage is express as:

Vdc_min = max(\/EVs,x/EVac)
= max(v2V,, V2V +V2 -2V cos(0)) . (222

max(v/2V.,, \/4V52 —4V? cos(% (p— %))), when — % <p<r

T

2

max(+/2V., \/4V52 +4V7 cos(% (p— %))), when-z7<gp<—

The DC voltage requirement for different ¢ is shown in Figure 25. By choosing Vs as the base
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voltage value, the DC voltage requirement reaches maximum value 2 pu, when ¢ =  7/2.

3.5 ' w ,
— SPWM

3 L
=
s 2.5
.gl 2 [
N

1.5}

-p1 -p1/2 0 p1/2 p1
@ (degree)

Figure 25: DC voltage requirement for different ¢.
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Figure 26: Switches’ current stress for different .

In order to simplify the current stress analysis, the current stress of all switches is

determined by the maximum peak current of three phases. Based on previous analysis, the

switches’ current stress is express as:

I peak = maX(\/Els,\/Elb)

=max(\/§IS,\/§\/I§+If—2|fcos(9—¢+%)) : (2.23)

max(\/fls,\/4ls2 —4I§cos(%(go—%))),when—%<¢;£7r

max(\/fls,\/ms2 +4I§cos(%(go—%))),when—7zSqos—%

The switches’ current stress for different ¢ is shown in Figure 26. By choosing Is as the base

current value, the switches’ current stress reaches maximum value 2 pu, when ¢ =  w/2.
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Based on minimum DC voltage requirement and switches’ current stress, the TDPR for
different ¢ is shown in Figure 27. By choosing S = Vil as the base power, the TDPR reaches

maximum value 19.3 pu, when o = /2.

35 |
— SPWM
— SVPWM
301
E
3‘ 25¢
o
S 20]
<
15}
W%z 0 P2 pi

@ (degree)

Figure 27: TDPR for different .

For SPWM, since phase A, B, C output voltages, va, Vb, V¢ are sinusoidal, the DC voltage
requirement is determined by the maximum peak value of vj, v, V..

One possible solution [45, 46] is:

V,=V,/2, (2.24)
V, = V.72, (2.25)
V.=V, +V, =V, +V,. (2.26)
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Ve. =V,

ac c

Figure 28: Phase diagram of PWM rectifier for SPWM.

Take PWM rectifier case as an example. For SVPWM, the minimum DC voltage is \/EVS .

For SPWM, according to the triangle relationship, we have:

V, =V, /2, (2.27)
V, =V, /2, (2.28)
V, =V, /2)? +VZ —cos45V? =0.737V,. (2.29)

The minimum DC voltage determined by the peak value of vy, vy, Vc. As it shown in Figure 28, v,

has the maximum peak voltage, the minimum DC voltage is 2\/§Vc , Which is 47% larger than the

DC voltage of SVPWM.

The DC voltage requirement for SPWM can be calculated by:
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Vdc_min = maX(\/EVS,Z\/EVC)
= max(v/2V,, 2v2,(V, 1 2)* +V.2 =V cos(0)) . (2.30)

max(v/2V.,, \/10V52 —8V/? COS(%((p - %))), when —% <p<nm

T

2

max(+v/2V,,  [10V 2 + 8V cos(% (p-— %))), when—z<¢p<-—

Accordingly, the DC voltage requirement for different ¢ is shown in Figure 25. The switches’
current stress of SPWM is the same as SVPWM in Figure 26. Similarly, TDPR for SPWM s
calculated and is shown in Figure 27.

As we can see, compared to SPWM, SVPWM can greatly reduce the DC voltage

requirement, thus reducing the TDPR. When —%S(oﬁﬂ' or —ﬂSgog—%”, the DC voltage

requirement and phase C switches current stress can be the same as the original H-bridge system,

and the TDPR will be

TDPR =125 = L5TDPR,, /145 - (2.31)

Therefore, the TDPR for applications such as inverter, PWM rectifier and STATCOM

(current leading) will be minimal.

3.5SVPWM control

For SVPWM, the of} transformation is defined as
v, \/E 1 -1/2 -1/2
Vo | V3|0 372 —/31/2

According to (3.32), the trace of the space vector projected on aff reference frame can be

Va

_\Fl ~1/2 v,
1=V3lo _3/2 [VCJ' (2.32)

V
v
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obtained based on vs and vcgc. Since the line-to-line voltage of the system is unbalanced, the space
vector projection on af reference frame is no longer a circle. Instead, the projection becomes be an

ellipse or a line.

(001) (101)

Figure 29: Space vector projections of PWM rectifier.
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Figure 30: Space vector projections of inverter.

(010) Y8 (10

(011)

(001) (101)

Figure 31: Space vector projections of STATCOM.
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Figure 29, Figure 30, and Figure 31 show the space vector projections of PWM rectifier,

inverter and STATCOM cases on off reference frame. The projections of PWM rectifier and

inverter become an ellipse; the only difference is the moving direction of the vector: PWM rectifier

is clockwise, and inverter is counterclockwise. The projection of STATCOM is a line, the vector

moves back and forth along the line.

3.6 Control Strategy

In the previous analysis, the filter inductors, Ls; and Ly, are neglected for simplification. In

the following analysis, in order to fully absorb the 2w ripple power, the filter inductors are taken

into consideration to calculate the voltage and current reference of Cy.

Taking the reactive powers of Ly and Ly, into account, the instantaneous power of DC

capacitor from the grid side becomes:

di,

. 1
— 1. ==V_l.cos +
f1 dt S 2 s's (¢)

P = Vsis -L

LVt sin@at+ o —Fy— L oL, 12sin2et + 20)
2 2° 2
and the 2o ripple power component is:

1 . 7T
==V.I_sin(2ot+¢p —=) —
pab_Z(u 2 s's ( q) 2)

%wallf sin(2at + 2¢) = % P, L sin2at +p,,)

where

P

ab_2w

= JVL (0L + 20L V, Esing,

V I, cosgp + L, 12sin(2¢)
V.1 sing — oL, 12 cos(2¢)

tan (pab ==
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Similarly, the instantaneous power of DC capacitor from C,. side becomes

d iCac |
dt Cac

2
= 1%sin(zm +26) (237)

Pev = Veaclcac — Lf2

The power from C, side should be controlled equal to the 2w ripple power from the grid side:
Peb = Pav_20- (2.38)

Therefore, the magnitude and phase of vcqc should be:

1
VCac = \/Pawa(a)Cac - C()sz) ! (239)
1
0= E(pab. (2.40)

and the magnitude of icac should be:

|, = Vo (2.41)

Cac 1

ac, O

Figure 32 shows the control system, which consists of two control loops. The first one is to
control the grid current and the second one is to control the voltage and current of the ac capacitor.

The sampling frequency is 20 kHz; Ls; and L, are designed to be 4.5% and 1.5% respectively.
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V., — PLL -
sin(wt + @)
.

1

PR |

ICac _VCac /( - sza))
C,.0 %
cos(awt + 6)

T

* 1 Cac
VCac = \/Pawa(—_ Lf2a)) PR
C,.o _
. VCac
sin(awt + )

Figure 32: Control System for DC-capacitor-less single phase system.

SVPWM

A proportional-resonant (PR) controller is adopted for the grid current control [64-68]. The

transfer function of PR controller is:

2k @S
Gpp(s) =k, + rc

And the bode plot of PR controller is shown in Figure 33.

The transfer function from Vg, to grid current, is is

G, S) = :
|s_vab( ) Lms

52

s*+20.5+ @

(2.42)

(2.43)
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Figure 33: Grid current PR controller.

Taking the delay caused by sampling time, Ts, the grid current loop transfer function is:

l— e—STS
ST

S

Gg_loop (S)ZGPR_g (s)- Gis_vab (s)- (2.44)

PR controller parameters are as follows: k,=24, k=90, @.=25; and the bode plot of grid current

loop transfer function is shown in Figure 34
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Figure 34: Grid current loop.

For the control of AC capacitor, dual loop structure is used: the outer voltage loop and inner

current loop. For current inner loop, the transfer function from V¢, to AC capacitor current, icyc is:

1
G ven(8) = =

1 - (2.45)
L,S+——
C.s

ac

The AC capacitor current loop transfer function is:

1_ efsTs
Gi 100p(8) =G _i(5) G () T (2.46)

S

PR controller parameters are as follows: ky,=8, k=11, @=50; and the bode plot of AC

capacitor current loop transfer function is shown in Figure 35
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Figure 35: AC capacitor current loop.

Accordingly, the transfer function from AC capacitor current reference to AC capacitor

current is:

Gi _loop (S)

Gi(S):W-

(2.47)

The bode plot of the transfer function from AC capacitor current reference to AC capacitor

current is shown in Figure 36
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Figure 36: Transfer function from AC capacitor current reference to AC capacitor current.

For the voltage outer loop, the transfer function from AC capacitor current to AC capacitor

voltage is:
G, ..(s)= L (2.48)
ve_ic Cacs ' .
The AC capacitor voltage loop transfer function is:
1_ e—STS
Gv_Ioop (S) = Gvc_ic (S) ) Gi (S) ’ GPR_v (S) : ST (249)

S

PR controller parameters are as follows: k,=1.8, k=5, «=25; and the bode plot of AC capacitor

voltage loop transfer function is shown in Figure 37.

As it shown in Figure 35 and Figure 37, by using dual loop control, the AC capacitor control
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loop can achieve an acceptable bandwidth to track the voltage and current reference.

60 . 180
— |Pv_loop ""
N |90
 loop '.‘ =
‘. CI.)
0‘ E
:I
)
N
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Q...‘ \
-20 k! -180

10 100 1x10° 1x10*

Figure 37: AC capacitor voltage loop.

3.7 Experimental results

To verify the effectiveness of the proposed DC capacitor-lees inverter and the active power
decoupling method, a 1.5-kVA single phase power conversion system for PWM rectifier, inverter

and STATCOM is designed. The key parameters are listed below in Table 2.
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Table 2: Key Parameters for DC capacitor-less inverter system

DC voltage, V. 185V
switching frequency;, fqy 10 kHz
DC capacitance, Cqc 170 pF (0.55 pu)
grid voltage, Vs 120 VAC (60 Hz)
AC capacitance, Cy¢ 300 pF (1 pu)
filter inductance, Ly 1.2 mH (0.045 pu)
filter inductance, Ly, 0.4 mH (0.015 pu)

For conventional H-bridge system, if the allowed DC voltage ripple is 2.5% of DC average
voltage, the DC capacitance is 4.6 mF (15.5 pu). For the proposed single phase power conversion
system, since the 2o ripple power can be absorbed by AC capacitor, theoretically DC capacitor
only needs to absorb switching current ripple, of which the capacitance is 100 uF (0.33 pu) [69,
70].

However, in practice, considering the other frequency ripple power which has not been
compensated by AC capacitor, the DC capacitance is designed to be 170 uF (0.55 pu). The
calculated AC energy storage capacitor is 300 puF (1 pu). Compared to conventional H-bridge
system, the proposed DC capacitor-less inverter reduces the total size of the capacitor (including
DC capacitor and AC capacitor) by 10 times.

The filter inductance Ly is larger than Ly, because the system is connected to grid through an
isolated transformer; and the transformer leakage inductance is also taken into account.

For the filter inductance Ly, trade-off design is necessary. With smaller Ly, the size of

passive component can be reduced. One the other hand, with smaller Ly, the current switching
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ripple of icqcis larger, which may cause higher power losses. Here, Ly, is designed to be 0.4 mH
(0.015 pu), to make the current ripple within 20%.

Figure 38, Figure 39, and Figure 40 show the simulation results of PWM rectifier, inverter,
and STATCOM cases. Vs , Vp , Ve are the reference signals for controlled voltage sources Va, Vp, Ve.
Since SVPWM is adopted, the reference signals are not sinusoidal, and the DC voltage can be fully
utilized. The average value of vy is 185 V and the ripple voltage is within 3 V (1.5%). The
relationship between vs, vcae, Is, and icac 1S consistent with the theoretical analysis.

A 1.5-kVA prototype of proposed DC-capacitor-less inverter for single phase power
conversion has been built.

Figure 41, Figure 42, and Figure 43 show the experimental key waveforms of PWM rectifier,
inverter and STATCAOM cases. The average DC voltage is 185 V. For all cases, the voltage ripple

is within 5 V (2.5%).

59



o
LN
T

0.2 0.205  0.21 0215 022 0225 023

0.2 0.205  0.21 0215 022 0225 023

190 T . . T .
vdc

135 ol ooidPpeoaidP e

180 : :

0.2 0.205  0.21 0215 022 0225 023

Figure 38: Simulation results PWM rectifier (PF = 1).
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Figure 39: Simulation results inverter (PF = -1).
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Figure 40: Simulation results STATCOM (PF = 0, current leading voltage).
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Figure 41: Experimental key waveforms for PWM rectifier.
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Figure 42: Experimental key waveforms for inverter.
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Figure 43: Experimental key waveforms for STATCOM.

Figure 44 shows the DC ripple FFT analysis of PWM rectifier, inverter and STATCAOM
cases. The 2w (120 Hz) voltage is within 0.5V, indicating that the DC capacitor-less inverter and

power decoupling method have effectively absorbed the 2 ripple power.
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Figure 44: DC ripple FFT analysis.

3.8 Conclusions

A DC-capacitor-less inverter with SVPWM control for single-phase power conversion with
minimum voltage and current stress is proposed. Only an AC capacitor to absorb 2w ripple
power and a minimum DC capacitor to absorb the switching ripple power are needed. By

adopting SVPWM control and choosing the optimum AC capacitance and the voltage reference,
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the voltage and current stress of the switches can be minimized. The size of the capacitor is
reduced by 10 times.

A detailed analysis and comparison between SVPWM and SPWM control show that the
SVPWM can significantly reduce the voltage stress and that the DC voltage requirement
remains the same as conventional H-bridge inverter for PWM rectifier, inverter and
STATCOM cases.

A dual loop with outer voltage loop and inner current loop is designed for AC capacitor
control. The detailed controller design analysis shows that the control system has enough
bandwidth track the AC capacitor voltage and current reference.

Theoretical analysis and experimental results have been presented. The simulation and

experimental waveforms are consistent with the theoretical analysis.
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CHAPTER 4SOLID STATE VARIABLE CAPACITOR

In this chapter, an important application of DC-capacitor-less inverter with SVPWM: solid
state variable capacitor (SSVC) is investigated. A variable AC capacitor (with capacitance
variable from 0 to C,) is traditionally implemented by an H-bridge inverter and a bulky
electrolytic DC capacitor with capacitance of 20 times the AC capacitance value, Cy to absorb
the ripple power pulsating at twice the line frequency (2w ripple power).

The SSVC based on DC-capacitor-less inverter with SVPWM shows special advantage in
terms of the switches’ current and voltage stress compared to other applications such as unity
power factor inverter and PWM rectifier. The TDPR of SSVC based on based on
DC-capacitor-less inverter is only 1.125 times of H-bridge circuit.

The SSVC system can reduce the DC capacitance to the minimal value just for absorbing
switching ripples. The fixed AC capacitor controlled by the additional phase leg absorbs the 2w
component and theoretically can eliminate 2 ripples to the DC capacitor completely. The total
capacitor size is reduced by 13 times with only 12.5% increase on TDPR compared to H-bridge
circuit.

Compared to other existing methods to reduce DC capacitor of H-bridge, the SSVC based on
DC-capacitor-less inverter shows strong benefits in terms of cost of semiconductor devices and
size of energy storage capacitor. Theoretical analysis of the SSVC is provided. Simulation and

experimental results are shown to prove the effectiveness of the SSVC system.

4.1 Introduction

The concept of flexible AC transmission systems (FACTS) has been widely accepted as a
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breakthrough for modernizing today’s power grids because FACTS devices can enhance the
network stability, reliability and controllability, which in turn, improve grid transmission
capability and power quality [17-27]. Essentially, all FACTS devices, such as series compensator,
shunt compensator and unified power flow controller (UPFC) could be theoretically represented
by “ideal” variable capacitors.

Figure 45 shows an ideal variable AC capacitor, of which the capacitance can vary
continuously from zero to a fixed value, C,.. However, variable capacitors are not available for

power grid applications, where kilo- to mega-volt-amps are needed.

+ i
Lg
VS —~
— 0~ Cac
o

Figure 45: An ideal variable capacitor.

The DC-capacitor-less single phase power conversion system is a competitive candidate to
implement a variable capacitor. The solid state variable capacitor (SSVC) shown in Figure 46
consists of an H-bridge and an additional phase leg connected to an AC capacitor with fixed
capacitance, C,c and can reduce the DC capacitance to the minimal value just for absorbing

switching ripples.
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Figure 46: Proposed SSVC system configuration.

4.2 Operation of SSVC

For SSVC cases, the ideal grid voltage and the grid-side current reference will be:
V= Jivs sin(at),
iy o = \/Els_refsin(cot+g).
Then the expression of grid power reference is:

ps :VSIS_ref =V I

s s_ref

sin(2wt) .

Based on previous analysis, the AC energy storage capacitor, Cy. is designed to be

where, Isis the rated grid side current.

By choosing the optimal phase angle for AC capacitor reference
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0=0, (3.5)
the voltage and current of C4c will be:

|
Veae = V2V Sin(at) = /2 ==L sin(oh), (3.6)

s
i, =~/21, cos(at) =2 ISI——refIS cos(at) | (3.7)
s
Based on the grid side current and AC capacitor voltage and current, the phasor diagram of the
SSVC can be obtained and shown in Figure 47.
If the phase angle of AC capacitor reference is not chosen properly as it shown in Figure 48:
0=r, (3.8)
the voltage and current stress will be significantly increased.

According to phasor diagram relationship, V4. and Iy, are expressed as
V. =V, Vi, (3.9)
l,=-1,—-1.. (3.10)
For rated power, the line to line voltage of V4 in Figure 47 will be 0 and the line to line
voltage is determined by grid side voltage with SVPWM control. However, the V4. in Figure 48

will be two times of gird side voltage, in other words, the DC voltage requirement will be two

times of H-bridge circuit.
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Figure 47: Phasor diagram of SSVC with optimal reference.

For rated power, the current of shred leg I, in Figure 47 will be 0. However, the V,in Figure
48 will be two times of gird side current, in other words, the current stress of shared leg will be

two times of H-bridge circuit.

If the phase angle of AC capacitor is not chosen properly, the TDPR of SSVC system will

be:

TDPR =4V, -2l +2-V, - 2421,

(3.11)
=325 = 4TDPR,, 46

The TDPR is significantly increased with non-optimal phase angel for AC capacitor

reference, which is 4 times of H-bridge.
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Figure 48: Phasor diagram of SSVC with non-optimal reference

By choosing the optimal phase angle for AC capacitor reference, the voltage stress can
be reduced to the same as H-bridge circuit, and the shared leg current stress will be much
lower, a detailed analysis to show the benefit is provided in the following section.

By adopting the SVPWM control method, the trace of the space vector projected on af
reference frame can be obtained based on vs and vcgc. Since the line-to-line voltage of the system is
unbalanced, the space vector projection on aff reference frame is no longer a circle. Instead, the
projection becomes be a line.

Figure 49 shows the space vector projections of SSVC on af} reference frame. The projection
of STATCOM is a line, the vector moves back and forth along the line. SVPWM control for SSVC
will be a special case; the generated reference for phase A, B and C leg by SVPWM control will

be:
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V, =V, ==V, , (3.12)

v, =v, +v,. (3.13)

(010) Y8 10

(100)

(011)

(001) (101)

Figure 49: Space vector projections of SSVC.

4.3 Benefit of SSVC in terms of current stress on shared leg and TDPR

The phase A and phase C’s current stress are determined by is rer and icac respectively. Since

the AC capacitor’s current, icac reaches maximum when grid-side current reference equal to rated
grid side current, the current stress of phase A and phase C’s switches are \/EI .

According to the three phases’ current relationship, we can get

l,=—(,+1)=1—1.,. (3.14)
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Based on the expression of grid side current and AC capacitor current, the phase B’s current, iy

can be expressed as:

ib = is_ref - iCac = \/E(Is_ref BRY Is ) Is_ref )COS(a)t) : (3.15)

Figure 50 shows the current magnitude of the I, with different grid current, .

As it shown in Figure 51, with rated power, is_ref and icac are equal, then phase B’s current, iy IS
zero. In real system, since the grid current and AC capacitor current all have switching ripple,
phase B’s current will be the switching ripple current difference between is et and icac.

When the grid current is smaller than rated current, the maximum magnitude of i, happens
when:

I, ., =114 (3.16)

s_ref

And phase B’s current will be

I = Is_ref g

= —g |, cos(at). (3.17)

Therefore, the current stress of phase B is \/Els I4  which is only one fourth of the original

H-bridge system’s current stress.

According the phase to phase voltage relationship, the voltage phasor of the three phases

satisfy:
V.=V, /2, (3.18)
V,=-V./2, (3.19)
V.=V, +V, =V, -V, /2. (3.20)
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Figure 51: Phasor diagram of SSVC with rated current.
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With rated power, V.and V., are equal, the magnitude of V,,V,,V, are all equal to

\/EVS / 2. When the grid current is smaller than rated current, the magnitude of V., are smaller

than V,. None of the magnitude three phase voltage phasor is larger than \/§Vs [ 2. Therefore, the
DC link voltage of the proposed SSVC is expressed as:
Vdc_SSVC =2 \/Evs /2= \/EVS ) (3.21)

which is the same as the conventional H-bridge.
Based on the previous analysis, the switches’ current and voltage stress of the SSVC system
can be minimized by designing the AC capacitor and voltage and current reference properly. As

a result, the TDPR of SSVC system is only 1.125 times of H-bridge circuit:

TDPR=4-V, /21 +2-V, -2l /4

(3.22)
=9S =1.125TDPR

H —bridge

For the SSVC based on DC-capacitor-less inverter with SVPWM, a very small DC filtering
capacitor is needed for switching ripple. The DC capacitor is 0.27 times of AC capacitor size. In
the next chapter, a control method based on ripple power for AC capacitor reference is proposed
and explained to achieve good steady state and dynamic performance with the small DC
capacitor size.

In order to show the benefit of proposed method in SSVC application, the voltage and
current stress of other existing methods are analyzed.

In Figure 10, the energy-storage capacitor, Cq is connected to DC link by a buck converter,
and the capacitor voltage is unipolar. If the capacitor voltage reference is a full-wave rectified

sinusoidal waveform as it shown in Figure 52, the 2o ripple power can be transferred to the
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capacitor.

For SSVC application, the energy-storage capacitor’s voltage and current are expressed as
Voy =2V, Isin(at)|, (3.23)

Ieg = J2 ., cos(at) - sgn(sin(at))

_ . (3.24)
= \Ea)CdVCd cos(awt) - sgn(sin(awt))
Then the power stored in the energy-storage capacitor will be
Peg =Veyleq SINRatt) = @C V2, sin(2at) . (3.25)

As it shown in Figure 52, the power of Cg is controlled equal to the grid 2w ripple power:
Pea = Pz - (3.26)

Then, the 2o power to DC side can be fully eliminated.
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Figure 52: Single phase converter with unipolar energy-storage capacitor key waveforms for

SSVC cases
By designing Cq to be:
IS
C, = N (3.27)

the DC voltage can be fully utilized, and energy-storage capacitor’s voltage and current
magnitude will be:

V., =V, (3.28)



I, =1,. (3.29)

In ideal case, the DC link voltage will be:

V, =2V, (3.30)
and the energy storage requirement is equal to the minimal value:

E.—icv2->-E (3.31)

2 @ — =C_min?
and TDPR for SSVC application will be:

TDPR =4V, 21, +2-V, -2l

(3.32)
=125 =1.5TDPR

H —bridge

However, the full-wave rectified sinusoidal reference, which contains rich harmonics, is
difficult for the control system to track. Although it is possible to decrease the harmonics in the
reference by increasing the energy-storage margin (therefore the capacitor voltage does not go
down to zero), this will compromise full utilization of the energy-storage capacitor. Therefore, in
real application, Ec will be larger than the ideal case, Ecmin. The minimal reported Ec is 1.5

E In additional, the system requires DC capacitor with the same size of energy-storage

C_min -
capacitor, Cy.

In Figure 12, the system consists of an H-bridge and a half-bridge circuit for ripple power
compensation. The sum of the power of C; and C; is controlled to be equal to the 2m ripple power
on grid side.

The two DC capacitors’ voltage and current are express as:

Vey :\%—\/EVC sin(at), (3.33)
Ve, :\%wivc sin(at), (3.34)
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i, = —ic, = =21, cos(at)
= —2aC V_cos(at)

Then, the sum of power of C; and C, will be

pC1,2 = Vclicl +V02i02 = 2a)CfVCZ Sm(za)t) .

By designing C; to be:

Ci=C,=Cr=p .

The DC capacitors’ voltage and current magnitude will be:
V. =V

s

l.=1./2.

Since the peak voltages of C; and C; are Vg, the DC voltage will be

Vdc = 2\/5\/5 )

(3.35)

(3.36)

(3.37)

(3.38)

(3.39)

(3.40)

which is double of the DC voltage requirement of conventional H-bridge system. The peak

currents of C; and C;is equal to \/§|s 2. The currents of S5 and Sg are the subtraction of the

currents of C; and C,; and the peak currents of Ss and Sg are equal to AC output peak current.
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Figure 53: Single phase converter with half bridge for ripple compensation key waveforms for

SSVC case

The energy storage requirement will be:

4s _

E —2xicv2 =24 (3.41)
2 ®

C_min !
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and TDPR for SSVC application will be:

TDPR =6V, V21, =6- 242V, -\, =245 = 3TDPR,, ;... (3.42)

The advantage of this circuit is that C; and C, are also utilized as the DC filter capacitor.
However, in order to keep the switches’ current stress same as the H-bridge, the required DC
voltage of the circuit is double of H-bridge’s DC voltage. Therefore, TDPR is 3 times of
TDPRu.bridge- In addition, the voltages of C; and C;, have a DC component of half DC link voltage
to maintain a constants DC voltage, which is the sum of the voltage of C; and C,. The individual
power of C; and C, has another component with the line frequency, beside 2w ripple power.
Although the line frequency components of the power of C; and C, are cancelled out, the energy of
C, and C; are not fully used for 2w ripple power compensation and the energy storage requirement

Ec is significantly increased, which is 4 times of Ecpin.

In Figure 14, the circuit combines the half-bridge circuit for ripple power compensation with
one leg of the H-bridge inverter in Figure 12. Therefore, the circuit has the minimum components
among the existing topologies. And the energy storage requirement Ec remains the same, which is
4 times of Ecmin.

Another advantage is that the current stress of the shared leg is only 1/4 of AC output current.

Therefore, the TDPR is significantly reduced:
TDPR =4V, V21, +4:V, -v2I,/4=10S =1.25TDPR,, , 1. (3.43)

A SSVC system can also be implemented by the circuit with the power decoupling
ripple-port shown in Figure 16. By adding any extra H-bridge to interface the energy-storage

capacitor, the capacitor works in AC mode and the voltage/current waveforms are sinusoidal.
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Figure 54: Single phase converter with minimal component for ripple compensation key

waveforms for SSVC cases.

The capacitor’s voltage and current are expressed as

Cac \/EVCac Sm a)t)’ (3-44)

iCac = \/_ Cac COS(C()t) \/_O)C Cac COS(G)t) . (3-45)

Then the power of the AC capacitor will be
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pCac =VCac ICac Sln(za)t) = a)CacVCZac Sln(za)t) ' (346)

By designing Cq to be:

Cpo=— (3.47)

the DC voltage can be fully utilized, and AC capacitor voltage/current magnitude will be:

Ve = Vs, (3.48)
leoe = 1s- (3.49)
In ideal case, the DC voltage will be:
V=V, (350)
and the energy storage requirement is:
e =2 Cu(VBe) = CVE = =E . (35

and TDPR for SSVC application will be:

TDPR =4V, -2l +4-V, 21,

(3.52)
=16S = 2TDPR

H —bridge

The SSVC system based on circuit in Figure 16 also needs a DC filtering capacitor with 0.6
times of AC capacitor. However, [41] has not demonstrated the performance of the control
system with dynamic response to sudden load change.

The Ec and TDPR of each method for SSVC application are summarized in Table 3.
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Table 3: Comparison of Ec and TDPR of different topologies for SSVC applications.

Methods to reduce DC
capacitor of H-bridge Ec DC capacitor TDPR

for SSVC application

Same size as energy
circuit in Figure 10 1.5 ECpin 1.5 TDPRH-bridge
storage capacitor

circuit in Figure 12 4 ECmin Not required 3 TDPRH-bridge

circuit in Figure 14 4 ECmin Not required 1.25 TDPRH-brigge

0.6 times of energy storage

circuit in Figure 16 ECmin capacitor (no dynamic 2 TDPRH-bridge
test)
DC-capacitor-less 0.27 times of energy
inverter with SVPWM storage capacitor

Among the five methods, the SSVC based on DC-capacitor-less inverter has the minimal Ec
and TDPR, in other words, minimal size of energy storage capacitor and cost of semiconductor
devices. Compared to the topologies in Figure 16 with the same minimal Ec, the TDPR of SSVC
with DC-capacitor-less is 44% smaller. Compared to the topologies in Figure 14 with 1.25 times
TDPR of H-bridge circuit (the second smallest), the Ec of SSVC based on DC-capacitor-less

inverter is 75% smaller.
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4.4 DC capacitor optimization

Figure 55 shows the PWM switching details during one switching cycle. S,, Sp, S¢ are the
switching functions of three phases determined by SVPWM strategy; icqc is the ideal inverter DC
capacitor current.

Based on three phases’ reference, and the SVPWM operation of SSVC, the duty cycle for

each phase leg, D,, Dy, D can be calculated:

V2,

dc

A
2 2V

dc

1 Is ref \/EV :
D=—+(02|—-1 *sin(at) . .
=3 (1/ ) )ZVdc (at) (3.55)

D =1+
2

a

sin(wt), (3.53)

D, sin(at) , (3.54)
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Figure 55: PWM switching details during one switching cycle.

By integrating the current of DC capacitor icqc, the voltage ripple on DC capacitor can be

calculated:
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[i. (5,3 _i,(D, - DT,

AV, =
Cdc Cdc

I 5 . (3.56)

:i\/fI:cos(a)t)-(Z—Z S——”f)ﬂsin(a)t)TSW

Cdc Is dc
When ot = J_r% + ko , the voltage ripple will reach maximum:
I I A

AV = o Sty Tss T 357
dc_ max IS ( Is )Cdc\/dC SW ( )

Based on (4.19), for rated grid current, the grid current and the AC capacitor current will be
fully canceled theoretically without considering the effect of filtering inductor. Therefore, the

current to DC capacitor is zero, and the voltage ripple is zero.

s_ref

When

=0.44 the voltage ripple reaches maximum, the minimum DC capacitor to

S

filter switching ripple can be designed by:

T,,. (3.58)

4.5 Experimental results

To verify the effectiveness of the developed SSVC, a 1.5-kVA SSVC is designed. The key
parameters are listed below in Table 4.

For conventional H-bridge system, if the allowed DC voltage ripple is within 2.5%, the DC
capacitance is 4.6 mF (15.5 pu). For the SSVC system, since the 2 ripple power can be absorbed

by the AC capacitor, theoretically the DC capacitor only needs to absorb switching current ripple,
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of which the capacitance is 50 uF [69-72]. In real system design, a film capacitor with 85-uF
capacitance (0.27 pu) is used for DC filtering capacitor. The AC capacitor is designed to be 300
uF (1 pu). Since the capacitor voltage rating of developed SSVC and conventional H-bridge
system is the same, the total capacitor size is directly proportional to the capacitance value of the
required capacitor if the same type of capacitors is used. Compared to conventional H-bridge
system, the SSVC system reduces the total size of the capacitor including DC capacitor and AC

capacitor by 13 times.

Table 4: Key parameters for SSVC.

DC-link voltage, Vyc

200V

switching frequency;, fqy

10.8 kHz

DC capacitance, Cyc

85 uF (0.27 pu)

grid voltage, Vs

120 VAC (60 Hz)

AC capacitance, Cyc

300 pF (1 pu)

filter inductance, L¢

0.4 mH (0.015 pu)

For the filter inductance Ly, trade-off design is necessary. With a smaller L, the size of passive
component can be reduced. On the other hand, with a smaller Ly, the current switching ripple is
larger, which may cause higher power losses. Here, L; is designed to be 0.4 mH (0.015 pu), to

make the current ripple within 20%.
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Figure 56: Simulation results half rated grid current.
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Figure 57: Simulation results full rated grid current.
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Figure 58: Steady state experimental waveforms half rated grid current.

Figure 56 and Figure 57 show the simulation results of the SSVC with full rated power and
half rated power. my, mp, and m. are modulation signals for controlled voltage sources va, Vi, and ve.
The ripple power to the DC capacitor is completely eliminated, thus the DC capacitor voltage only

has switching ripple. The average value of vy is 200 V and the ripple voltage is within 5 V (2.5%).
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The relationship between vs, Vcae, Is, and icac IS consistent with the theoretical analysis.

[ (20A/d|v)
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Figure 59: Steady state experimental waveforms full rated grid current.

A 1.5-kVA SSVC prototype has been built. Figure 58 and Figure 59 show the experimental

key waveforms of the SSVC with half and full rated power. The average DC voltage is 200 V and
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the DC voltage ripple is within 5V (2.5%).
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Figure 60: Power loss comparison between SSVC and conventional H-bridge.

Figure 60 and Figure 61 show the loss and efficiency comparison of SSVC and conventional
H-bridge. Since the system is designed for reactive power compensation, the efficiency of the

system is defined as:

P
— 1_ loss , 359
n Y (3.59)

where, Pjoss IS the active power consumed by the system and S is the apparent power of the

system.

As it shown in Figure 60, compared to H-bridge, the additional power loss of the SSVC is
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not significantly increased with higher grid power. Since the shared leg’s current magnitude is
decreasing with higher grid power, ps, when ps is large than 1/4 of the rated power as it shown in
Figure 50, the power loss on shared leg is also decreased. Therefore, the total power loss caused by

the added phase leg and AC capacitor is relatively low with higher grid power.

0.95 . .
09
= 0.85
—— SSVC
------ H-bridge
0.8 i
0.75 ' '
0 500 1000 1500

S (W)

Figure 61: Efficiency comparison between SSVC and conventional H-bridge.

4.6 Conclusions

Asolid state variable capacitor with minimum capacitor is developed. By adding an additional

phase leg connected to an AC capacitor, the 2o ripple power to the DC-link is completely
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eliminated and the total capacitor size has been reduced by is 13 times compared to the
conventional H-bridge system with 2.5% DC voltage ripple.

The SSVC system shows special benefits in terms of switches’ current and voltage stress and
efficiency compared to other applications. The current stress on the shared the leg is only one
fourth of the conventional H-bridge inverter. In addition, the analysis of DC capacitor current
shows that the current ripple of grid current and AC capacitor can be partially cancelled, which
can reduce the DC filtering capacitor size.

The simulation and experiment have verified the theoretical analysis the effectiveness of the

SSVC with minimum capacitor.
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CHAPTER 5

IMPROVED CONTROL SYSTEM FOR SSVC

Since the solid state variable capacitor system only has a very small DC capacitor to maintain

the DC voltage, the uncompensated ripple to DC side will cause very large voltage ripple on DC

capacitor and may cause instability of the system.

Figure 62 shows the DC connections for different single phase power conversion

applications. For SSVC application, any ripple power which has not been compensated by AC

capacitor will go into DC capacitor, since the DC capacitor is connected to neither DC source

(inverter case) nor load (rectifier case). Therefore, compared to other applications, the control

system for SSVC is the more challenging.

SSVC

— — —
_ L SJH S;P& S|
i i or =l — |—
+——<I—
VS ib )
Voo £ i C,
ac
+T<fmr\ P
Cac sz — —
JI—> S, & Sy [H

c 7]

Inverter

Figure 62: DC side connections for different applications

PWM
rectifier

| Load

The existing control method [46] requires a large DC capacitor with same value of AC
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capacitor in order to maintain the stability of the system. In Chapter 3, the control system
calculates AC capacitor’s voltage and current reference based on grid voltage and current phasors’
magnitude and phase angle, can greatly reduce DC capacitor size, and achieve good steady state
performance. However, the control system requires complicated mathematic calculation, which
puts a lot burden on DSP controller with higher sampling frequency application (20-kHz) and is
hard to achieve good dynamic response during transient of step load change.

In order to reduce the DC capacitor to minimal value just for filtering switching ripple (less
than 1/3 of AC capacitor), a novel control system directly based on ripple power is proposed to
maintain stable DC voltage and to achieve fast dynamic response.

The proposed control system calculates AC capacitor voltage and current reference directly
based on grid side ripple power and DC capacitor ripple power, without complicated calculation.
The feedforward part of the AC capacitor power is calculated by grid ripple power, which is
updated with the sampling frequency (20-kHz) to achieve fast dynamic response and maintain
table DC voltage during sudden load change transition. The feedback part of the AC capacitor
power is calculated based on DC capacitor ripple power. By using discrete Fourier transform
(DFT), the DC capacitor ripple power can be calculated based on the DC voltage ripple. Since the
feedforward updated with very fast sampling frequency can compensate most the ripple power
during transient of step load change. The feedback part don’t need wide bandwidth and only need
to be updated with twice line frequency (120-Hz), just for achieving better steady-state ripple
power compensation performance.

By adopting the proposed the control method, the DC capacitor of SSVC is reduced to
minimal value only for filtering high frequency switching ripple current (0.27 pu). The proposed

control system can also be easily extended for other single phase applications. In addition, the
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control system can be modified to compensate not only 2 ripple power, but also other even order

frequency ripple power caused by the harmonics of grid voltage.

5.1 C, voltage and current reference based on AC capacitor power

First, the AC capacitor reference based on AC capacitor power reference is analyzed. In order
to compensate the ripple power for grid side, the power reference of Cac, pcac Should be controlled

equal to the ripple power, pripple. And the energy of Cyc, Ecac should be

Ecac = %Cacv(z:ac = _[ pCao = _[ pripple = _[Vsis ' (41)

Ideally, the ripple power is equal to grid side power, ps and can be directly calculated based on
Vs and is.

The voltage of C,. should satisfy:
2
Vew =[] Pear - (4.2)

By changing the polarity of the voltage reference properly, C,. can work in AC mode.

The current reference of C4. is

. dv
IC&C = Cac d(:jtac ' (43)

The AC capacitor voltage and current reference is accurate and simple to calculate directly based
on power reference. Figure 63 shows the relationship of grid voltage/current, AC capacitor power,

energy, and voltage reference.
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Figure 63: Relationship between C, voltage and ripple power.

5.2 Control Strategy

Figure 64 shows the control system, which consists of grid side current control, DC voltage
control, AC capacitor voltage and current control, and feedforward and feedback compensation for
the AC capacitor power reference.

The DC voltage controller is to maintain the DC-link voltage Vq. by controlling the phase
angle of grid current, ¢. The grid side current controller is to regulate the reactive power by

controlling the magnitude of grid current, Is . A proportional-resonant (PR) controller is used for
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the capacitor voltage/current control.

The reference voltages for phase A, B and C generated by SVPWM control can be expressed

as:
* * 1 *
Va =7V = Evab ! (44)
v =v, v, (4.5)

where v, is the reference to control grid side current; and vg, is the reference to control the AC
capacitor. Then the reference for phase C is derived in (25).
The feed-forward part of the AC capacitor power reference is directly calculated based on grid

voltage and current reference. The grid power reference, pgrig IS express as:

* =k

pgrid =V s . (4.6)
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Figure 64: Control system for SSVC.
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The grid power reference, pgrig has DC component, which is the power loss of the system, and

2o ripple AC component, which is the ripple power needed to be compensated by AC capacitor.

By using a high pass filter (HPF), the 2w ripple power for AC capacitor power reference, p;ac_fdf
can be obtained based on pyyig.

The feedback part of AC capacitor power reference, péac_fdk is calculated based on DC

ripple power and is described in details in the following section.

5.3 Closed-loop compensation for ripple power

Considering parameter deviation in practical applications and steady-state error in the
capacitor voltage and current control, it is difficult to eliminate ripple power to the DC capacitor
only by feed-forward control. Therefore, the relationship between power mismatch and DC-link
ripple voltage needs to be investigated in order to design the closed-loop ripple power
compensation.

Assuming that the DC-link voltage is:

vy, =V, + AV, sin(2at) + AV, cos(2at), 4.7)
the ripple power to the DC capacitor is expressed as:

pdc_r = pdc_r_cos COS(Z(()t) + pdc_r_sin Sln(zwt) - Cdc %Vdc

(48)
_C,V, (% sin(2at) + %cos@a}t) + 20V, cos(2at) - 20AV.,_sin(2at))

The relationship between magnitude of ripple power and magnitude of ripple voltage on DC

capacitor satisfies:
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pdc_r_sin = Cdcvdc ’ (—2(0 AVCOS + %) 1 (49)

pdc_r_cos = Cdcvdc ’ (20) AVsin + %) . (410)

The ripple power to the DC capacitor is the mismatched power between grid side ripple power
and AC capacitor power. Based on the mismatched power, the AC capacitor’s voltage reference
can be compensated to fully absorb ripple power.

Figure 65 shows the closed-loop ripple power compensation for AC capacitor voltage

reference. Discrete Fourier transform (DFT) is used to calculate AV,

sin?

AV, from the DC ripple

voltage. Pl controllers then regulate ripple voltage components toward zero by changing the power

compensation terms p._, p;, - According to the relationship between power mismatch and DC
voltage ripple, the compensated AC capacitor power should be

Pesc_ 0=~ Pan SIN(20) + P, COS(2001) (4.11)

Since the AC capacitor voltage reference is obtained based on sinusoidal reference, the

capacitor current reference can be directly calculated by derivation of the capacitor voltage

reference without introducing noise.
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Figure 65: Closed-loop compensation for AC capacitor voltage reference.
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In order to design the Pl controller for ripple power feedback, the transfer functions from

magnitude of ripple power to magnitude of ripple voltage on DC capacitor is derived:

(Avsin (S)J — _|: All(s) A12 (S)j|£ psin_Cac (S))
AVcos (S) A21 (S) A22 (S) pcos_ Cac (S)

S 20 (4.12)
2 2 2 2 ' '
_ CdcvdcS + (260) Cdcvdc Cdc\/dcS + (260) Cdcvdc psin_Cao (S)
- —20 S pcos_ Cac (S)

CoV,8* +(2w)°CV,, CV,8*+(2w)’CV,.
Based on the expression of transfer functions, we can get:
A (8) = A, (9), (4.13)
A,(8) = —Ay(9), (4.14)

and the bode plot of A,(s) and A,(s) are shown in Figure 66 and Figure 67 respectively.

20 270
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m (@)
S S
— 190 o
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Figure 66: Bode plot of A, (S) .
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Figure 67: Bode plot of A,(s) .

Since feedback part only need 10-Hz bandwidth for steady state compensation, the
magnitude of A,(s) is much lower than A,(s) within 10 Hz frequency, and the resonant peak is

far away from 10 Hz. Therefore, the system can be simplified to a decoupled system with

constant gain within 10-Hz bandwidth:

1
0 - =
[AVSin (S)j ~ 2a)Cchdc psin_Cac (S) (4 15)
AVcos (S) 1 0 pcos_ Cac (S) . .
2a)cdcvdc

In other words, % and % part in (5.9) and (5.10) can be neglected; and the PI

controller just need to compensate enough magnitude gain for the closed-loop system.
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The proposed control system can also be easily extended for other applications including
inverter and PWM rectifier. Since the DC side connections are different for other applications,
the feedback part design need to be slightly modified. Taking PWM rectifier case as an example,
the DC side is connected to DC capacitor and DC resistance load, Ry.. The power to the DC side

IS expressed as:

dv Vi
=C —dec V 4 _dc
pd dc dt Rdc
3 dAV sin(2at) + 32Ves cos(261))
dt , (4.16)
+C. Vg (2a) : AVSin cos(2at) — 2w AV, sin(2awt))
+Vd20 + 2V, (AV,, sin(2at) + AV, cos(2at))
Rdc
and the ripple power to DC side will be:
pdc_r = pdc_r_cos COS(Z(Ot) + pdc_r_sin S|n(26()t)
~C,V,. (2w-AV,, cos(2mt) - 2w- AV, Sin(2at)) . (4.17)
N 2V, (AV, sin(2at) + AV, cOs(2at))
Rdc
dAV dAV,

By neglecting dt°°5 and dtsm terms, the relationship between the magnitude of ripple

power and the magnitude of ripple voltage on DC capacitor satisfies:

2V, AV,
pdc rsin _Cdcvdc ) 260 AVcos + = - ' (418)
o dc
2V, AV
pdc_r_cos = Cdcvdc 2m- AVsin + et . (419)

dc

Different from SSVC cases, the magnitude of ripple power, p,. . 4., Pg , sn and the
magnitude of ripple voltage AV,,, AV, are coupled together. By adding a simple decoupling

sin?

network as it shown in Figure 68, the two compensation terms p,,p, can be designed and
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controlled separately. The coefficient of decoupling network can be calculated by:

-1

Ve —Cy Vg 200
ki, k R
{ 1 12} _ de . (4.20)
k21 k22 Cd Vd ) 2Vdc

dc

AV, —» Pl

AVcos —» Pl

Figure 68: Decoupling network for feedback compensation.

5.4 Improved control system for ripple power with other frequency

In real system, the grid voltage may contain other odd order harmonics. Suppose the grid

voltage and the rated grid-side current to be:

v, =V sin(at) + >V, sin(nawt) (4.21)

n=35...
i, = I sin(at +907) . (4.22)

Then, we can get the expression of ripple power, prigpe:

Vig = D Pyn o sin(2nat) + p,,, , cOS(2nat) - (4.23)

pripple = Vsl
n=1,23...
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Since the grid voltage contains odd harmonics, the ripple power contains not only 2w ripple power,

but also other even frequency ripple power.

One advantage of the proposed feedback control system is that it can be easily modified to
compensate other even frequency ripple power.

Assume the DC-link voltage to be expressed as

Vg =V + D AV, ,sin(2nat) + AV, , cos(2nat) - (4.24)

n=1,2,3...

and the ripple power to the DC capacitor is expressed as

dv

pdc_r = Cdc d_scvdc
: (4.25)

~2aC, Ny Y. AV, ,C0s(2nat) — AV,  sin(2nat)

n=1,2,3...

The ripple power to the DC capacitor is the mismatched power between grid side ripple power
and AC capacitor power. Based on the mismatched power, the AC capacitor’s reference can be
compensated to fully absorb ripple power.

Since the proposed control system calculates the AC capacitor voltage reference directly
based on the power reference. The compensated capacitor power should be the sum of even

frequency ripple power
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Figure 69: Modified closed-loop compensation for AC capacitor voltage reference.
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As it shown in

Figure 69, discrete Fourier transform (DFT) is used to calculate AV, AV, n=123..

sin_n? cos_n?

from the DC ripple voltage. PI controllers then regulate ripple voltage components toward zero by

changing the power compensation terms Pes 1 Pay 0N =1,2,3.... According to the relationship

between power mismatch and DC voltage ripple, the compensated capacitor power should be

péac_ fdk — Z - p:in_n Sin(zna)t) + p:os_n COS(Zna)t) ) (426)

n=12,3...

5.5 Experimental results

Figure 70 shows the DC voltage FFT analysis of SSVC with half rated and full rated power.
The 2w (120 Hz) voltage is within 0.5 V. According to (5.12), the 2w ripple power to DC capacitor
can be calculated based on the 2w voltage on DC capacitor. Therefore, the 2w ripple power is
smaller than 1 W, which is 0.067% of the rated power (1.5 kW), indicating that the proposed active
power decoupling method have effectively absorbed the 2w ripple power.

By adopting the improve control system for compensation of grid ripple power with other
frequency, the ripple power with other frequencies (240 Hz, 360 Hz, 480 Hz) have also been
compensated.

Figure 71 shows the dynamic response to sudden load changes. The control system can track
the current and voltage reference quickly. During sudden load change, there is no excessive DC
voltage overshoots. After the load changes, the AC capacitor voltage and current will
automatically change to compensate the ripple power by the feed-forward control; and the

feedback compensation for voltage reference will work instantaneously to further reduce ripple
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Figure 70: DC voltage FFT analysis.
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Figure 71: Transient response to sudden load changes.
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5.6 Conclusions

A novel control system for solid state variable capacitor (SSVC) is proposed to reduce DC
capacitor to minimal value. A closed-loop compensation for capacitor voltage reference is
adopted to fully eliminate the ripple power to DC capacitor. The proposed control system
calculates AC capacitor voltage and current reference directly based on grid side ripple power
and DC capacitor ripple power, without complicated mathematic calculation.

The feedforward part of the AC capacitor power is calculated by grid ripple power, which is
updated with the sampling frequency (20-kHz) to achieve fast dynamic response and maintain
table DC voltage during sudden load change transition. The feedback part of the AC capacitor
power is calculated based on discrete Fourier transform of DC capacitor ripple power with twice
line frequency (120-Hz), to achieve better steady-state ripple power compensation performance.

Another advantage of the proposed control scheme is that it can be easily extended to other
single phase power applications. In addition, the control scheme can be modified to compensate
other even frequency ripple power, since in many cases the grid voltage may contain other
frequency harmonics.

The experimental results are shown to verify the steady state and the dynamic performance

of the proposed control system.
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CHAPTER 6 INTERLEAVED DC-CAPACITOR-LESS

SINGLE PHASE INVERTER

Singe phase inverters has been widely used for PV systems. However, conventional
H-bridge inverter with bulky electrolytic capacitor has large size, lower power density and
relatively low reliability. Making single phase inverter system smaller and more reliable will
enable more solar-powered homes, more efficient distributed electrical grids.

In order to achieve a high power density inverter system, an interleaved DC-capacitor-less
inverter with SVPWM control is proposed as it shown in Figure 72. The proposed inverter
system can work under different power factors from 1 ~ 0.7 both leading and lagging to
minimize total device power rating. For worst case of 0.7 leading power factor, the total device
power rating of proposed system is only 1.78 times TDPR of H-bridge.

By using the two-channel interleaved structure, the conduction loss and passive components’
size (both DC input filtering capacitors and AC output filtering inductors) can be significantly
reduced [73-80]. Since the inverter is controlled as an unbalanced three phase system,
conventional single inverter interleaved PWM scheme cannot achieve the best performance. In
order to improve THD for inverter output AC voltage, an enhanced phase-shift interleaved PWM
scheme for balanced three phase system is extended to unbalanced there phase system for single

phase applications with different power factors.
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Figure 72: Proposed interleaved DC-capacitor-less inverter system.

For the interleaved structure, a new structure of integrated coupled inductors is proposed to
suppress circulating current between the two parallel inverters and to filter output current at the
same time. As a result, the total volume of filtering magnetics is reduced by 35% compared to
existing design of two separated coupled inductors. In addition, designing the parallel
subsystems symmetric will also help to optimize thermal design, since the power loss can be
more evenly distributed and more surface area can be utilized for heat dissipation.

As a result, the capacitor size is reduced by more than 16 times with only 1.78 times
TDPR of H-bridge circuit. The developed 2-kVA single phase inverter system specification is

shown in Table 5.
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Table 5: Specification of single phase inverter system.

Maximum load, P, 2 kW
Power density > 45 W/in®
\oltage input Ve _source = 450 V, Ry = 10 Q
\oltage output, V, 240 £12VAC
\oltage frequency, f, 60 0.2 Hz
Power factor, pf 0.7 ~ 1 (leading and lagging)
Output voltage THD <5%
Input ripple current (120Hz) <20%

6.1 DC voltage requirement and TDPR for different power factor

Since the DC source for the single phase inverter is modeled as a constant DC voltage
source in series with a DC resistor as it shown in Figure 73, the voltage across DC capacitor, Ve,
will vary with the load and power factor, pf, while the minimum DC voltage requirement to

generate the output AC voltage will also change with load and power factor.
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] AC | Ry
Load Inverter

dc_source

Figure 73: DC source for single phase inverter system.

Based on the previous analysis, the minimum DC voltage requirement will be the same as
the conventional H-bridge inverter with SVPWM control if the output current, ijaq, i lagging the
output voltage, vo. And without considering the power loss, minimum DC voltage requirement
will be 340 V with modulation index of 1.

For DC source output voltage, Vg, the minimal voltage happens when the load is maximum
with unity power factor (pf = 1), and the minimal DC source output voltage will be 400 V.
Therefore, the DC voltage has enough margins (60 V) for the inverter normal operation with
output current, ijoad, lagging the output voltage, Vvo.

In order to analysis the current stress and TDPR of inverter case with unity power factor and
0.7 lagging power factor, the optimal reference for AC capacitor is analyzed.

For unity power factor case, we can get the expression of grid power:

Py = Vi =V I [-1—cos(2amt + 7)]

, 5.1
:VSIS[—1+sin(2a)t+%)] G
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which contains DC power component and the 2o ripple power component
. T
p,, =Vl sin(2et + E) . (5.2)

The instantaneous power generated by C,. can also be obtained:
Peac = Veacle = @C,VZ. SIN(2at +20) . (5.3)

To simplify the analysis, the power on filter inductors Ly; and Ly, is neglected. Then, the power

of Cy¢ should be controlled equal to the grid 2o ripple power:
Peac = P2, - (5.4)
Therefore, the magnitude of v, should satisfy the following equations:
wC, V2. =V.1,, (5.5)

c " Cac

If the decoupling capacitance is designed to be

C,=—2, (5.6)

Ve =Vs, (5.7)
ICac = IS ' (58)
By choosing the optimal phase angle:
T
0==, 59
1 (5.9)

the current and voltage stress of the system can be minimized.
The phase diagram of unity power factor is shown in Figure 74. And the current stress

of shared leg is:

| e shrea = \/4|§ —4)? cos(%) =0.765-/21_, (5.10)
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which is 76% of H-bridge current stress.
As a result, the TDPR of DC-capacitor-less inverter with SVPWM for inverter application

with unity power factor is 1.38 times of H-bridge circuit:

TDPR =4V, /21, +2-V, -0.765V2I,

: (5.11)
=11.06S =1.38TDPR,, ;i
I/f ‘ac I/ch
' : V. _ Vah
Figure 74: Phasor diagrams of inverter case with unity power factor.
Similarly, for 0.7 lagging power factor case, we can get the expression of grid power:
: 3
Py = Vi =V I [-1-cos(2at + —7)]
47 (5.12)
=V._I_[-1+sin(2et +%)]
which contains DC power component and the 2® ripple power component
. T
p,, =Vl sin(2et + Z) : (5.13)

The instantaneous power generated by C,. can also be obtained:
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Peac = Veacleae = @C, V2, SIN(2at + 20) . (5.14)

c” Cac

By choosing the optimal phase angle:
T
0==—, 5.15
g (5.15)

the current and voltage stress of the system can be minimized.
The phase diagram of 0.7 lagging power factor is shown in Figure 75. And the current

stress of shared leg is:

| et = \/4|§ —4)2 cos(%) =0.39-4/21_, (5.16)

which is 39% of H-bridge current stress.
As a result, the TDPR of DC-capacitor-less inverter with SVPWM control for inverter

application with 0.7 lagging power factor is 1.2 times of H-bridge circuit:

TDPR = 4'Vdc \/Els +2 'Vdc 039\/5'5 (5 17)
=9.56S =1.2TDPR | |

H—bridge
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Figure 75: Phase diagram of inverter case with 0.7 lagging power factor.

When the output current, i, is leading the output voltage, vo, the minimum DC voltage
requirement and the DC source output voltage, Vg will both vary with power factor.

Based on previous analysis in Chapter 3, the minimum DC voltage requirement can be
calculated by the phase angle between output current, ij,4¢, and output voltage, v,. The DC source
output voltage, Vy should satisfy the following equation:

V,

dc_source

—V, +P,-pf -R, /V,,, (5.18)

and can be calculated by:

Vv + 2_4P . pf -R
Vdc _ dc_source \/Vdc_source o p de . (519)
2
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Figure 76: Minimum DC voltage requirement and DC voltage with full load for different pf

(leading).

The minimum DC voltage requirement and the inverter DC capacitor voltage, V. with full
load for different pf (leading) are shown in Figure 76. As we can see, the DC voltage margin is
enough when pf is from 0.7 to 1.

With the decease of power factor, the minimum DC voltage requirement with SVPWM will
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slightly increase. For worst case of 0.7 leading power factor, the minimum DC voltage
requirement is determined by the maximum line to line voltage with SVPWM control, and the

phase A and phase C has the maximum voltage:

Vdc_min :\/Evac

, (5.20)
%”) —1.11-V2v,

= \/4V52 — 4V cos(
which is only 1.11 times of H-bridge minimal DC voltage requirement.
Based on analysis in Chapter 3, the current stress of shared leg also reaches maximum

when power factor is 0.7 leading. The phase diagram of the worst case is shown in Figure 77.

And the current stress of shared leg is:

3
I peak _shared \/4|52 _4|52 COS(%) =1.11- \/Els ) (521)

which is only 1.11 times of H-bridge current stress.
As a result, the TDPR of DC-capacitor-less inverter with SVPWM for inverter application

with 0.7 leading power factor is 1.78 times of H-bridge circuit:

TDPR=4-1.11V, /21, +2-1.11V, -1.113/21,

(5.22)
=14.35 =1.78TDPR

H —bridge

For the single phase inverter system based on DC-capacitor-less inverter with SVPWM, a
very small DC filtering capacitor is needed for switching ripple. The DC capacitor is 0.2 times of
AC capacitor size with 200-kHz switching frequency. In the next chapter, the hardware and
software optimization of the proposed system and control method are explained in details to

achieve good steady state and dynamic performance with the small DC capacitor size.
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Figure 77: Phase diagram of inverter case with 0.7 leading power factor.

In order to show the benefit of proposed method in single phase inverter application, the
voltage and current stress of other existing methods are analyzed. The following analysis will take
unity power factor inverter case as an example and the other power factor cases can be analyzed
accordingly.

In Figure 10, the energy-storage capacitor, Cq is connected to DC link by a buck converter,
and the capacitor voltage is unipolar. If the capacitor voltage reference is a full-wave rectified
sinusoidal waveform, the 2® ripple power can be transferred to the capacitor. The key waveforms
for unity power factor inverter are shown in Figure 78.

The energy-storage capacitor’s voltage and current are expressed as
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Vea = \/EVCd

sin(at +%)‘, (5.23)

log = ﬁ'cd cos(at + %) -sgn(sin(at + %))

- L (5.24)
= \/Ea)CdVCd cos(wt + Z) -sgn(sin(at + Z))
Then the power stored in the energy-storage capacitor will be
. T 2 - T
Peg =Veq leq SIN(2at + E) = wC VS sin(Qat + E) : (5.25)

As it shown in Figure 78, the power of Cg is controlled equal to the grid 2w ripple power:
Pea = Pz - (5.26)
Then, the 2o power to DC side can be fully eliminated.

By designing Cyq to be:

C, =—= (5.27)

the DC voltage can be fully utilized, and energy-storage capacitor’s voltage and current
magnitude will be:
Ve =Vs, (5.28)
leg =1, - (5.29)

In ideal case, the DC link voltage will be:

V=2V, (5.30)
and the energy storage requirement is equal to the minimal value:

E.—icv2->-E (5.31)

2 @ — =C_min?

and TDPR for all applications for unit power factor inverter application will be:
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TDPR =4-V,_ -2l +2-V, /2l

(5.32)
=125 =1.5TDPR

H —bridge

Figure 78: Single phase converter with unipolar energy-storage capacitor key waveforms for

unity power factor inverter cases

However, the full-wave rectified sinusoidal reference, which contains rich harmonics, is
difficult for the control system to track. Although it is possible to decrease the harmonics in the
reference by increasing the energy-storage margin (therefore the capacitor voltage does not go

down to zero), this will compromise full utilization of the energy-storage capacitor. Therefore, in
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real application, Ec will be larger than the ideal case, Ecmin. The minimal reported Ec is 1.5

E In additional, the system requires DC capacitor with the same size of energy-storage

C_min*

capacitor, Cy.

Figure 79: Single phase converter with half bridge for ripple compensation key waveforms for

unity power factor inverter case
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In Figure 12, the inverter system consists of an H-bridge and a half-bridge circuit for ripple
power compensation [38]. The voltage/current waveforms and power are shown in Figure 79.
The sum of the power of C; and C; is controlled to be equal to the 2 ripple power on grid side.

The two DC capacitors’ voltage and current are express as:

Ve, :%-\/Evc sin(at + %), (5.33)
Ve, J3v s i 5.34
VCZ —74— CSIn(a)t+Z), ( . )

i, = —ic, = /21 cos(et + %)

(5.35)
= —2aC (V¢ cos(at + %)
Then, the sum of power of C; and C, will be
Dot = Viies +Veglpy = 26.C V2 sin(2at + g) | (5.36)
By designing Cs to be:
C,=C,=C, = 2(';\/5 . (5.37)
The DC capacitors’ voltage and current magnitude will be:
V. =V, (5.38)
l.=1,/2. (5.39)
Since the peak voltages of C; and C, are Vy, the DC voltage will be
V, =242V, (5.40)

which is double of the DC voltage requirement of conventional H-bridge system. The peak

currents of C; and C,is equal to \/E I 12 . The peak currents of Ss and Sg are equal to AC output
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peak current.

The energy storage requirement will be:

E —2xscv2=2zaE, (5.41)
2 ® -
and TDPR for unity power factor inverter application will be:
TDPR =6V, V21, = 3TDPR, i, . (5.42)

The advantage of this circuit is that C; and C, are also utilized as the DC filter capacitor.
However, in order to keep the switches’ current stress same as the H-bridge, the required DC
voltage of the circuit is double of H-bridge’s DC voltage. Therefore, TDPR is 3 times of
TDPRH-prigge- In addition, the voltages of C; and C, have a DC component of half DC link voltage
to maintain a constants DC voltage, which is the sum of the voltage of C; and C,. The individual
power of C; and C; has another component with the line frequency, beside 2w ripple power.
Although the line frequency components of the power of C; and C; are cancelled out, the energy of
C; and C, are not fully used for 2w ripple power compensation and the energy storage requirement

Ec is significantly increased, which is 4 times of Ecpin.

In Figure 14, the circuit combines the half-bridge circuit for ripple power compensation with
one leg of the H-bridge inverter in Figure 12. Therefore, the circuit has the minimum components
among the existing topologies. And the energy storage requirement Ec remains the same, which is
4 times of Ecmin.

The current stress of the shared leg can be calculated by:

| et = J4|§ —4)2 cos(%) =0.76-+/2l.,. (5.43)

Therefore, the TDPR is reduced:
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TDPR =4-V, 21, +4-V, | =14.085 =1.76TDPR

peak _shared H-bridge -

(5.44)

An inverter system can also be implemented by the circuit with the power decoupling

ripple-port shown in Figure 16. By adding any extra H-bridge to interface the energy-storage

capacitor, the capacitor works in AC mode and the voltage/current waveforms are sinusoidal as it

shown in Figure 80.

The capacitor’s voltage and current are expressed as

2V sin a)t+

Cac Cac

iy = V21, COS(wt + 0) = N2aC, V., CoS(wt + ),

ac
Then the power of the AC capacitor will be

Peac = Ve CacSln(2a)t+_) C, V2

Cac

sin(2at + %) .

By designing Cq to be:

the DC voltage can be fully utilized, and AC capacitor voltage/current magnitude will be:

Ve =V,

Cac S

Cac s "

In ideal case, the DC voltage will be:
Vdc = \/Evs )

and the energy storage requirement is:

S
Cac (\/_ Cac Cacvazc - a)_EC_min !
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(5.45)

(5.46)

(5.47)

(5.48)

(5.49)

(5.50)

(5.51)

(5.52)



and TDPR for unity power factor inverter will be:

TDPR =4V, -2l +4-V, 21,

(5.53)
=16S = 2TDPR

H-bridge
The SSVC system based on circuit in Figure 16 also needs a DC filtering capacitor with 0.6 times
of AC capacitor. However, [41] has not demonstrated the performance of the control system with

dynamic response to sudden load change.

Figure 80: Single phase converter with minimal component for ripple compensation key

waveforms for unity power factor inverter cases.
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Table 6: Comparison of Ec and TDPR of different methods for inverter applications with

different power factors.

Methods to reduce
; TDPR TDPR
DC capacitor of ' TDPR
H-bridge for Ec DC capacitor (of =1) (pf=0.7 (pf=0.7
inverter Pr= leading) lagging)
application
Same size as
circuit in 15 15 1.5
1.5Ecyin | energy storage
capacitor
circuit in 3 3 3
4ECmin Not required
circuit in 1.8 2.34 14
4ECmin Not required
0.6 times of
circuit in 2 2 2
ECmin energy storage
FIgUI’e 16 TDPRH-bridge TDPRH.bridge TDPRH.bridge
capacitor
DC-capacitor- 0.2 times of
1.39 1.78 12
less inverter ECmin energy storage
TDPRH-bridge TDPRH-bridge TDPRH-bridge
with SVPWM capacitor

The Ec and TDPR of each method for inverter application with power factors of 1, 0.7
leading and 0.7 lagging are summarized in Table 6.
Among the five methods, the DC-capacitor-less inverter with SVPWM has shown best

performance in terms of Ec and TDPR, in other words, smaller size of capacitor and lower cost of
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semiconductor devices.

For circuit in Figure 10, Figure 12 and Figure 16, the extra circuit for ripple power
compensation is controlled independently with H-bridge inverter, and the total device rating
remains the same for different power factors. Circuit in Figure 10 has low TDPR (1.5 times of
H-bridge) for all power factors (1 ~ 0.7 leading and lagging), however the Ec has to be designed
larger than minimal value, and best reported value is 1.5 times of Ecmin [39].

For circuit in Figure 14 and proposed DC-capacitor-less inverter with SVPWM, H-bridge
inverter shares leg with extra circuit for ripple power compensation. The current stress of the
shared leg and minimal DC voltage requirement may change with power factor. For both
methods, the worst case happens when power factor is 0.7 leading.

Compared to the topologies in Figure 16 with the same minimal Ec, the TDPR of proposed
system is 11% smaller for worst case of 0.7 leading power factor. Compared to the topologies in

Figure 10 with 1.5 times TDPR of H-bridge circuit, the Ec of proposed system is 33% smaller.

6.2 Interleaved phase shift PWM scheme

As it shown in Figure 81, the single phase inverter system adopts interleaving technique to
achieve higher equivalent switching frequency and reduce the filter size [74, 76-80]. The
Thevenin-equivalent output voltage between phase A and phase B becomes:

i _ Var 7Var =V = Vi ) (5_54)

ab_eq — 2

For conventional interleaved single phase inverter system, phase-shifted PWM scheme adopts
the two carriers (Vcarr1, and Vearr2) With phase angles of 0< 90 “respectively; and the output voltage

can achieve best THD. As it shown in Figure 82, the equivalent voltage switching only happens
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between adjacent levels.

However for the proposed interleaved inverter system, where SVPWM is adopted, although
the interleaving technique yields the best attainable phase output voltage in terms of THD with 180°
phase shift of the PWM carriers, it is not the case for line-to-line output voltages.

Figure 82 and Figure 83 illustrate the cases with 90 “and 180 “phase shift of PWM carriers for
the proposed system using SVPWM respectively. The reference signals (va , v, , and v ) are
compared to their respective carrier signal to set the ON—OFF state of the switches.

In Figure 82, the phase angles for the two carriers (Vcarr1, and Vearr2) are 0 90< and in Figure
83, the phase angles for the two carriers (Vcarr1, and Vearr2) are 0 180< For both cases, during
certain intervals, the equivalent line-to-line voltage, vay ¢q IS switching among three adjacent

levels.
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Figure 81: Key waveforms for SPWM single phase inverter using carriers with 90 <phase shift.

However, an interesting phenomenon can be found: if carriers with phase angles of 0< 90 “are
used, Vap eq ONly switches between adjacent levels, when two phase reference signals have
different polarities; if carriers with phase angles of 05 180<are used, Vap ¢q IS ONly switching

between adjacent levels when two phase’s reference signals have the same polarity. Based on this
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characteristic, an enhanced phase-shift PWM carrier scheme [81-83] can be developed.

'Al‘amwmmmA'M'A'Mumnl
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Figure 82: Key waveforms for proposed SVPWM single phase inverter using carriers with 90

phase shift.
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Figure 83: Key waveforms for proposed SVPWM single phase inverter using carriers with 180

phase shift.

As shown in Figure 84, two sets of carriers are used. The phase angles for the two carriers in

set 1 (Vcarri1, and Vearr2) are 0< 180 the phase angles for the two carriers in set 2 (Vcarro1, and Vearr2)

are 90< 270< When the reference signals are larger than 0, set 1 carries are used; when the
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reference signals are smaller than 0, set 2 carries are used. As a result, Vap_eq Only switches between

adjacent levels.

V * * *
carr_11 carr_12 Va Vb V

v . 0

2 [ ULELLLLRAAANRIT

Figure 84: Key waveforms for proposed SVPWM single phase inverter using two sets of carriers.
In [83], the line-to-line THD versus modulation index for balanced three phase system is

analyzed in detailed. In this application, the AC output voltage is fixed and the change of DC
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capacitor voltage is small; however, the AC capacitor voltage will be controlled to compensate the
grid 2o ripple power. Since the system is controlled as unbalanced three phase system, the
reference signals will change with different AC output power; and the output AC voltage THD will

change simultaneously.
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Figure 85: AC output voltage THD versus AC power with different interleaved PWM scheme:

unity power factor resistance load.
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Figure 86: AC output voltage THD versus AC power with different interleaved PWM scheme: 0.7

power factor capacitive load.

Figure 85, Figure 86 and Figure 87 show the AC output voltage THD versus AC power with
different PWM scheme. It can be seen that the THD performance has been effectively improved by
adopting the enhanced phase-shift PWM carrier scheme.

With the increase of AC output power, the THD with PWM scheme using carriers with 180°
phase shift decreases; and the THD with PWM scheme using carriers with 90 phase shift
increases; THD with PWM scheme using two sets of carriers remains the same and can achieve
the best THD performance.

For different types of load, the THD performances with different PWM schemes are also

different. THD with PWM scheme using carriers with 180 phase shift has best performance
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when inverter is connected capacitive load; and the THD with PWM scheme using carriers with
90<phase shift has best performance when inverter is connected inductive load; THD with PWM
scheme using two sets of carriers remains the same for different load and can achieve the best

performance.
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Figure 87: AC output voltage THD versus AC power with different interleaved PWM scheme: 0.7

power factor inductive load.

Figure 88, Figure 89, Figure 90, Figure 91, Figure 92, and Figure 93 show the FFT analysis
of AC output voltage with different PWM scheme. The switching frequency is 216 kHz. It can be
seen that the enhanced phase-shift PWM carrier scheme significantly reduced the magnitude of

low frequency components of AC output voltage, which will reduce the EMI filter size
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significantly.

FFT analysis of PWM scheme using carriers with 180 “phase shift shows that the worst case
happens with inductive load and the line-to-line voltage has a 120-V component of double
switching frequency (432 kHz); FFT analysis of PWM scheme using carriers with 90 phase
shift shows that the worst case happens with capacitive load and the line-to-line voltage has a
50-V component of switching frequency (216 kHz); FFT analysis of PWM scheme using two
sets of carriers shows that the worst case happens with resistance load and the line-to-line
voltage has a 60-V component of four times of switching frequency (864 kHz).

The peak component of output AC voltage of PWM scheme using two sets of carriers
happens at much higher switching frequency than the PWM schemes with 90<phase shift and
has much lower magnitude than the PWM schemes with 180 phase shift. Therefore, the EMI

filter size can be significantly reduced.
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Figure 88: FFT analysis of AC output voltage with different interleaved PWM scheme: unity

power factor resistance full load.
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Figure 89: FFT analysis of AC output voltage with different interleaved PWM scheme: unity

power factor resistance half load.
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Figure 90: FFT analysis of AC output voltage with different interleaved PWM scheme: 0.7

power factor capacitive full load.
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Figure 91: FFT analysis of AC output voltage with different interleaved PWM scheme: 0.7

power factor capacitive half load.
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Figure 92: FFT analysis of AC output voltage with different interleaved PWM scheme: 0.7

power factor inductive full load.

150



150

|
o
o

a1
o

Magnitude (V)

2-10° 10° 5.10°
Frequency (Hz)
100

50 .............. bt P e .o

Magnitude (V)

2-10° 10° 5-10°
Frequency (Hz)

100

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

a1
o

Magnitude (V)

; ; E|EEEEE L E||;|,E|,E.;
2-10° 10° 5.10°
Frequency (Hz)

Figure 93: FFT analysis of AC output voltage with different interleaved PWM scheme: 0.7 power

factor inductive half load.

151



6.3 Coupled inductor optimization

For paralleled inverter system, interleaving operation can reduce the overall input or output
current ripple. However, interleaving operation will create significant circulating currents between
the paralleled two phases [73, 74, 78, 80]. The inversely coupled inductors can substantially
reduce the circulating current between the interleaved two phases.

A coupled inductor can be built to achieve the purpose of suppressing circulating current and
filtering output current at the same time for each phase. The coupled inductor is equivalent to an

inversely coupled transformer and two separated inductors shown in Figure 94.
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Figure 94: One phase leg with integrated coupled inductor.

The coupled inductor can be implemented by 4 U cores shown in Figure 95 [84]. The two

inner U cores work together as inversely coupled transformer; while the two outer U cores work

as two separated filtering inductors. By changing the airgap between the inner U cores and outer
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U cores, the filtering inductance value can be adjusted.

For the proposed interleaved DC-capacitor-less inverter, each phase leg needs at least one
coupled inductor. Since phase B both connected to AC output and AC capacitor, two separated
coupled inductors for AC output and AC capacitor are needed in order to have symmetric output

impedance of phase A and phase B, for better EMI design.

+ la_o

¢c0m a ¢com_a

\

| |
| |

l
al ¢diff_a a?
Figure 95: Coupled inductor implemented by 4 U cores.

Considering that the two coupled inductors of each pair for AC output and AC capacitor
have the same current with reverse direction, the two coupled inductors of each pair can be

further optimized to reduce the size and loss on magnetic components. The two coupled

inductors can be combined together as one integrated coupled inductor as indicated by the dashed
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box in Figure 72.

The currents through the inductors are split into common mode (CM) and differential mode
(DM) components. The equivalent circuit of the integrated coupled inductor is shown in Figure
96.

Take phase A as an example, the current of each leg will be expressed by common mode
current, i, cm and differential mode current, iy pwm:

ial=0'5(ia_CM +ia_DM) 4 (555)

ia2:0'5(ia_CM - ia_DM ) . (556)

And the common mode current and differential mode current satisfy:

di
aom _Lytloy VotV (5.57)
dt Loy - Lo 2 )
di, 1
_DM _ V., -V.,). (5.58)

dt  2M+L,+L,
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Figure 96: The equivalent circuit of coupled inductor.

The common mode current sees high impedance produced by the mutual inductor, M. The
differential mode voltages, via-vxe (X=a, b) in phase A and B are shown Figure 84. When
differential mode voltage is given, the larger differential mode inductance, M, the smaller
differential mode current will be. The maximum differential mode peak current, ipm_max Can be

calculated by:

i _ Vdc
P-4t M+ L, +L,)

(x=a,b,c). (5.59)

The common mode current only sees impedance produced by Ly, Lx2, (Xx=a, b, c). Take AC

output voltage as example, the equivalent common mode filtering inductance is:
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L, = Ly Lo + Ly - Lo .
B Lo+l L+l

The maximum common mode current is determined by the load current and output ripple

(5.60)

current. Considering the dynamic response, the allowed maximum common mode current, icm_max
is designed to be 125% of the maximum load current.

In order to reduce the size of coupled inductor, a new structure of integrated coupled
inductor is proposed. The 3D structure of the integrated coupled inductor and the differential mode

and common mode flux paths are shown in Figure 97 and Figure 98 respectively.

winding i,

winding i,

fnding i, winding i,

Figure 97: 3D structure of the integrated coupled inductor.

The proposed integrated coupled inductor has 4 U cores and 2 | cores. As it shown in Figure
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98, two pairs of U cores without air-gap generate the high impedance of differential mode mutual
inductor, M. | cores and U cores generated the common mode inductance for output current

filtering. The air-gaps between | core and U core can be adjusted to change the output filtering

inductance.

CM flux path

M flux pat

Figure 98: Differential mode (DM) and common mode (CM) flux path of integrated coupled

inductor.

The comparison between two separated coupled inductors [84] and proposed integrated

coupled inductor is shown in Figure 99. The dimension of proposed integrated coupled inductor
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IS 43mm x<30mm >26.5mm (X, y, z), while the dimension of the two separated coupled inductors
IS 43mm x46mm ><26.5mm (X, Y, z). Since the proposed integrated coupled inductor adopts |
cores to generate the output filtering inductor instead of the outer U cores for output filtering
inductor in separated coupled inductor. As a result, the total volume of proposed integrated

coupled inductor is only 65% of the volume of two separated coupled inductors.

Proposed
integrated
coupled inductor

Two separated
coupled inductors

Figure 99: Comparison between two separated coupled inductor [84] and proposed integrated

coupled inductor

For integrated coupled inductor design, the number of turns is designed to be 23; the

differential mode inductance and common mode inductance are designed to be:
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M =500 uH,
Ly=L,=Ly=L,=50uH."

(5.61)
The maximum flux density happens when the differential mode current and the common mode

current both reach the maximum value. Figure 100 shows the simulation results of integrated

coupled inductor and Figure 101 shows the simulation results of separated coupled inductors.

For the proposed integrated coupled inductor, when ipm max = 0.4 Aand icm max = 10 A, the
maximum flux density reaches 0.4 T for ferrite core, indicating that the integrated coupled
inductor design is proper. Since the differential mode and common mode fluxes superimpose on C
shape core legs, the flux density for each leg is different. For the leg where differential mode and
common mode fluxes have the same direction, the flux density reaches the maximum value, while
for the leg where differential mode and common mode fluxes have different directions, the fluxes
are partially cancelled and the flux density is smaller.

For two separated coupled inductor design, the same number of turns is used. Based on the
simulation results, the inner U cores’ flux distribution is very similar to integrated coupled
inductor. The flux density of outer U cores is also similar to | cores in the integrated coupled
inductor, however with much larger size. In other words, the core loss of | core in integrated

coupled inductor is smaller. In conclusion, the proposed structure of coupled inductor greatly

reduces the magnetic components’ size with lower core loss.
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Figure 101: Simulation result of two separated coupled inductors.
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6.4 Experimental results

The key parameters for the 2-kW inverter system are listed below in Table II. The SiC
MOSFETs from Cree (C2M0160120D) are used for the inverter.

For conventional H-bridge system, if the allowed DC voltage ripple is 2.5%, the DC
capacitance is 2 mF (20 pu). By using the proposed inverter system, the DC capacitor is 20 pF (0.2
pu), and the AC capacitor is 100 pF (1 pu). Compared to conventional H-bridge system, the total

size of the capacitor (including DC capacitor and AC capacitor) is reduced by 16 times.

Table 7: Key parameters for 2-kW single phase inverter.

DC capacitance, Cyc 20 uF (0.2 pu)
switching frequency;, fs 216 kHz
AC capacitance, Cyc 100 pF (1 pu)
Resistance load 28.8 Q resistor
Capacitive load 20 Q resistor in series with 65 pF capacitor
Inductive load 20 Q resistor in series with 50 mH inductor

Figure 102 shows the equivalent line to line voltages, which switches only between adjacent

levels. The voltage waveforms are consistent with the theoretical analysis.
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Figure 102: Equivalent line to line voltage of proposed inverter.

Figure 103 shows the current sharing experimental waveforms of phase A. The current
difference between two channels is within 1A (less than 5% of peak-to-peak full rated current),
indicating that the integrated coupled inductor has effectively suppressed the circulation current.

Figure 104, Figure 105, and Figure 106 show experimental waveforms at full load with
different power factors. For unity power factor load, 28.8-Q resistance load is used. 20-Q resistor
in series with 65-uF capacitor is used for 0.7 leading power factor load, and 20-Q resistor in
series with 50-mH inductor is used for 0.7 lagging power factor load. The experimental
waveforms of AC output voltage and AC capacitor voltage/current are consistent with the

theoretical analysis.
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Figure 103: Current sharing waveforms of phase A.
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Figure 104: Full load experimental waveforms of proposed inverter system with unity power

factor resistance load.
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Figure 105: Full load experimental waveforms of proposed inverter system with 0.7 power factor

capacitive load.
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Figure 106: Full load experimental waveforms of proposed inverter system with 0.7 power factor

inductive load.
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In the experiment, an ideal DC voltages source in series with a 10-Q resistor is used as the
input of the inverter. As is shown in Figure 104, Figure 105, and Figure 106, The DC input current
ripple for different load cases is within 0.5 A. In other words, the DC ripple voltage is within 5V
(1.25% of rated input DC voltage), indicating that the AC capacitor has effectively absorbed the

2o ripple power.

6.5 Conclusions

An interleaved DC-capacitor-less inverter with SVPWM is proposed for inverter application
with different power factor. The proposed interleaved DC-capacitor-less single-phase inverter
significantly reduces the total capacitor size by 16 times to achieve high power density with
switching frequency of 216 kHz.

The DC voltage requirement for different load is analyzed to show that the proposed
interleaved DC-capacitor-less inverter with SVPWM can operate with the input DC voltage
source. The proposed system shows best performance among existing methods in energy
requirement of capacitor and total device power rating. The adoption of the enhanced phase-shift
interleaved PWM scheme effectively improves the THD of inverter output voltage. A detailed
analysis is provided to compare the performance of enhanced phase-shift interleaved PWM
scheme for different power factors. For the interleaved structure, a new structure of integrated
couple inductors is proposed to suppress circulating current between the two parallel inverters and
to filter output current at the same time. The volume of integrated coupled inductor is reduced by
35% compared with the design of two separated coupled inductors. The 3D structure and flux

path are analyzed to verify the integrated coupled inductor design.
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The simulation and experiment have verified the theoretical analysis and the effectiveness of

the proposed interleaved DC-capacitor-less inverter.
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CHAPTER 7 DEVELOPMENT OF HIGH SWITCHING
FREQUENCY INTERLEAVED DC-CAPACITOR-LESS

INVERTER WITH SIC MOSFETS

In order to achieve inverter system with high power density, high efficiency and high
reliability, SIC MOSFETs are adopted to achieve 216-kHz switching frequency. The size of
filtering components including DC input filtering capacitors and AC output LC filter can be
significantly reduced.

However, the high switching frequency operation of SIC MOSFETSs requires careful design
of gate driver and PCB layout to fully utilize the advantages of SiC MOSFETSs. In addition, since
the digital controller’s computation capability is limited, it is very critical to optimize DSP
control programming to implement SVPWM control, ripple power compensation and interleaved
PWM scheme. As a result, the system can achieve 96% efficiency at full load and good dynamics
response to meet the control requirement for the proposed interleaved DC-capacitor-less inverter

system.

7.1 Silicon Carbide power devices

Wide band gap (WBG) semiconductors such as SiC and GaN, with high breakdown electric
field, low carrier concentration and high thermal conductivity, have drawn significant research
interests in recent years. Compared to silicon semiconductors, WBG semiconductor's high

breakdown field enables thinner high-voltage devices and lower conducting loss. The low carrier
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concentration facilitates faster tum-on capability and lower switching losses. The high thermal
conductivity enables improved reliability and higher temperature operation capability. [85-93]

Table 8 shows the comparison of the properties of Si and SiC.

Table 8: Comparison of the properties of Si and SiC.

Parameter Si 4H-SiC
Bandgap energy (eV) 1.1 3.3
Relative permittivity (MV/cm) 11.8 10
Critical electric field 0.3 2.0
Electron saturated drift velocity (<10’cm/s) 1.0 2.0
Thermal conductivity (W/cm-K) 1.5 4.9

For high voltage and high power applications, SiC Schottky diodes (SBDs) and MOSFETs are
competitive candidates to replace Si diodes and IGBTs respectively. SiC SBDs are now
commercially available up to 1700 V. The main advantage of a high-voltage SiC SBD lies in its
extremely low reverse-recovery charge (Q). Currently, Cree’s latest C2M1000170J (1700V,
3.6A) can achieve 1-Q Rgsony With 24-nC Qyr. The superior dynamic performance of SiC DBDs
can significantly reduce switching losses in a typical hard-switched IGBT/MOSFET based
application such as motor-drive inverters and uninterruptible power supplies (UPS) [94-97].

Compared to Si IGBTs/MOSFETSs, SiC MOSFETs have much lower conducting losses, and
higher ruggedness. SiC MOSFETSs can operate reliably up to junction temperatures of 200 °C. SiC
MOSFETs can achieve much faster turn-on/off speed, which allows very high switching

frequency operation. The switching frequency of 1200-V SiC MOSFETs can be boosted up to
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50-200 kHz. The combination of SiC SBDs and MOSFETs will save approximately 60-80% of
switching losses resulting in an efficiency improvement of 4-6% points in a typical power
electronic system. In addition, cooling requirements will be substantially reduced in direct
proportion to the reduction in losses [98]. Now, 1200-V/300-A SiC MOSFETs module with SiC
SBD is available in market.

By upgrading the system with SiC devices, the interleaved DC-capacitor-less inverter system
can achieve much higher power density, efficiency and reliability. First, SiC devices enable a much
higher switching frequency of the system to minimize the filtering inductors and capacitors,
further improving the power density. Second, as the SiC devices have lower conducting and
switching losses, and higher temperature operation capability, the SiC-based single phase inverter
system will be more efficient and reliable than Si-based system.

For the 2-kW inverter system, 1200-V SiC MOSFETs from Cree (C2M0160120D) with

160-mQ Ryson are adopted [99].

7.2 PCB layout design and optimization

Since the SiC MOSFETSs are switching at very high frequency (216 kHz) and has very fast
turn-on/off speed, which results in very high dv/dt and di/dt. It is very important to carefully
design the inverter’s PCB layout including gate driver, power supply and DC voltage bus bar.

In order to reduce the switching loss of SIC MOSFETSs, the typical turn-on and turn-off time
of the SIC MOSFETSs is around 10~15 ns. For DC-capacitor-less inverter, the fast turn-on/off
speed will cause very high dv/dt, when the MOSFETSs are working under hard switching.

Figure 107 shows the vy voltage spike caused by miller effect during turn-off transition. In
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scenario of top MOSFET hard switching, after bottom MOSFET turn-off, the current will
freewheel through body diode of bottom MOSFET. During a very short dead time period, both
top and bottom MOSFETSs are off. After that, the top MOSFET turns on; and a non-negligible
amount of displacement current flows through the reverse miller capacitance C,s due to the
quick voltage change, dv/dt across the drain to-source terminals. The displacement current, that
is, C,,-dv,/dt, flows into the bottom MOSFET input capacitance Cis. Since the parasitic
inductor, Lgay IS in series to the gate terminal, a voltage fluctuation is induced in the bottom
MOSFET gate-to-source voltage vgs. The voltage fluctuation caused by Lgray may falsely turn on

the bottom MOSFET again irrespective of the gate control signal if the voltage fluctuation

reaches the MOSFET threshold voltage [100-102].
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Figure 107: Vg voltage spike caused by miller effect during turn-off transition.
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Therefore, it is very critical to reduce the stray inductance in gate driver loop. The 3D layout
of gate driver and power supply is optimized to minimize the gate driver loop and to achieve a
compact system. Figure 108 shows the gate driver and power supply layout. In this design, the
gate driver board for each MOSFET is directly mounted to the MOSFET pins to minimize the

stray inductance in gate driver loop
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Power supply

(b) Side view

Figure 108: Gate driver and power supply layout with top view and side view.
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To further reduce the risk of false turn-on of MOSFET, negative 5 V is adopted for turn-off
gate driver voltage. Since the gate driver loop is minimized, external turn-on gate resistor is
designed to be 2 Q and external turn-off gate resistor is designed to be 0 Q to achieve fast

turn-on/off and low switching loss.
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Figure 109: SiC MOSFET output charateristic [99].

Since the drain-source on-state resistance of SIC MOSFET (Rgson) Shows a stronger
correlation with gate drive turn-on voltage. Figure 109 shows the SiC MOSFET (C2M0160120D)
output characteristics under 25°C junction temperature [99]. The Rgson at 12-V turn-on voltage
can be larger than two times of the Ryson at 20-V turn-on voltage. In order to obtain the best Rgson

performance and lowest conduction loss, positive 20 V is adopted for turn-on gate driver voltage.
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Finally, the gate drivers for SiC MOSFETSs adopt positive 20 V and negative 5 V in order to
achieve reliable fast switching, low conduction loss and reliable operation.

For conventional inverter system’s gate driver design (with 10~20-kHz switching frequency),
a shared power supply is used for all low side gate drivers. However, for 200-kHz system, the
cross talk between each phase is significant. The high di/dt noise can be easily picked up through
the shared power supply for low side gate drivers. In order to suppress the cross talk between
phase legs, separated power supplies are adopted for low side MOSFET gate drivers.

Large stray inductances of the DC voltage bus bar can cause voltage and current overshoots
and ringing on MOSFETSs and increase the voltage stress on MOSFETSs. The bus bar PCB layout
IS optimized as it shown in Figure 110.

For each phase leg, separated trace is used and surface mounted film and ceramic capacitors
are used to absorb high frequency current. In this way, parasitic inductance on bus bar is
minimized; and the high frequency noise and the cross talk between different phase legs are
effectively suppressed.

By optimizing the gate driver, power supply and bus bar PCB layout, the high performance

and reliable operation of SiC MOSFETSs are achieved.
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Figure 110: PCB layout of inverter bus bar.
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7.3 Control system and optimization

The DSP control program needs to be carefully designed to meet the control requirement for
the DC-capacitor-less inverter system. To achieve better dynamic response, DSP ADC sampling
and the digital control program will be optimized for higher programming efficiency.

Figure 111 shows the control block of the digital system including interleaved carrier control,
current sharing control, SVPWM control, AC output voltage control, 2w ripple power
compensation control (AC capacitor power control), and DC voltage control.

However, since the switching frequency (216 kHz) is very high, if the same fixed ADC
sampling frequency is adopted, the DSP (F28035 with 60-MHz clock frequency) will not be able
to finish all the calculation within one ADC sampling period [103]. Optimization of the DSP

control program is required to achieve fast response with limited DSP calculation capability.
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Figure 111: Proposed interleaved DC-capacitor-less inverter control system.
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In order to fully utilize the DSP calculation capability, the control scheme is divided into two
categories based on the control blocks’ control bandwidth requirement: 1. fast updated functions
including SVPWM control, current sharing control and interleaved PWM carrier control, and 2.
slow updated functions including DC voltage control, AC output voltage control, AC capacitor
voltage/current control, and 2w ripple power control.

Figure 112 shows the proposed digital control scheme. The fast updated functions will be
executed every ADC sampling period, while the slow updated functions will be executed in a
proper sequence and all slow updated functions’ calculation will be finished in every four
sampling period.

In this way, the control blocks, such as SVPWM control, current sharing control and
interleaved PWM carrier control, can be updated every ADC sampling period to meet high
frequency bandwidth requirement. At the same time, the control blocks, such as DC voltage
control, AC output voltage control, AC capacitor voltage/current control, and 2w ripple power
control, which don’t need very high frequency bandwidth, can use the rest of time in very
sampling period to fully utilized the calculation capability of DSP without sacrifice of the fast

updated functions’ bandwidth.
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7.4 Experimental results

Figure 113 shows the prototype of 2-kW interleaved DC-capacitor-less inverter with SiC
MOSFETs. The prototype is designed and tested by five members’ team. As the team leader, I
have designed main power board, integrated coupled inductors and digital control system. My
labmates have contributed a lot work on 3D structure design and test of hardware including gate
driver, power supply, DSP controller board and integrated coupled inductors. | would like to

appreciate their help for design, test and assembling of the prototype.

Main Power and DSP controller Boards DC Terminals

J‘;l 8 TR 4
A

AC Capacitor

Figure 113: Prototype of 2-kW interleaved DC-capacitor-less inverter with SiC MOSFETSs

The DSP controller board and interface board is on the top of main power board. The SiC

MOSFET on the main power board is connected to the bottom case, and the bottom case also
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works as heat sink. The AC film capacitor for AC ripple power compensation and the integrated
coupled inductors connected to AC output and AC capacitor are also shown in Figure 113. The
inverter has very compact structure and the dimension of the system is 7.30 inches x 4.75 inches
x 1.26 inches.

Figure 114 shows the gate driver signal of high side MOSFET on two different phase legs.
The voltage spike on negative voltage caused by miller effect is effectively suppressed by

minimizing the loop of MOSFET gate driver.
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Figure 114: Gate driver signal of proposed system

The other voltage spike caused by cross talk between different phase legs on gate signal is

effectively suppressed by using separated power supplies for each gate drivers and adopting
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optimized bus bar PCB layout.

Figure 115 shows the dynamic response to sudden load change between 1 kW and 1.5 kW,
and Figure 116 shows the dynamic response to sudden load change between 1.5 kW and 2 kW.
As it shown in Figure 115 and Figure 116, the AC capacitor voltage, vcac can follow the sudden
change of output current, i, to compensate the 2w ripple power effectively.

In the first switching cycle, the AC capacitor power feed-forward control block immediately
tracks the output current and change the feed-forward AC capacitor power reference. And the AC
capacitor and current reference will be updated within one switching cycle.

In the following several switching cycles, the AC capacitor power feedback control block
updates the feedback AC capacitor power reference based on DC input current and voltage to

further accurately compensate 2w ripple power and achieve good steady state performance.
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Figure 115: Dynamic response to sudden load change between 1 kW and 1.5 kW.
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Figure 117 shows the efficiency vs output power for the proposed system.

kW), the system can achieve the efficiency of 96.2%.
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Figure 117: Efficiency vs output power for the proposed system.

7.5 Conclusions

In order to achieve a high power density, high efficiency and high reliability inverter system,

SiC MOSFETs are adopted to achieve 216-kHz switching frequency. The design of gate driver,

power supply and DC voltage bus bar PCB layout is provided in details to fully utilize the

benefit of SiC MOSFETSs.
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Since the digital controller’s computation capability is limited and the switching frequency
of SiIC MOSFETSs is very high, it is very critical to optimize DSP control program to meet the
control requirement for the DC-capacitor-less inverter system.

The experimental results have verified the effectiveness of the optimization of hardware and

software design.
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CHAPTER 8 CONCLUSION AND FUTURE WORK

8.1 Contributions

The contributions of this dissertation are listed as following:

» The problem of conventional single phase conversion system based on H-Bridge inverter is
investigated; and the existing topologies with capacitive energy storage component for ripple
power compensation are reviewed and evaluated based on the size of total capacitor size and
total device power rating

» A DC-capacitor-less inverter for single phase power conversion with minimum voltage and
current stress has been proposed. By adding another phase leg to control an AC capacitor,
the 2 ripple power can be absorbed by the capacitor and theoretically 2 ripples to the DC
capacitor can be eliminated completely. The H-bridge and the additional phase leg can be
analyzed together as an unbalanced three phase system. By adopting SVPWM control and
choosing the optimal AC capacitance and the voltage reference, the voltage and current
stress of the switches can be minimized to the same as the conventional H-bridge. The size
of capacitor is reduced by 10 times compared to the conventional H-bridge system.

» A solid state variable capacitor (SSVC) based on the proposed circuit shows benefits in
terms of current stress of the share leg and efficiency, which is a competitive candidate for
reactive power compensation applications with high power density and high reliability
requirement. The shared leg’s current stress is only one fourth of the stress of conventional
H-bridge inverter. As a result, the capacitor size is reduced by 13 times with only 1.125

times TDPR of H-bridge circuit.
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In order to reduce the DC capacitor to minimal value, a novel control system directly based
on ripple power for SSVC is proposed to achieve stable DC voltage and fast dynamic
response. The feedforward part of the AC capacitor power is calculated by grid ripple power
with the sampling frequency (20-kHz) to achieve fast dynamic response and maintain table
DC voltage during sudden load change transition. The feedback part of the AC capacitor
power is calculated based on discrete Fourier transform of DC capacitor ripple power with
twice line frequency (120-Hz) to achieve better steady-state ripple power compensation
performance. The steady state and dynamic performance of the proposed control scheme is
verified by experimental results.

An interleaved DC-capacitor-less inverter with SiC devices is proposed for high power
density and high efficiency inverter applications. By using the two-channel interleaved
structure, the conduction loss and passive component size can be significantly reduced. In
order to improve THD performance for inverter output voltage, an enhanced phase-shift
interleaved PWM scheme is adopted. A new structure of integrated couple inductors is
proposed to suppress circulating current between the two parallel inverters and to filter
output current at the same time. As a result, the total capacitor size is reduced by 16 times
and power density of 45 W/in® is achieved.

In order to achieve inverter system with high power density, high efficiency and high
reliability, SIC MOSFETSs are adopted to achieve 216-kHz switching frequency. The size of
filtering components including DC filtering capacitor and AC output LC filter is
significantly reduced. The design and optimization of gate driver and PCB layout is

investigated to fully utilize the advantages of SiC MOSFETs. The DSP controller
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programming is also optimized to meet the control requirement for the DC-capacitor-less

inverter system.

8.2 Recommendations for future work

» The solid state variable capacitor is possible to replace the H-bridge inverter module in
cascaded multilevel converter topologies such as transformer-less unified power flow
controller (UPFC) and static synchronous compensator (STATCOM) to deal with the system
fluctuating power problem. However, the power to each H-bridge inverter in cascaded
STATCOM may not be the same and may contain other frequency components beside 2
ripple power. It is very interesting and challenge topic to reduce the DC capacitor of
H-bridge inverter and to keep a low total device power rating at the same time.

» The PCB layout, gate driver and power supply design of interleaved DC-capacitor-less
inverter with SiC MOSFET can be further optimized for high switching frequency operation.
Since the SiIC MOSFET gate driver need 20V/-5V, a better power supply for gate driver
circuit with high efficiency is needed. Better isolated gate driver with high current capability
can also be adopted to improve the current design to have a better layout and more compact
structure.

» For interleaved DC-capacitor-less inverter system, it is possible to adopt an asymmetrical
structure for AC output and AC capacitor to achieve overall better performance. The
improved interleaved DC-capacitor-less inverter can achieve very low THD of output
voltage and have a much smaller size of filtering inductors as the same time. Moreover, the

light load efficiency of system can be also improved.
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8.3 Solid state variable capacitor in cascaded STATCOM

The proposed DC capacitor-less inverter can be treated as a converter cell and it can be used
to replace the H-bridge inverter module in cascaded multilevel converter topologies such as
transformer-less unified power flow controller (UPFC) and static synchronous compensator

(STATCOM) to deal with the system fluctuating power problem.
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Figure 118: Transformer-less UPFC using cascaded multilevel inverter.
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Figure 119: Cascaded multilevel inverter based on H-bridge.
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The transformer-less UPFC shown in Figure 118 adopted two cascaded multilevel inverters
(CMis) and the control of the two cascaded multilevel inverters as a power flow controller make
it possible to independently control active and reactive power flows. The transformer-less UPFC
has the advantages of light weight, high efficiency, high reliability, low cost and fast dynamic
response [23, 24].

Figure 119 shows the cascaded multilevel inverters based on conventional H-bridge inverter.
However, a known problem of transformer-less UPFC is that each H-bridge module may need a
large and bulky capacitor to hold the DC voltage. As the number of H-bridge module increases,
the whole system may become very huge in size. The proposed DC-capacitor-less inverter cell
could be a potential candidate to solve this problem. With much smaller capacitance, the voltage
of each module can be controlled to maintain a constant DC voltage. Nevertheless, the
capacitance reduction can only be achieved at the expense of increased number of active
components.

Another design challenge is that the power of each inverter module may not be the same and
may contain other frequency components beside 2w ripple power. In chapter 5, an improved
feedback control scheme for AC capacitor makes it possible to compensate other even frequency
components power as well. However, the total device power rating may increase significantly
when the system need to compensate all ripple power. A trade-off between the compensated
ripple power by AC capacitor and the capacitance of DC capacitor is very important to keep the
balance between DC capacitor size and total power device rating. The feasibility of this method

and optimization of the system will be studied in future research work.
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8.4 Improved interleaved DC-capacitor-less inverter

In Chapter 6, the proposed DC-capacitor-less inverter has a symmetrical integrated inductor
structure for AC output and AC capacitor. Since AC capacitor is adopting film capacitor, which
has much larger capacitance value than AC output filtering capacitor, the inductor current for AC
capacitor allows much larger current ripple with same voltage ripple design. In addition, unlike
the AC output voltage, the AC capacitor voltage don’t have requirement on THD and EML. 1t is
possible to adopt an asymmetrical structure for AC output and AC capacitor to achieve overall
better performance.

Figure 120 shows the proposed improved interleaved DC-capacitor-less inverter. The
improved interleaved DC-capacitor-less inverter has two separated AC capacitors, Cae1 and Cyeo.
And the two AC capacitors are connected to phase B and phase C of the two parallel inverters

respectively. For each AC capacitor, separated filtering inductors, L; and Ly, are used.
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Figure 120: Proposed improved interleaved DC-capacitor-less inverter.

Since the improved interleaved DC-capacitor-less inverter still adopts the same integrated
coupled inductor structure for AC output voltage, the output voltage can still have very low THD.
At the same time, the proposed interleaved DC-capacitor-less inverter will have the following
advantages.

The design of filtering inductor L., and L, can be optimized to achieve much smaller size.
Since the AC capacitors are film capacitor and have large capacitance value, the AC capacitor
will allow much larger switching ripple current than AC output capacitor without significantly
increasing the power losses. The current ripple on L¢; can be designed to be 2 ~3 times larger

than integrated coupled inductor. In addition, since two separated AC capacitors are used, the
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inversely coupled transformer is no longer needed. Therefore, the size of the two separated
filtering inductors can be much smaller than one coupled inductor.

Moreover, the improved interleaved DC-capacitor-less inverter will have a much better light
load efficiency. When the system is working under light load, the system only need one AC
capacitor to compensate the ripple power, and phase leg connected the other AC capacitor can
stop switching in order to reduce power loss.

For proposed interleaved DC-capacitor-less inverter, since two separated AC capacitor is
adopted, one additional voltage sensor is needed for AC capacitors and the two control loop is

needed to compensate the two AC capacitors separately.
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