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(ABSTRACT)

A single-phase grid connected transformerless photovoltaic (PV) inverter for
residential application is presented. The inverter is derived from a boost cascaded with
buck converter along with a line frequency unfolding circuit. Due to its novel operating
modes, high efficiency can be achieved because there is only one switch operating at high
frequency at a time, and the converter allows the use of power MOSFET and ultra-fast
reverse recovery diode. This dissertation begins with theoretical analysis and modeling of
this boost-buck converter based inverter. And the model indicates small boost inductance
will leads to increase the resonant pole frequency and decrease the peak of O, which help
the system be controlled easier and more stable. Thus, interleaved multiple phases
structure is proposed to have small equivalent inductance, meanwhile the ripple can be
decreased, and the inductor size can be reduced as well. A two-phase interleaved inverter

is then designed accordingly.

The double-carrier modulation method is proposed based on the inverter’s
operation mode. The duty cycle for buck switch is always one if the inverter is running in
boost mode. And the duty cycle for boost switches are always zero if the inverter is

running in buck mode. Because of this, the carrier for boost mode is stacked on the top of



the carrier for buck mode, as a result, there is no need to compare the input and output
voltage to decide which mode the inverter should operate in. And the inverter operates
smoothly between these two modes. Based on similar concept, three advanced
modulation methods are proposed. One of them can help further improve the efficiency,
and one of them can help increase the bandwidth and gain, and the last one takes the

advantage of both.

Based on similar concept, another three dual-mode double-carrier based SPWM
inverters are proposed. With both step-up and step-down functions, this type of inverter
can achieve high efficiency in a wide range because only one switch operates at the

PWM frequency at a time.

Finally, the simulation and experiment results are shown to verify the concept and
the tested CEC (California Energy Commission) efficiency is 97.4%. It performs up to 2%

more efficiently better than the conventional solution.

il



To my parents
Xuesen Zhao and Peifeng Xie

To my husband
Bo Zhou

v



Acknowledgements

I would like to express my sincere appreciation to my advisor, Dr. Jason Lai, for
all of his patience, guidance, encouragement, and support throughout my graduate studies.
His profound knowledge, rigorous attitude toward research and creative thinking has
been a source of inspiration for me throughout the years and will benefit my career as

well as my whole personal life.

I would like to express my special and sincere thanks to my formal advisor, Dr.
Ming Xu. Being his student is my great honor. I deeply respect him not only for his broad
knowledge, but the attitude for perfection and the spirits of helping others. Without his

kind support and encouragement, I would never reach this far.

I am grateful to my committee members: Dr. Wensong Yu, Dr. Kathleen Meehan,
Dr. Virgilio Centeno and Dr. Douglas J. Nelson for their interests, suggestions and kind

supports for my research work.

It has been a great pleasure to work in Future Energy Electronics Center (FEEC),
not only because of the talented colleagues but also the friendship. I cherish the
wonderful time that we worked together. I would like to thank Mr. Gary Kerr, Dr. Chien-
Liang Chen, Dr. Hao Qian, Dr. Pengwei Sun, Dr. Huang-Jen Chiu, Dr. Yen-Shin Lai, Mr.
Ahmed Koran, Mr. Ben York, Mr. Chris Hutchens, Mr. Brett Whitaker, Mr. Younghoon
Cho, Mr. Zakariya Dalala, Mr. Thomas LaBella, Mr. Zaka Ullah Zahid, Mr. Zidong Liu,
Mr. Daniel Martin, Mr. Alex Kim, Ms. Hongmei Wan, Mr. Wei-han Lai, Mr. Yaxiao Qin,
Mr. Cong Zheng, Mr. Hsin Wang, Mr. Bin Gu, Mr. Baifeng Chen, Ms. Hyun-Soo Koh,

Mr. Rui Chen, Mr. Seungryul Moon, Mr. Hongbo Ma, Mr. Chuang Liu, Mr. Bo-yuan



Chen and Mr. Kuan-Hung Wu for their helpful discussions, great supports and precious
friendship. Especially thank Dr. Chien-Liang Chen, Mr. Younghoon Cho and Mr. Ben

York for their help on my dissertation.

I would also like to thank the members of CPES, with whom I studied and worked
together — Dr. Chuanyun Wang, Mr. Ya Liu, Mr. Zheng Luo, Mr. Qian Li, Ms. Na Kong,
Ms. Ying Lu, Mr. Yi Sun, Dr. Shuo Wang, Dr. Qiang Li, Dr. Jian Li, Dr. Fang Luo, Dr.
Qiaoliang Chen, Dr. Yue Chang, Dr. Dianbo Fu, Dr. Yan Dong, Dr. Michele Lim, Dr.
Julu Sun, Dr. Jing Xu, Dr. Yan Jiang, Dr. Pengju Kong, Dr. Rixin Lai, Mr. Doug Sterk,
Dr. Tim Thacker, Mr. Igor Cvetkovic, Mr. Chanwit Prasantanakorn, Mr. Yucheng Ying,
Mr. Bin Huang, Dr. Di Zhang, Dr. Puqi Ning, Mr. Pengjie Lai, Mr. Zijiang Wang, Mr.
Daocheng Huang, Mr. Ruxi Wang, Mr. Dong Dong, Mr. Zheng Chen, Mr. Jing Xue, Dr.
Honggang Sheng, Dr. Xiao Cao, Dr. Dong Jiang, Mr. Zhiyu Shen, Mr. Feng Yu, Mr.
Haoran Wu, Mr. Shuilin Tian, Mr. Yipeng Su, Mr. Li Jiang, Ms. Teresa Shaw, Ms.
Teresa Rose, Ms. Marianne Hawthorne, Ms. Linda Gallagher, Ms. Elizabeth Tranter, Ms.

Linda Long, Mr. Robert Martin, Mr. Jamie Evans and Mr. Dan Huff.

Last but not least, I offer my deepest gratitude to my husband, Bo Zhou, and my
parents Xuesen Zhao and Peifeng Xie, for their everlasting love, support, confidence and

encouragement for all my endeavors.

vi



Table of Contents

Chapter 1 : INtrodUCHION ....ccceeeiriiicieriiiisnriciisnriinssntiisssnsiesssssnesssnssisssssecssssesssonssessonsaesses 1
1.1 Background...........oooiieiiiiieeee e 1
1.2 PROtOVOILAIC ...t 2
1.3 Inverters for Photovoltaic Applications...........cceecueevveerieenieesieenieeieeeeenn 5
1.4 Research Objectives and Outling...........coccveveeviereenienienieeeseeeeieene 9

Chapter 2 : Proposed Single Stage High Efficiency Boost-Buck Converter Based PV

INVEITRE cuueeernirinieintniieeisnecsnenssnenssneessanesssnsssssessssnssssesssssessanssssasssssssssassssanssssassssnssssasssns 12
2.1 Single Stage PV INVETter........ccveiuiiriieiiieiieiieieeiteieeieee e 13
2.1.1 State-of-the-art Single Stage PV Inverters...........cocceeveeveenieniennenne. 13
2.1.2 Energy Storage in Single Stage PV Inverters ........ccccoeceevvevieneennn. 16
2.1.3 MPPT EffiCIENCY .oouviieiiieiieeeeeeteeeee e 23
2.2 Proposed Boost-Buck Converter Based PV Inverter............c.cceu...e.. 28
2.2.1 Boost-Buck Converter Based PV Inverter Topology .........cccccue.... 28
2.2.2 Operation PrinCiple .........oooieeiiieciiiciieceeceecee e 29
223 Passive Components Design .........ccecuevieriiiienieiienieeieeeeeie e, 32
2.2.4 Boundary Mode ANalysis ......c..cecveeriierieeniienieeeciee e esiee e 36
2.2.5 Leakage Current ANalysiS.......ccceecvverieeiiieniiieniieeiie e esiee e 39
2.3 SUMMATY ..ttt ettt et e st e e 42

Chapter 3 : Modeling and Control of Boost-Buck Converter Based PV Inverter.... 44
3.1 Modeling of Boost-Buck Converter Based PV Inverter....................... 44

3.1.1 Boost Mode Modeling ........ccccevierieniienienienierieseeee e 45

vii



3.1.2 Buck Mode Modeling ..........ccceeeevieriienienienienieseeseesee e 54

3.2 Control of Boost-Buck Converter Based PV Inverter ............cccceeneen. 63

33 Proposed Partial - Interleaved PV Inverter...........ccccceeveevieecieecieennen. 66

3.3.1 Control of the Proposed Interleaved PV Inverter ..........c.cccccceeeennee. 69

332 Maximum Power Point Tracking (MPPT)........cccooeiviiiniiiiiees 74

34 Simulation ReSUlts ........cceovieiiiiiiiiiiieeeeeeeeees 79

3.5 Experimental RESUILS ........c.cccviviiiiieiieieeieceeeee e 81

3.6 SUMIMATY ..ttt et e e e 87
Chapter 4 : Advanced Double-Carrier based SPWM Control............ccoveeccueecsuencnnne 89
4.1 Double-Carrier with Different Frequencies...........cccceevvevevieecirenneeennnn. 89

4.2 Double-Carrier with Different Magnitudes ...........cccceeveenienieneennennen. 94

4.3 Double-Carrier with Different Frequencies and Magnitudes ............. 102

4.4 SUMMATY ..ot eete e et e e e e eneeeeas 107
Chapter 5 : Proposed Other Dual - Mode Double - Carrier PV Inverters.............. 108
5.1 Boost Cascaded with Full Bridge Inverter............ccecevvveviieeneeieennns 108

52 Boost Cascaded with HS INVerter ..........cccooevieveneniienicniniecncnee, 114

53 Boost Cascaded with Dual Buck Inverter...........cccceeeeevieneeneenieennnnns 117

54 Comparisons of the Proposed Inverters .........c..ccecevveviiniienieneennenne. 121

54.1 Efficiency CompariSON ..........cceeveeriierienienieniesiesie e 121

542 Leakage Current COmMpPAariSON .........ccveerveerveerieenieeeveeeieesnneeenenens 124

5.5 SUMMATY ..ttt ettt esteeeneeas 131
Chapter 6 : Conclusions and Future WorKS ....c.c.ccccecveeicscsenicsssnnicssssnicsssssessssssesssssses 132
6.1 SUMMATY ..ttt et e e e saeesaeeas 132



6.2

Bibliography

1X



List of Figures

Figure 1.1 Global energy use by source in the 21% century [1]. .....cocovevvveveverereeereieeenenne. 1
Figure 1.2 Renewable energy based distributed generation system. ..........cccceceeverueenennenn 2
Figure 1.3 Basic PV cell Model ........ccooiiiiiiiiiiiee et 3

Figure 1.4 Photovoltaic module’s current and power characteristics under different

irradiation and temperature CONAItIONS. .........eecveerieeriieriiieeieeeie e e eieeeiee e ens 4
Figure 1.5 Conventional two-stage PV.......ccoooiiiiiiiiieeee e 8
Figure 2.1 Enphase mMiCTO—INVEITeT ........coueruiriiniiriiiieierieeiietese et 13
Figure 2.2 SMA H5™ INVEIter [38]. ...ovovuveeeeeeeeeeeeeeeeeseeeeeeeeeeees s 14
Figure 2.3 Highly efficient and reliable concept (HERIC) inverter. .......c..cccecevereennnne. 15
Figure 2.4 Input power and output power for a single phase PV inverter........................ 16
Figure 2.5 Single Stage INVETTET. ....cccueeriiiriieeiieeiie ettt eetee e e s 16
Figure 2.6 The DC-link capacitors in the commercial product (4507, 7*470uF)............ 18
Figure 2.7 Lifetime multipliers of Nippon Chemi-Con and Nichicon............c.cccecvenennee. 20

Figure 2.8 Lifetime multipliers of CDE vs. ambient temperature and ripple current ratio

................................................................................................................................... 22
Figure 2.9 Different C;,’s impact on: () Viy 5 (b) Lin 5 (€) Pineveeeeveeeeeeeieeeieeeieeeieeeee e 25
Figure 2.10 Experimental Vs. analytical results with C;, = 9 mF: (a) experimental; (b)

ANALYTICAL ..ot ettt ettt e teebeeneenreen 25

Figure 2.11 Experimental Vs. analytical results with C;, = 3.6 mF" (a) experimental; (b)

DA Eo 1o | PR SRRSUSR 26



Figure 2.12 MPPT efficiency Vs. Ci, under different power condition: (a)Pypp = 115W;

(D) Pupp = I70W e ettt 27
Figure 2.13 Boost-buck based PV INVETLET. ........cccceviiriiniienieierieeecesee e 29
Figure 2.14 BOOSt MOME. .....eooiuiieiiieiiiecie ettt ettt et et e e aeesaaeessbeesnneeeens 30
Figure 2.15 BUCK MOAE@........oooiiiiiiieiieeieee ettt e 31
Figure 2.16 Operation MOAE. ..........coceeeiuieeiieeieerieesie et eiee et steeeteeeaeeetaeesneeeaeeenees 32
Figure 2.17 Capacitor CL’S VOITAZE. ......eeueeiieiieiieieeieeie ettt seees 32

Figure 2.18 Pulsating power on input, output and C;: (a) C, = 200 uF; (b) C, =2 uF. .. 34
Figure 2.19 Boundary power condition for input current with different input voltage. ... 38

Figure 2.20 Boundary power condition for output current with different input voltage. . 38

Figure 2.21 Leakage current in a PV transformerless trid-tied inverter system. .............. 39
Figure 2.22 Boost-buck based PV INVEIter. .......cccccvveviiiiiiiiieeiiececeeeee e 40
Figure 2.23 Leakage current with Cpy =200 1F. ....c..ccceevierieiieieeereeseeeee e 41
Figure 3.1 Quasi Steady State CONCEPL.......evvirierierieeieeieeie ettt 45
Figure 3.2 Model 0f boOSt MOAE. ........ccccuiieiiiiiieciie et 46
Figure 3.3 Simplified model of boost mode. ...........cocuveviieiiieniiicieee e 46
Figure 3.4 Boost mode simulation model in SIMPLis.......c.coeeveeriiieniiieiiieeiecieeeeeee 49
Figure 3.5 Comparison between mathematic model and Simplis simulation model........ 50
Figure 3.6 Model of buck mode..........ocoeiiiiiiniiniiiieee e 54
Figure 3.7 Model of buck mode.........coooeviiiiiiiiniiieeeeee e 54
Figure 3.8 Simplified model of buck mode. ..........coceviiniiiiiiiie e, 55
Figure 3.9 Buck mode simulation Model in SImplis. ........cccccveviieniiieniiieniecieeeeeeee e 57
Figure 3.10 Comparison between mathematic model and Simplis simulation model...... 58

xi



Figure 3.11 Root locus of different D (77=340) c..ooouveriieiieieeeeeeeeeeeeeee e 61

Figure 3.12 Bode plot of different D (V;,=340) c..c.oovieieveeieiiieieeeeeeeeeee e 61
Figure 3.13 Loop gain of boost mode at different operating point. .........ccccceveveevenenne. 64
Figure 3.14 Analog control for Smooth...........ccceeviiiiiiiniiiiiecce e 65
Figure 3.15 Digital control for Smooth. ...........ccceeviviiiiiiiiieee e 66
Figure 3.16 Boost inductance L;’s impact on boost mode bode plot Gig poost. «--vevvevvennee. 67
Figure 3.17 Buck inductance L,’s impact on boost mode bode plot Gig poost. +evvevvevvevene. 68
Figure 3.18 Circuit diagram of proposed PV inverter. ........c..ccceveveriiencniniencnecicene. 69
Figure 3.19 Analog control for smooth transition between modes..........c..cocceceeveerennnenne. 70
Figure 3.20 Digital control for smooth transition between modes. ..........cccceevverveennennee. 71
Figure 3.21 Analog control circuit in PSIM. ......cccccooiiiiiiiiiiece e 72
Figure 3.22 Digital control circuit in PSIM. .......cccccoiiiiiiiiiiieeeeeeece e 72
Figure 3.23 Simulation results with analog control. .............ccoecevviieviiciieniee e, 73
Figure 3.24 Simulation results with digital control. ........c..ccccoceriiiinininiinniceeee, 74
Figure 3.25 P&O MPPT algorithim. ........cooueiiiiiiiiiiiiieeeee e 76
Figure 3.26 P&O MPPT algorithm. ......cccooiiiiiiieiiiciieeieeeeeeee e 77

Figure 3.27 Simulation results with MPPT algorithm in PSIM: (a) Vipp=300 V; (b)

VMPPTAOO V.ot t et 79
Figure 3.28 Simulation results with small input voltage. .......c..cccccoevieiinininicninceenne. 80
Figure 3.29 Simulation results with large input voltage. ...........ccoceevierienieenienienieneeee, 81
Figure 3.30 Test-bed hardware prototype. ......ccceeeveeriieriiieeiee et 82
Figure 3.31 Experiment results of PWM signals. .........ccoceeviiieniiiiniiieniieieceeeeeee e 83
Figure 3.32 Experimental results with small input voltage. ..........cccoeoeeeiiircieniieeeeee 84

Xii



Figure 3.33 Experimental results with middle input voltage.........c..ccceveneriinincnicnnenne. 84
Figure 3.34 Experimental results with large input voltage. ..........cccocevveevierienniieeeeenee, 85
Figure 3.35 Efficiency curves of different input voltage under different load condition. 86

Figure 3.36 Efficiency comparisons of the proposed inverter and the traditional inverter

under different input and load coNdition. ..........cceeevieerieeniierieeeeee e 87
Figure 4.1 Double-carrier with different frequencies in analog control. .......................... 90
Figure 4.2 Double-carrier with different frequencies in digital control............................ 90
Figure 4.3 Digital control diagram for double-carrier with different frequencies............ 91
Figure 4.4 Analog control for smooth transition between modes.........c..coceecvevvenereennenne. 92
Figure 4.5 Digital control for smooth transition between modes. ...........ccceeecvveeveennnnnnee. 92

Figure 4.6 Simulation results of double-carrier with different frequencies: (a) analog

control; (b) digital CONLIOL. ........eeevueieiiieiieeee e 94
Figure 4.7 Double-carrier with different magnitudes. .........c.ccoceveeiienininicnnienenceenee, 94
Figure 4.8 Control diagram of 100p ZaiN. ......ccoiririiiiniiiiienececeeeeeeeeee 96

Figure 4.9 Loop gain of buck mode with the same carrier magnitude as boost mode. .... 97

Figure 4.10 Loop gain of buck mode with five times smaller carrier magnitude than boost

TNOAE. ..ttt ettt et et et ettt et e b e b b e bt see e e 97
Figure 4.11 Double-carrier with different magnitudes in digital control.......................... 98
Figure 4.12 Digital control diagram for double-carrier with different magnitudes. ......... 99
Figure 4.13 Analog control for smooth transition between modes.............cccceveevverennnene 100
Figure 4.14 Digital control diagram for double-carrier with different magnitudes......... 100

Figure 4.15 Simulation results of double-carrier with different magnitudes: (a) analog

control; (b) digital CONLIOL. .........eeiuiieiiieiieeeeee e 102

Xiii



Figure 4.16 Double-carrier with different frequencies and magnitudes. .............c.......... 103

Figure 4.17 Double-carrier with different frequencies and magnitudes in digital control.

Figure 4.18 Digital control diagram for double-carrier with different frequencies and

MAGNIEUACS. .eevevieeiiieeiieeiie et ete ettt ee et e et ee et e e st e esee e saeessseesaseessseeanseesnseesnseennns 104
Figure 4.19 Analog control for smooth transition between modes............cccccveevveennnenns 105
Figure 4.20 Digital control diagram for double-carrier with different magnitudes. ....... 105

Figure 4.21 Simulation results of double-carrier different frequencies and magnitudes: (a)

analogy control; (b) digital control. ..........ccceceiiiieiiiiiiiiiiee e 107
Figure 5.1 Boost-full bridge (FB) INVeIter..........cccoviiiiieiieecie e 109
Figure 5.2 PWM generation of boost-full bridge (FB) inverter...........c.ccoceeviveeeiiennnnnns 110
Figure 5.3 Simulation results of boost with full bridge. .........ccccveeviieriieniiiiees 113
Figure 5.4 BOOSt-HS INVETTET. .....ccviiiieieeieciecie e 114
Figure 5.5 PWM generation of boost-HS INVEIter. .........cccueeviiriiieiiiiiiieiieieeieeeeieeiane 115
Figure 5.6 Simulation results of boost with HS. ..., 117
Figure 5.7 Boost-dual buck (DB) INVEITET. ......c.ceecuiiiiieeiieeie et 118
Figure 5.8 PWM generation of boost-dual buck (DB) inverter. ..........cccoeeveeevveeerieennnnns 119
Figure 5.9 Simulation results of boost with dual buck. ..........c.ccccvveveiiriiiniiiiiiiieciees 120
Figure 5.10 Loss distribution in three inverters when Vi, = 400 V......ccccocvvveveevvcueennns 122
Figure 5.11 Loss distribution in three inverters when Vi, =200 V.......ccccceoevviiinnnnnes 123

Figure 5.12 CEC efficiency of four inverters under different input voltage condition .. 124
Figure 5.13 Common mode voltage V., of boost-buck: (a) V> Vgriapk; (b) Vie<Veriapr. 126

Figure 5.14 Common mode voltage V., of boost-FB: (a) Vi,>Vriapi; (b) Vie<Vagriapk. ... 127

X1V



Figure 5.15 Common mode voltage V., of boost-H5: (a) Vix>Vriapi; (b) Vin<Vegriapk- ... 128

Figure 5.16 Common mode voltage V., of boost-DB: (a) Vis>Vrigpks (b) Vin<Vgridapk-... 130

XV



List of Tables

Table 1.1 Comparisons of different types of PV inverter/converter.............ccoceeveerueennenne. 6
Table 1.2 IEEE 1547 r€qUITCMENTS. .....cccvieriieiiieeieesiieeieeeiee e eiaeeseeeeseeeesseeesraesnseesnneas 7
Table 2.1 Passive COMPONENLS PATAIMELET. ......ccueerveerererrierrienrieneenaeneesereseesseesaessneseesnnes 36
Table 2.2 Leakage current and corresponding disconnection time [56] ..........cccccvenenne. 40
Table 3.1 Bode plot parameters derivation. .............cccueeeeuieerieeenieeeee e 66
Table 3.2 Scenarios of three most common MPPT methods..........cccccocvevviiiieniiniennnnnn. 75
Table 3.3 MPPT 10gIC table. ......cccvieiiiieiiieiie et 76
Table 3.4 Desi@n Parameters........c.ueevuveerueeerieerieenieesteesieeereeereeeseeeseeesseeessaeenseeenseeennns 82
Table 3.5 CompoNnent SEIECTION. ......cc.eeuieiieiieieeteeie ettt eseeeseee e seeesnaesaeeenees &3
Table 4.1 Bandwidth and gain COMPATISONS. .......c.eeruverierierierieeieeieseie e ere e eaeeeeenees 98
Table 5.1: Parameters of all the INVEITErs .........ccecveeiieiiieriieieeiieieecee e 121
Table 5.2: Comparisons of leakage current in different proposed inverters................... 130

Xvi



Chapter 1.

Introduction

1.1 Background

With the worsening of the world’s energy shortage and environmental pollution
problems, protecting the energy and the environment becomes the major problems for
human beings. Thus the development and application of clean renewable energy, such as
solar, wind, fuel cell, tides and geothermal heat etc., are getting more and more attention.
Among them, solar power will be dominant because of its availability and reliability. As
predicted by [1], the solar will provide the electricity up to 64% of the total energy by the

end of this century as shown in Figure 1.1.
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Figure 1.1 Global energy use by source in the 21* century [1].



Photovoltaic (PV) power generation has become one of the main ways to use
solar energy. And the renewable energy source based distributed generation (DG) system
are normally interfaced to the grid through power electronic converters or inverters [2] as
shown in Figure 1.2. Thus developing a photovoltaic grid-connected inverter system is

important for the mitigation of energy and environmental issues.

Power electronics
converter / inverter LV MV

we IS

Figure 1.2 Renewable energy based distributed generation system.

Fuel
Cell

\ 4

1.2 Photovoltaic

Photovoltaic (PV) is a method of generating electrical power by converting solar
radiation into direct current electricity using semiconductors that exhibit the photovoltaic

effect. The basic PV cell model is presented in Figure 1.3 [3].



Figure 1.3 Basic PV cell model

Then the equations (1.1) through (1.3) could be obtained.

ID :]sc_] (11)
v
Iy=1-|e" ~1 (12)
14
]D :Isc _Is ) e”'VT _1 (13)

Where [ is the photo current; /; is diode reverse saturation current; n is diode
ideality factor normally between 1 and 5; V7 = k'T/q is temperature voltage, which is 25.7
mV at 25 C; k is Boltzmann constant, which is 7.38'10% J/K; T is temperature in K and ¢

is electron charge which is 1.6:10"° C.

Based on its model, Figure 1.4 could be obtained to represent the typical 72-cell
PV module’s current and power characteristics under different irradiations and different

temperatures.
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Figure 1.4 Photovoltaic module’s current and power characteristics under different

irradiation and temperature conditions.

It can be observed that the PV module’s short circuit current highly depends on
the radiation. High radiation leads to large short circuit current. And the temperature
impacts more on the open circuit voltage. High temperature leads to small open circuit

voltage.

Because of its /-V and P-V characteristics, maximum power point tracking (MPPT)

is required to extract the maximum energy that the PV module can produce.



1.3 Inverters for Photovoltaic Applications

Because photovoltaic devices generate direct current electricity with its unique /-
V' characteristics, power electronics are required to help convert its maximum power for
different applications. The typical applications include PV power plants, residential PV,
building integrated PV (BIPV) and PV lighting. For PV power plants, one or several
centralized inverter uptol MW is required to convert the DC power to AC power. For
residential PV, a string type inverter between 1 kW and 10 kW or many micro-inverters
are required to converter the power. The residential PV application utilizes either a stand-
alone system or a grid-tied system. Stand-along system is always used for some remote
area. In this system, the outputs of power converters or inverters connect to the local load
instead of connecting to the grid. Batteries are required to store the energy for night
consumption [4]. In grid-tied system, the outputs of power converters or inverters connect
to the grid directly. BIPV means that PV materials are used to replace conventional
building materials in parts of the building envelope such as the roof, skylight, or facades
[5]. In this application, a converter is required for each panel for energy conversion [6].
And in lighting application, a converter is normally required for each panel to charge a
battery for powering lamps at night [7]. Table 1.1 lists different types of PV inverters or

converters.



Table 1.1 Comparisons of different types of PV inverter/converter.

Type Central String Module

DO/AC DC/AC DOAC

I Opolo gy (C/De) (/DO (/e
DOAC DCAC HI | e /AC
(DCDe) (/DO (DCDO)
DOAC DCAC DCAC
(DCDC) /DOy (OC/DC)

DC/AC DC/AC DC/AC DC/AC
(DC/DC) (DC/DC) | | (DE/DC) | | (DC/DC)

DC bus High voltage, High voltage, low | Low voltage, low current
high current current
Features Higher power losses, | Separate MPPT for | Higher installation cost,
mismatch losses, each string, no mismatch losses,
inflexible design, higher overall individual MPPT,
high current efficiency than flexible design for
harmonics, central inverter expansion,
lower power quality lower efficiency

Among these, PV power supplied to the utility grid is gaining more and more
attention [8]-[13]. As a PV grid-tied inverter, it also needs to meet the requirement from
the utility side. The standard IEEE 1547 [14] deals with issues as power quality, detection
of islanding operation, DC current injection etc. Table 1.2 lists the requirements of IEEE

1547 standard.




Table 1.2 IEEE 1547 requirements.

Nominal power 30 kW

Harmonic currents (2-10) 4.0%
(11-16) 2.0%
(17-22) 1.5%

(23-34) 0.6%

(>35)0.3%
THD 5%
DC current injection < 0.5% of rated output current
Abnormal voltage V <50% orV>137% 6 cycles
disconnection 50%< V < 88% or 110%< V < 137% 120 cycles
Abnormal frequency f<rated — 0.7 Hz 6 cycles

disconnection f>rated + 0.5 Hz 6 cycles

Numerous inverter circuits and control schemes can be used for PV power
conditioning system (PCS). For residential PV power generation systems, single-phase
utility interactive inverters are of particular interest [15]-[19]. This type of application
normally requires a power level lower than 5 kW [16][20] and a high input voltage stack
that provides a dc voltage around 400 V. However, depending on the characteristics of
PV panels, the total output voltage from the PV panels varies a lot due to different
temperature, irradiation conditions and the shading & clouding effects. Thus, the input
voltage of a residential PV inverter can vary in a wide range, for example from 200 V to

500 V, which appears to be highly mismatched with the desirable 400-V level. Therefore,



a dc-dc converter with either step-up or step-down function or even both step-up and -
down functions is needed before the dc-ac inverter stage. Such a dc-dc converter in
conjunction with a dc-ac inverter arrangement has been widely used in the state-of-the-art

PV PCS.

| DC _l_ DC

PV Grid
| DC TCL[NK AC

Figure 1.5 Conventional two-stage PV.

Figure 1.5 shows the block diagram of the PV PCS, which has two-stage high-
frequency power conversion in cascaded configuration with dc link in the middle [21]-
[25]. In this structure, the dc bus voltage should be boosted from the PV array, and the
dc-ac stage can be a voltage source type high frequency inverter. Another option is to use
line commuted inverter along with an isolated dc-dc stage [26]-[29]. There are many non-
isolated single stage boost or buck-boost derived inverter topologies developed [30]-[33].
Their major drawbacks are limitation of input voltage range and/or requirement of two
input sources [34][35]. With recent change of electric code that allows ungrounded PV
panels, it is possible to replace the isolated dc-dc with non-isolated or transformerless dc-
dc [36]. Without transformer, the dc-dc stage will be more reliable and cost effective
[37]. This dissertation’s focus is to develop a high efficiency transformeless inverter with

both step-up and step-down functions.



1.4 Research Objectives and Outline

The research objectives are list as follows.

(1) Design an efficient residential power level PV inverter with wide input

voltage range.
(i1) Establish a power stage model.

(ii1))  Design and implement a unified digital controller for smooth transition

between modes.
(iv)  Design the same-concept-based advanced controllers.
v) Design the same-concept-based other efficient PV inverters.
The dissertation consists of six chapters, which are organized as follows.

Chapter 1 introduces the research background. The photovoltaic characteristic has
been described. Some standards required for the inverters designed for grid-tied

applications are introduced. At last, the research objectives are proposed.

In Chapter 2, the state-of-the-art single stage PV inverters are introduced. All of
them produce rectified sinusoidal current in the SPWM power processing stage, and have
additional switches for polarity selection. After that the energy storage used in this type
of inverter and its lifetime issue are analyzed. Along with it, the lifetime issue of the
electrolytic capacitors has been investigated. Because the capacitance also has an impact
on MPPT efficiency, their relationship is also analyzed. Then, a novel boost-buck
converter based single stage PV inverter has been presented. The first converter part

operates in either boost or buck mode, thus it has a wide input voltage range, which is



good for PV application. The second inverter part is composed with unfolding circuit
based on the direction of the grid. Thus from power processing point of view, this
inverter is a single stage inverter. Because it process power either as a buck converter or a

boost converter, high efficiency can be achieved.

In Chapter 3, averaged models for both modes have been established, which is the
foundation for the controller design and optimization. After analyzing its model, an
interleaved-boost-cascaded-with-buck (IBCB) converter is proposed to increase the
resonant pole frequency by the use of smaller boost inductor value. As a result, the
control loop bandwidth can be pushed further up to enhance the robustness of the
complete system and helps the system be controlled easier. The MPPT Perturb and
Observe (P&O) algorithm is introduced. In this inverter, MPPT gives an input voltage
reference, which is the reference for the outer control loop. And the proposed circuit
along with its controller has been designed, simulated, and tested with a hardware
prototype. Finally, the results indicate that the efficiency of the proposed solution is
around 2% higher than the conventional solution under the same condition and its tested
CEC efficiency is 97.4%.

In Chapter 4, based on the modulation method proposed in Chpater 3, three
advanced modulation methods are proposed. The first one - double-carrier with different
frequencies can help further improve the efficiency. The second one - double-carrier with
different magnitudes can help increase the bandwidth and gain. And the last one - double-

carrier with different frequencies and magnitudes takes the advantage of both.

Chapter 5 proposed another three dual-mode double-carrier based SPWM

inverters. With both step-up and step-down functions, this type of inverter can achieve

10



high efficiency in a wide range because only one switch operates at the PWM frequency
at a time. The efficiencies and the detailed loss distribution of these inverters with one of
the advanced modulation method are compared. Based on the comparison, boost mode
with H5 PV inverter gives highest CEC efficiency in most cases, because it has lowest

switching loss.

In Chapter 6, the conclusion is drawn and future works are summarized based

upon the implementation experience and experimental results.
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Chapter 2:
Proposed Single Stage High Efficiency

Boost-Buck Converter Based PV Inverter

In this chapter, the state-of-the-art single stage PV inverters are reviewed firstly.
For these single stage PV inverters, either a transformer is used for boosting the input
voltage or the input voltage will be required to be higher than the peak of the grid voltage,
which is not good for PV application because the PV panel’s characteristics changes all
the time. The energy storage needs to be at the front of a single stage inverter, and it is
usually implemented by electrolytic capacitors. The lifetime issue of an electrolytic
capacitor is introduced. And the conclusion can be drawn that although the electrolytic
capacitors have limited lifetime, it can still be used by applying smaller voltage and
current ripple to prolong its lifetime. Because the end of its life doesn’t mean it failed, the
electrolytic capacitor can work much longer than its estimated lifetime. As the
capacitance also has an impact on MPPT efficiency, the larger capacitance leads to higher

MPPT efficiency.

After that, a boost-buck converter based inverter is proposed. It operates in either
boost or buck mode; thus, it has a wide input voltage range and high efficiency can be
achieved. Then, the analysis of its middle capacitor and CCM/DCM operation condition
is presented. Since the common-mode voltage in this inverter is equal to the grid voltage,
it changes at line frequency. Thus, the leakage current of it is very small even at an

extreme case.
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2.1 Single Stage PV Inverter

2.1.1 State-of-the-art Single Stage PV Inverters
Here, single stage inverter is defined as an inverter with one stage of high
frequency power processing. That means it has only one high switching frequency stage.

Figure 2.1 through Figure 2.3 show the state-of-the-art single stage PV inverters.

0, 0y

Figure 2.1 Enphase micro—inverter

In Figure 2.1, the interleaved flyback converters serve as single-stage power
conversion. Sy and Sy, are auxiliary switches for active snubber. O, O, O3, and Q4 are

thyristors, which serve as polarity selection switches.

13
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Figure 2.2 SMA H5™ inverter [38].

In Figure 2.2, buck switch Ss produces rectified SPWM. IGBT’s §; and S, serve
as low frequency selection network. MOSFET S; operates in SPWM on negative cycle.
MOSFET S8, operates in SPWM on positive cycle. Use fast recovery diode for S; and S,
to reduce reverse recovery loss. Ss and S; or Sy share half the DC bus voltage, allowing
low-voltage switches to be used in high voltage input. Other than high efficiency, the
most advantage of this inverter is it has no leakage current, which is important for PV
application. The drawback of this inverter is that the input voltage of it should be higher

than the peak of the grid voltage, which limits the input voltage range for a PV inverter.
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Figure 2.3 Highly efficient and reliable concept (HERIC) inverter.

Similar as H5™s concept, the diagonal switches (S; — S,) and (S, — S3) pairs

switch alternatively during positive and negative line cycles. Auxiliary switches (S5 and

Ss) turn on during zero states or freewheeling period and turn off during powering states,

so only the auxiliary diodes need to be ultrafast reverse recovery, but the main diodes can

be slow one. It should have even higher efficiency than H5™ because of only two

switches in series during on time. And it doesn’t introduce leakage current either.

For these single stage PV inverters, either a transformer is used for boosting the

input voltage or the input voltage requires being higher than the peak of the grid voltage,

which is not good for PV application because the PV panel’s I-V characteristics changes

all the time.
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2.1.2 Energy Storage in Single Stage PV Inverters

2.1.2.1 Capacitance Calculation

Figure 2.4 illustrates the relationship between the input power and output power
for a single phase PV inverter. Because of the power difference, the single phase inverters
always need energy storage to balance the instantaneous energy between input and output.
Since single stage inverter only has one power processing stage, this energy storage need

to be placed in the front of the inverter as shown in Figure 2.5.

VARV,

Figure 2.4 Input power and output power for a single phase PV inverter.

— W AN

DC
DC AC

CLINK A C

Figure 2.5 Single stage inverter.

16



For a grid-tied PV inverter, it is required to have unity power factor by standards
[14] . In order to achieve unit power factor, the output current and voltage should have

the same phase. Thus, the output power can be expressed as in (2.1).

PPV

pout (t) = \/El/grid ' Sin(a)grid ' t) ' \/5 Sin(wgrid ' t) (2 1)

grid

Where P, (?) is the instantaneous power; Ppy is the dc power from the input PV
panels; Vg is the grid’s rms voltage. Thus, the output power could be simplified as in

2.2).

Lo () =2F,, -sin’ (@yiq 1) = Ppy = Py -c08(200,,; - 1) (2.2)

Then the energy stored at the capacitor can be calculated as below:

1 1
J‘[puut(t)_PPV].dt:Ec.uémax _Ec.ug‘min (23)

Thus, the capacitance can be obtained as below:

P
C=——"r (2.4)

Wgpiq U~ Al

Take the commercial Sunnyboy 8000TL-US grid-tied PV inverter for example.
For this inverter, Ppy=8000W, wgiq=60Hz, Uc=300V and AUc=15V. The required

capacitance can be calculated as shown in (2.5).

C= By = 8000 ~ 4500uF (2.5)
Opiqg " Ue-Due  27-60-300-15

17



Figure 2.6 shows the capacitors used for the Sunnyboy 8000TL-US PV inverter.
Eighteen /000uF capacitors with 300 V are used. 2 of them are connected in series for

higher voltage stress and 9 of series are connected in parallel for higher capacitance.

Figure 2.6 The DC-link capacitors in the commercial product (300V, 18%1000uF).

2.1.2.2 Lifetime of Electrolytic Capacitor

Because the capacitor in this case requires large capacitance, electrolytic
capacitors have been mostly chosen to decouple the power pulsation caused by single-
phase power generation. The lifetime of an electrolytic capacitor is not long because the

electrolytes in it evaporate. Thus, the lifetime of the inverter is shortened as well.

In order to analyze the electrolytic capacitor’s lifetime, literature from many
manufacturers [39]-[42] have been surveyed. It is found that different manufacturers
estimate lifetimes for their products in different ways. However, the lifetime of
electrolytic capacitors offered by every manufacturer has a strong relationship with the

ambient temperature. The lifetime of the electrolytic capacitors from most manufacturers

18



does not change if smaller voltage is applied to them. Although the ripple current is the
main reason of increasing core temperature, which decreases the lifetime, the maximum
improvement we can make to the lifetime of the capacitors is to double the original
lifetime by applying a smaller ripple current on the caps. The lifetime equations derived
from the equations given by Nippon Chemi-Con and Nichicon are actually the same and

can be arranged in (2.6).

L=L, 2 21[jj 2.6)

where L, is the lifetime to be estimated and L, is the base lifetime given in the datasheet.
T, is the actual ambient temperature in “C of the capacitor under which the base lifetime
is tested, and T is the actual ambient temperature in ‘C. I, is the specified maximum
allowable ripple current (Arms) at an applied 7,, and [, is the applied ripple current

through the capacitor.
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Figure 2.7 Lifetime multipliers of Nippon Chemi-Con and Nichicon

vs. ambient temperature and ripple current ratio

The longest lifetime of capacitors in these two manufactures is 20,000 hours at
85°C. The DOE’s target of a twenty-year lifetime (by 2015) [43] can be calculated in
hours by estimating that one PV inverter works 11 hours (7:00am-6:00pm) per day, then
calculating that twenty years = 11x365%x20 = 80300 hours. From Figure 2.7, it is known
that it is needed to increase the current maximum lifetime of 20,000 hours fourfold in
order to reach this long lifetime. Because reducing the ripple current can only extended
the lifetime by two times at most, another factor, ambient temperature is important to
keep further prolonging the capacitor lifetime. A very simple way to change the ambient

temperature is by using a fan; however, a fan also has a limited lifetime, and the fan

20



creates noise (sound and electrical). Thus, the power electronics industry always tries to

avoid using a fan for cooling.

It is found that Cornell Dubilier Electronics (CDE) has a specific equation of

capacitor lifetime that includes a factor of the applied voltage.

T =T,
L =L,2" -(4.3—3.3%) 2.7)

r

where L, is estimated lifetime and L, is the base lifetime given in the datasheet. 7, is the
maximum permitted internal operating temperature in °C, and is the temperature at which
the base lifetime is tested; and 7}, is the actual capacitor internal operating temperature in
°C. V, is the rated voltage and V, is the applied voltage across the capacitor. The longest
lifetime we can find for a CDE product is 10,000 hours at 105°C. Here we should pay
attention to the fact that 105°C is the internal temperature and not the ambient
temperature. If unlimited capacitors are used in series, the maximum multiplier of the
lifetime can reach 4.3; even so, the maximum lifetime is only 43,000 hours, which is only
slightly more than half of our target 80,300 hours (shown in Figure 2.8). In addition, with
capacitors in series, additional capacitors will be used in parallel to obtain the same
capacitance. This would lead to a great cost and requires more space. Thus, lowering the
temperature is also the most important factor to improve the lifetime of CDE products;
however, this raises the same issues as we have discussed for Nippon Chemi-Con and

Nichicon products.
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Figure 2.8 Lifetime multipliers of CDE vs. ambient temperature and ripple current ratio

Moreover, the end of life of the capacitor doesn’t mean all the electrolytes in it
evaporate. It is defined when one or more of the capacitor parameters have changed by a

given amount, e.g. [44]:
— AC=15% for V., <=160 VDC.
— 4AC=10% for V,>160 VDC.
— ESR >=2 times the initial value.
— DF (tano) >= 1.3 times the rated value.

— [; >= the rated value.
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Where AC is the change in capacitance; V, is the rated voltage; ESR refers to

equivalent series resistance; DF is dissipation factor and 7}, is the leakage current.

When the electrolytic capacitor reaches its lifetime, it only means the parameters
with it have been changed but not mean it is not working at all. Normally, many
manufactures define that if the capacitor reaches its end of life when its capacitance is
smaller than 80% of its initial value. Thus, the electrolytic capacitor can work much
longer than its lifetime. Therefore it is possible to reach our target of 80,300 hours by

using electrolytic capacitors.

Many researches are conducted on long lifetime PV inverter [45]-[49]. The
principle of them is adding an auxiliary circuit for decoupling the energy and make use of

film capacitor or other type of capacitor with smaller capacitance and longer lifetime.

2.1.3 MPPT Efficiency

For the single stage PV inverter, the energy storage capacitors are required to
keep the voltage out from the PV panels with small fluctuation in order to get maximum
output power from the PV panels. Because of the voltage fluctuation, the power obtained

from PV panel is also fluctuated. The MPPT efficiency can be defined as (2.8) [50].

[ B.()ar

T (2.8)

yper = P
MPP

The relationship between PV panels’ current and voltage could be expressed as

(1.3).
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v, =U0,,, —Au-cos2wr) (2.9)

P

Auy=——"-—
2w-U,,-C,

(2.10)

Based on (2.8) through (2.10), take a single stage micro-inverter for example, the

pulsating power with different input capacitor could be illustrated in Figure 2.9.
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(©)

Figure 2.9 Different C;,’s impact on: (a) Vi, ; (b) iy ; (¢) Pin.

It could be observed that the smaller input capacitance introduce more pulsating
input voltage, input current and input power. Figure 2.10 and Figure 2.11 show the
experimental results obtained from a commercial micro-inverter product and the
analytical results with different energy storage capacitance. The analytical results match

with experimental results very well.
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(b)

Figure 2.10 Experimental Vs. analytical results with Ci, = 9 mF: (a) experimental; (b) analytical.
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Figure 2.11 Experimental Vs. analytical results with C;, = 3.6 mF: (a) experimental; (b) analytical.

Because different input energy storage capacitances introduce different input
pulsating power, the MPPT efficiency changes with the input capacitances. For this

micro-inverter, their relationship is shown in Figure 2.12.
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Figure 2.12 MPPT efficiency Vs. C;, under different power condition: (a)Pypp = 115W; (b) Pypp =
176W;.



From the figure, it is known that less input capacitance leads to smaller MPPT
efficiency and the MPPT efficiency drops more in strong irradiation case because the
current is more pulsating. Different PV panel will have different MPPT efficiency curve

based on its different [-V characteristics.

As time goes on, the capacitance of electrolytic capacitor will be reduced. If the
capacitance is reduced a lot, the input power will be more pulsating, which reduces the

MPPT efficiency and the whole system’s efficiency will be lower as well.

2.2 Proposed Boost-Buck Converter Based PV Inverter

2.2.1 Boost-Buck Converter Based PV Inverter Topology

A boost-buck type dc-dc converter is proposed as the first stage with regulated
output inductor current, and a full-bridge unfolding circuit with 50- or 60-Hz line
frequency is applied to the dc-ac stage, which will unfold the rectified sinusoid current
regulated by the dc-ac stage into a pure sinusoidal current, as shown in Figure 2.13. Since
the circuit runs either in boost or buck mode, its first stage can be very efficient if the low
conduction voltage drop power MOSFET and ultra-fast reverse recovery diode are used.
For the second stage, because the unfolding circuit only operates at the line frequency
and switches at zero voltage and current, the switching loss can be omitted. The only loss
is due to the conduction voltage drop, which can be minimized with the use of low on-
drop power devices, such as thyristor or slow-speed IGBT. In this version, IGBT is used

in the unfolding circuit because it can be easily turned on and off with gating control.

28



Since only the boost dc-dc converter or buck dc-dc converter operates with high
frequency switching all the time in the proposed system, the efficiency is improved [51].
And because there is only one high frequency power processing stage in this complete
PCS, the reliability can be greatly enhanced [52]. Other than these, the analysis of middle

capacitor and CCM/DCM operation condition is also presented.
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Figure 2.13 Boost-buck based PV inverter.

2.2.2 Operation Principle

A. Boost Mode
When the PV panel’s voltage is lower than the instantaneous grid voltage, it will
operate in boost mode, in which, Sy Will be switched on and off and Sy, will be

always on, and the buck part of the circuit will act as an output filter as shown in Figure

2.14.
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Figure 2.14 Boost mode.

In this mode, the duty cycle of Sye0s: can be found as

_1_Va 2.11)

Where 200 <V, <340and ¥, =340sin ot , then it is easy to get

OSDboostgl_;io (212)

B. Buck Mode

When the PV panel’s voltage is higher than the instantaneous grid voltage, it will
operate in buck mode, in which, Sy, will be switched on and off and S5 Will be always

off, and the boost part of the circuit will act as an input filter as shown in Figure 2.15.
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Figure 2.15 Buck mode.

In this mode, the duty cycle of Sy, can be found as

Dy, = g (2.13)
Where 200 <V, <500 and ¥, =340sin ot , then it is easy to get
If 340<V, <500, then
0<p, <20 (2.14)
Vi
If 200<V, <340, then
0<D, <1 (2.15)

Thus, if the PV panel’s voltage is lower than the grid’s peak voltage, the PV inverter
will switch between buck mode and boost mode depending on the instantaneous grid
voltage as shown in Figure 2.16. However, if the PV panel’s voltage is higher than the
grid’s peak voltage, it will always run at buck mode. Instead of a dc bus in the middle,
the voltage across the capacitor C; in boost/buck PV inverter varies with the grid, if PV
panel’s voltage is lower than the grid’s peak voltage as shown in Figure 2.17. However, if
PV panel’s voltage is higher than grid’s peak voltage, C;’s voltage will be the same as

PV panel’s voltage.
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Figure 2.16 Operation mode.

Figure 2.17 Capacitor C,’s voltage.

2.2.3 Passive Components Design

2.2.3.1 Capacitor Design

C, =

2500

By —
®y Ue A 27-60-200-16

~2000ul’

Based on the energy storage the input capacitance could be calculated as (2.16).

(2.16)
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The middle capacitor C; impacts Q factor and double-pole frequency. Large C;
leads to small Q but low frequency double-pole, which is analyzed in 3.2. And also from
the power decoupling point of view, as shown in Figure 2.18, large C; also leads to large
pulsating input power that means large C;, is needed to decouple the power, which is not

expected. In our case, 2 uF is chosen for C;.

p,()=v, ()i, ()=V,sinot -1, sinwt=V, I, 1=cos20t (2.17)

d[VO /1—0082601]
2

l1—cos2wt .
P(f)=CLM~v(t)= G 7 'Voﬁ if Vi <v,(2) (2.18)
‘ dt ¢
CLdZ%'VPVzo if Vi >v, (1)

dlv /l—cos2a)t
2 - [1-cos 2wt 1—cos 2wt
? 2

_ : (2.19
()= p.0)+ p, () =1 7 V0, 2 i, <) (219
Vo'll,zl_L;zwt i Ve >v,(0)
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Figure 2.18 Pulsating power on input, output and C, : (a) C_ = 200 uF; (b) C, =2 uF.
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2.2.3.2 Inductor Design
During the buck mode, the input current can be treated as the input filter’s
inductor’s current, whose ripple is much reduced from the filtering effect. Thus the input

inductor is designed based on the current ripple in boost mode.

)
pi=y ATy L v@) :T(I_VMJVW (2.20)
L L L v, (1)
Because v, (¢) <340V
_ 2
A,-IZT[I_%%:T.W« (2.21)
L 340 L 340
And because V,, > 200V
A =824. L (2.22)
Ll
Thus,
1
L =82.4-L=82.4-m ~200uH (2.23)
i 50%x17

Similarly, during the boost mode, the output current can be treated as the output
filter’s inductor’s current, whose ripple is also much mitigated. Thus, the output inductor
is also designed based on the current ripple in buck mode.

-0y

: AT v, T v, ()
Aiy, =V, ——=v () ———"—=—(1--22), (1) (2.24)
R A L, L, v

in

Because V,, <500V
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_ 2
Ai 21(1— v, (t))vo(t) _T v, (t)+500v, (1) (2.25)
L 500 L, 500
Thus,
A, =125.L (2.26)
L2
Thus,
1
L =125'L=125~mz400u1’[ (2.27)
i 14.7x0.4

Table 2.1 lists the summary of every passive components parameter.

Table 2.1 Passive components parameter.

L 200 uH
L, 400 uH
Csp 2 mF
CL 2 uF

2.2.4 Boundary Mode Analysis

As mentioned before, during the buck mode, the input current can be treated as
the input filter’s inductor’s current, whose ripple is much reduced from the filtering effect.
Similarly, during the boost mode, the output current can be treated as the output filter’s
inductor’s current, whose ripple is also much mitigated. Due to this dual filter effect, the

DCM mode operation is very rare in the proposed circuit.
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In fact, the circuit is always running in continuous current mode (CCM) for input
current in buck mode and output current in boost mode. That also indicates that
discontinuous current mode (DCM) or boundary mode can happen only in output current
in buck mode and input current in boost mode. Then it can be analyzed as a normal buck
and boost converter. The boundary condition can be derived based on the input current

ripple for boost mode and output current ripple for buck mode as below:

1 Via
1 AT 1 7'(1_7) 1V, V-1
Al == —.F=—.28% o . —__._8 o _in (2.28)
2 2 L, 20 v,
1 v
AT 7'(1_1;) L Vv
AIDzi V: SW in Vg — . in o o (2_29)
L L, 20 V.,

Based on the equations above, it is easy to derive that the maximum ripple of

input current happens when ¥, =200V and ¥V, =340V, then Al, =4.12 4. And the

in_max

maximum ripple of output current happens when ¥V, =500V and V, =250V, then
Al =6.25 4. Thus, the boundary power for different input voltage can be obtained

0_max

shown in Figure 2.19 and Figure 2.20.
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Prin pc(Vin)

Figure 2.19 Boundary power condition for input current with different input voltage.

1
0%00 400 500

'JS.I

Vin

Figure 2.20 Boundary power condition for output current with different input voltage.

It is obviously noticed from Figure 2.19 and Figure 2.20 that the input current will
go to DCM at very light power condition, which is even lower than 10% of the rated

power. And the output current will go to DCM at light power condition as well, which is
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lower than 20% of the rated power at most of the input voltage. If DCM is not desired,

burst mode can be implemented at light power condition [53].

2.2.5 Leakage Current Analysis

[53] has reported that the capacitance between the point of contact and a single
PV module has been calculated to range between 100 — 400 pF. The capacitance depends
on weather conditions, and in the worst case as rainy days, the capacitance can be as high
as 80 nF/kW [55]. Because of there is no isolation between the input and output without a
transformer, the transformerless inverter needs to consider the leakage current issue as
shown in Figure 2.21. The maximum current which can flow through the human body is
0.2 mA. And the German standard [56] lists the disconnection time for different levels of

leakage currents as shown in Table 2.2.

DC
- EMI
AC
-|- Cry
=

Grid

-

Leakage current

Ground

Figure 2.21 Leakage current in a PV transformerless trid-tied inverter system.

39



Table 2.2 Leakage current and corresponding disconnection time [56] .

RMS value of the leakage current (mA) Disconnection time (s)
30 0.3
60 0.15
150 0.04

Because of this safety issue, the leakage current should be as small as possible for
transformerless inverter. Many literatures [57]-[59] analyzed the leakage current in
transformerless grid-connected inverter. For the proposed topology, the negative terminal
“0” of solar modules is set as the reference point, and the middle points of the bridge legs

are set as “P” and “N” for the output terminals as shown in Figure 2.22.

YY"\ >t "N
I-1 Dboost S
buck
VPV
m -~ -E } =
Cc B S boost| C.
(0]

Figure 2.22 Boost-buck based PV inverter.

Then the instantaneous common-mode voltage v., can be calculated as

_ (Vpo +Vao)

2.30
om > (2.30)

If v, 1s keeping constant all the time, the leakage current could be avoided [57].

For the proposed inverter, (2.31) can be obtained.
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Voo = Vaia Vo = 0 i Voria > 0 231)
Voo =0 Vo = Vg I Vg <0 '
Thus,
‘Vgrid
v = 2.32
W 2.32)

Since vgig 1s not constant but sinusoidal with 60 Hz, there is a small line
frequency leakage current in the proposed inverter. For a 2.5 kW system, the capacitance
between the PV modules and the ground Cpy would as high as 200 nF. The simulated
leakage current in this extreme case is shown in Figure 2.23. It shows that even in this

extreme case, the leakage current is still far below the standard.

Ik
0.0008
0.0006
0.0004
0.0002

-0.0002
-0.0004
-0.0006
-0.0008

400
200

-200
400

Figure 2.23 Leakage current with Cp, =200 nF.
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2.3 Summary

In this chapter, the state-of-the-art single stage PV inverters are reviewed firstly.
For these single stage PV inverters, either a transformer is used for boosting the input
voltage or the input voltage requires being higher than the peak of the grid voltage, which
is not good for PV application because the PV panel’s I-V characteristics changes all the

time.

Following the topology review, the energy storage used in this type of inverter
and its lifetime issue are discussed. Although the electrolytic capacitors have limited
lifetime, it can still be used by applying smaller voltage and current ripple to prolong its
lifetime. Because the end of its life doesn’t mean its failure, the electrolytic capacitor can
work much longer than its estimated lifetime. Moreover, the capacitance also has an

impact on MPPT efficiency. The larger capacitance leads to higher MPPT efficiency.

After that a novel boost-buck converter based inverter has been presented. The
first converter part operates in either boost or buck mode, which offers a wide input
voltage range and presents a big advantage in PV inverter applications. The second
inverter part is composed with unfolding circuit based on the direction of the grid. Thus
from power processing point of view, this inverter is considered as a single stage inverter.
Because it process power either as a buck converter or a boost converter, high efficiency

can be achieved.

And then the analysis of its middle capacitor is presented. This capacitor is not
used for energy storage. For power balance, if it is chosen large, the input energy storage

capacitor needs to be large. Thus this middle capacitor is preferred to be small.
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Other than those, CCM/DCM operation condition is also presented. For the
current design, the input current will normally be in CCM for more than 10% rated power,

and the output current will be always in CCM for more than 20% rated power.

Since the common-mode voltage in this inverter is equal to the grid voltage, it
changes at line frequency. Thus the leakage current of it is small even at some extreme

case.
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Chapter 3:
Modeling and Control of Boost-Buck

Converter Based PV Inverter

In previous chapter, a boost-buck converter based high efficiency PV inverter is
proposed. In order to control it well, the modeling will be described in this chapter. After
modeling the two modes separately, it can be derived that small L; and large L, are
preferred because they help the controller design. Because of this, an interleaved-boost-
cascaded-with-buck (IBCB) converter is proposed to increase the resonant pole frequency
by the use of smaller boost inductor value. As a result, the control loop bandwidth can be
pushed further up to enhance the robustness of the complete system and helps the system
be controlled easier. The MPPT P&O algorithm is introduced in this chapter as well. The
proposed circuit along with its controller has been designed, simulated, and tested with a
hardware prototype. Finally, the results indicate that the efficiency of the proposed
solution is up to 2% higher than the conventional solution under the same condition and

its tested CEC efficiency is 97.4%.

3.1 Modeling of Boost-Buck Converter Based PV

Inverter

In order to achieve unity power factor, the current of inductor L, needs to be

controlled as a rectified sinusoidal shape. The pulse-width modulation (PWM) switch
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models have been established for this PV inverter both in buck mode and boost mode

with parasitic parameters considered.

3.1.1 Boost Mode Modeling

The PV panel is simplified as a DC voltage source and the grid with bridge
switches are simplified as a rectified sinusoidal voltage source. Although the output
voltage is rectified sinusoidal instead of constant output, it can also be treated as “steady-
state”, since the output voltage is changing with line frequency that is much smaller than
switching frequency as shown in Figure 3.1. Under steady-state condition, the average
model [61] of boost mode can be obtained as shown in Figure 3.2. Figure 3.3 shows their

simplified model. Based on the model, its transfer functions can be obtained as follows.

V A V A
/\ » 9
I A l A
0 0
Quas
Steac Z_iéwhvz__ -
>t Stat >t
V A V A

v
-
v
-

Figure 3.1 Quasi Steady State Concept.
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Lo DCR,

—
DCR; % ESR;
L, % C
Figure 3.2 Model of boost mode.
i Zip
Zi1e Zc

Figure 3.3 Simplified model of boost mode.

i, D+1d=i, +i,

V.. . . (3.1
D(BLd ~lpeZie) VipeZine =12y,
where
A o Z
Ip =lse Zic (32)
nt+Zc
Z.7
7 _ Lz, (3.3)
L2C ZL2 +ZC
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I==1,, V.=V,

c

r, = DCR, |ESR,

where
Z,,=(sL,+DCR +D'Dr,)
Z.= L ESR,
sC,
Z,, =sL, + DCR,
Thus,

(1 +ESR, ](st +DCR,)
S
Z 1

L2c = Zc HZLZ = 1
[+ESRIJ+(SL2 +DCR,)

sC

Thus, Gia poos: can be derived as follow shown from (3.8) to (3.12).

~ n 7 ~ N P
iL2:ichﬁ:>G[d=l—E:lL$.7c
ntZc d d Z,+Z,

i 77 2 A Ic;'—f
i, D+ld=i,+i, =i, =—""-"2¢

1-D

Veg_; > 1d-i

D(Bd _ZLZCZLZC) +lL2CZL2C = ]l—iDchZLle

- 1d i
=>Vd+ieZ,(1-D)= ﬁzlle _%ZLM

N Z,. 1,-Z,, ~
lezc[Zch(l_D)"'l_uD}:( ll_lL)l _chd
Il'ZLle

2 -V, , ,
jﬂ_ 1-D ¢ 4Lz, -V.D' _V,D-1,-Z,

d ZLZC(I_D)+@ ZycD '2+ZL13 ZL2CD'2+ZL1(4
D

(3.4)

(3.5)

(3.6)

(3.7)

(3.8)

(3.9)

(3.10)
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: :il:iLl, Z. :VOD'_ILI.ZLIE, Ze — VuD'_ILl'ZLle . Z (3'11)
id _boost d d ZLZ +ZC ZLZCDVZ'FZLIL’ ZLZ +ZC @Dﬂ_i_z ZLZ +ZC
Le
Z,,+Z
1
’ ——+ESR,
V,D'-1,,-(sL,+ DCR +D'Dr,) sC

(sL, +DCR2)+(1 + ESRIJ

sC,

id _boost 1
(C +ESR, ) (sL, +DCR,)
ik D”+(sL,+DCR, +D'Dr,)

1
(SCIJFJ:"SRI}F(SL2 +DCR,)

_ V,D'-1,,-(sL,+ DCR, + D'Dr,) ( 1 +ESRIJ
1 12 ' 1 SCI
f+ESR1 (sL, + DCR,)D"+(sL,+ DCR +D'Dr,)| (sL, + DCR, ) + E+ESRI
1 1
_ V,D'-1,,-(sL,+ DCR +D'Dr,) (1+5C,ESR)

(1+sC,ESR, )(sL, + DCR,) D"+ (sL, + DCR, +D'Drg)[(1+SC1ESR1)+(S2C1L2 +sC,DCR, )]
(3.12)

Thus, Gia poos: can be expressed as shown in (3.13).

—(sL,+DCR, +D'Dr,)-1,,+V,-D'
(1+SCESR, ) (sL, + DCR,) D"+ (L, + DCR, + D'Dr, )| (1+ sGESR,) +(s’C,L, + sC,DCR, )
(3.13)

-(1+5C,ESR,)

id _boost —

The simulation model for AC analysis of control - to - output inductor current has
been built as shown in Figure 3.4. The Bode plot of its transfer function is extracted. The
Bode plot data obtained from simulation is put into a Mathcad file and compared with
that of derived averaged model in (3.13). In Figure 3.5, under condition V;, = 200 V and
V, = 340 V, the blue dashed curve is from Simplis simulation model and the red solid one
is obtained from mathematic model. It is noticed that at the switching frequency, both
gain and phase have a little glitch in simulation result, whereas the derived model does
not have. With exception at this switching frequency and its multiples, the simulated
result matches that of the mathematic model very well. Thus, the mathematic model
could be used for further analysis.
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Figure 3.4 Boost mode simulation model in Simplis.
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Figure 3.5 Comparison between mathematic model and Simplis simulation model.

Based on (3.13), when f =0 , DC gain could be obtained as

G _ —(DCR +D'Dr,)-1,,+V,-D' v, (3.14)
id _boost DCRZ 'D'2+DCRI +D'Dr€ ~ DCR2 ‘D’2+DCR1 +D7Dre

It could be easily found that the DC gain is related to input voltage V7, duty cycle

D and the parasitic resistance.

From its numerator’s expression, it can be noticed that Gig p00s contains both right

half plane (RHP) zero and left half plane (LHP) zero. In order to obtain its zeros position,
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the numerator of Gj4 005 needs to be zero. Therefore, the RHP zero could be obtained as

shown in (3.15) and (3.16).

—(sL,+DCR +D'Dr,)-1,,+V,-D'=0 (3.15)
V,-D'/ _ ' Va/ _ '
- /Ll (DCR1+DDre): /Ll (DCR, +D'Dr,) (3.16)
L L

1 1

And the LHP zero can be obtained as shown in (3.17) and (3.18).

1+sC,ESR, =0 (3.17)
goo | (3.18)
C,ESR,

Thus it could be easily found that the RHP zero is related to voltage V;,, duty
cycle D, inductors L;, the current going through inductor L; and the parasitic resistance.

The LHP zero is related to capacitor C; and its parasitic ESR;.

In order to obtain the double - pole position, the numerator of Gjy poosr NE€ds to be

zero as well.

(1+5C,ESR,)(sL, + DCR,) D" +(sL, + DCR, + D’Dre)[(l +5C,ESR,) +(s°C,L, +sC,DCR, )]
~sL,D"+sL, (1+5°C,L,) =0
(3.19)

Thus, the double - pole position can be obtained as:

ooy [LDUHL ; (3.20)
CILILZ
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It could be easily found that the double - pole position is related to duty cycle D,

two inductors L; and L, and capacitor C;, especially C;.
Similarly, single pole position can be obtained as shown in (3.21) and (3.22).

(1+sC,ESR,)(sL, + DCR,) D"+ (sL, + DCR, +D'Dre)[(1 +sC,ESR, )+ (S2C1L2 +5C,DCR, )]
~(sL,+DCR,)D"+(sL,+ DCR, +D'Dr,) =0
(3.21)

_ DCR,-D"”+DCR, +D'Dr, (3.22)
L,-D*+1L,

It can also be found that the single pole position is related to duty cycle D, two

inductors L, and parasitic resistance.

Since there are double - pole and a single pole in Gjg poosi, the denominator can be

expressed as below:

a, S
P+ X5t (s+s,)=5"+ Dovs |52+ @p + 222 s+ @l -s (3.23)
0 j ’ o " o !

Then
, _DCR, D"+ DCR, + D'Dr,
! L,-D"+L, oy DL (3.24)
2.s = DCR,-D*+DCR +D'Dr, ’ CLL,
’ ! CILILZ
Thus,
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),
Y
+s,

_ D®GESR\L, + L,C,(ESR + DCR,)+C,L,(DCR, + D'Dr,) (3.25)
- CILILZ

_ D" ESR +DCR, +D'Dr, . ESR + DCR,

L L,

1

Thus, Q could be obtained as shown in (3.26).

L,-D"+1,
B CLL, (3.26)
"~ D™ ESR,+DCR, +D'Dr, . ESR,+DCR, DCR,-D ?+DCR, +D'Dr,
L L L,-D"+1,

1

0

ESR, > DCR,, ESR, > DCR,, and L, > L,
Assume , then Q could be approximated

[L, D+,
0=~ GLL, (3.27)

D" ESR,
L

as below:

1

(L,-D°+ L)L,
D" (L, (3.28)
ESR,

From the expression of Q, it can be noticed that Q will change apparently with D,
Cy, L;, ESR;and L,. And L; impacts Q more than L, and C;. Since Q changes with D, O

will be always changing in the line cycle. The larger D and L; are, the larger O will be.

The larger C;, ESR; and L, are, the smaller Q will be. Since % <D'<1, the largest Q

200
happens at D' ==—"— .
PP 340
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3.1.2 Buck Mode Modeling

Similar to 3.1.1, under steady-state condition, the average model of buck mode

can be obtained as shown in Figure 3.6 and Figure 3.7. Figure 3.8 shows their simplified

model. Based on its model, its transfer functions can be obtained as follows.

DD’re i|_2

DCR1 ESR'll»

Lo DCR,

I}] I1.d
L1 C1 #
Figure 3.6 Model of buck mode.
Di,
@—W—é—fm—'v\/—
v D—'r LL 1
DCR;3 ESR Zin D P2 PR
I,d
L1 C1
Figure 3.7 Model of buck mode.
P > —
V
Voo .
n d Dlz ZLe
D
20 il
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Figure 3.8 Simplified model of buck mode.

I N R
Zyc(ld +Diy)="2d~27,,-Di, (3.29)
3 2 Vi 5 2
Zye(Ld+ D) ==2d -7, -Di,
Va (3.30)
oG, =P
ZLC

where
Z,e = (s, + DCR,)|(—+ ESR)) (3.31)
sC,
r, = DCR, |ESR, (3.32)
Z, =2 PR DL DR D per |EsR,) (3.33)
D’ D D D’ D* D
Thus,
(sLl+DCR])(%+ESR])
V Vin_12 i 11 D
» 5o h (sL, + DCR,)+(—+ ESR,)
Gy pur === D-Z,¢ _ Vi-hZ,cD _ sC,
id _buci ” P
d D-(l+@) D (Z,.+2,) (sLl+DCR1)(%+ESRI) L DCR D
LC D2'( sC,y e T 2"'7”5)

2 2
(sL, +DCR1)+(%+ESRI) b~ b D
sC

(3.34)

Then Gig puck can be derived as
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V.| (sL,+ DCR) + (L +ESR)) |- 1,(sL,+ DCR, )(L +ESR))D
sC, sC,

1 L, . DCR, D' 1
D? ~{(SL1 +DCR1)(S—C1+ESR,)+(A‘D—ZZ+ T +Enj{(‘\~L, +DCR|)+(E+ESR,)”

V,[(s°CL +5C,- DCR)+(1+5C, - ESR)) | - I,(sL, + DCR)(1+C, - ESR)D

DCR2+2rJ[(SCL +5C,-DCR)+(1+5C, - ESR)]}

D’ (sL, + DCR)(1+sC, - ESR)+( 2+
V,[(sC/L, +5C,-(ESR, + DCR)+1]~1,D[ 'CL, - ESR, +s(L, + C, - ESR, - DCR) + DCR, |
sCL ESR, +s(L,+C, - ESR, - DCR, + 2)+Dc1e|j (;%;jﬁf D

Vo [(s°CLy+5C,-(ESR, + DCR,)+1]~ I,D[ s°C,L, - ESR, +s(L, + C,- ESR, - DCR,) + DCR, |

(ESR, + DCR)+ L, [D[C;R +2 )] [ 2 +C,(ESR, +DCR)[DCR +2r]]+DCR3+2r}}

)[s C.L +sC,-(ESR, +DCR)+1]}

D¢ D¢ D> D¢

2 +5°C, (DZ

V,[(s°CLy+5C,-(ESR +DCR1)+1]—I D[s°C,L,- ESR, +s(L,+C, - ESR,- DCR)+ DCR, ]

(DCR2 D' (DCR
1 PR N
D’ D

D*. { sCL ESR, +s(L,+C,-ESR - DCR, + ,)+DCRJ+[S3CL

2+2rj+LI+C]~ESR1~DCR|+L—22J+DCR D }
D D

2+—r,+DCR
D? D

(3.35)

sS’CL(V,

in

~I,D-ESR)+s[V,C,-(ESR, + DCR)) - I,D(L, +C, - ESR, - DCR))| +V,,— I,D- DCR,
DCR, D' DCR

Grd buck —
2+— ) +s Z+C(ESR +DCR))
D’ D¢ D?

D? { °CL, L.e °C, (L,<ESR,+—ZZ<(ESR,+DCR,)+L( 2 +2rJ+L,+C1-ESR,»DCRIJ
'D? D D

(3.36)

DCR, D'\ | per,
D’ ' D
Similarly to 3.1.1, the simulation model of buck mode for AC analysis of control -
to - output inductor current has been built as shown in Figure 3.9. The Bode plot of its
transfer function is extracted and the Bode plot data obtained from simulation is put into
a Mathcad file and compared with that of derived averaged model in (3.36). In Figure
3.10, under condition V3, = 200 V and V, = 10 V, the blue dashed curve is from Simplis
simulation model and the red solid one is obtained from the mathematic model. It is
noticed that at the switching frequency, both gain and phase have a little glitch in
simulation result, whereas the derived model does not have. Except at this switching
frequency and its multiples, the simulated result matches that of the mathematic model

very well. Thus, the mathematic model could be used for further analysis.
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Figure 3.9 Buck mode simulation Model in Simplis.
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Figure 3.10 Comparison between mathematic model and Simplis simulation model.

Based on (3.36), when f =0 , DC gain could be obtained as below:

in

G ~ v, —1,D-DCR, N Vi (3.37)
WMt DCR,+D'Dr,+D*-DCR,~ DCR,+D'Dr,+D*-DCR,

It could be easily found that the DC gain is related to input voltage V;,, duty cycle

D and the parasitic resistance.

In order to obtain the single pole and double - pole position, the denominator of
Gia puck needs to be zero. However, some approximations are needed since it is a very

complicated expression. From the Bode plot, it is found that the single pole is in low
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frequency range, and the double - pole is in high frequency range. Therefore, the
approximations could be obtained to find out the single pole and double - pole positions

as shown in (3.38) and (3.39).

s’C/1L, L—g+s2q (Ll -ESR, +L—22-(ESRl +DCR)+1L, (DCqureD
, D D D’ D
+s[[L)ZZ+ C,(ESR, +DCRI)(D§§Z +%Q]+Ll +C,-ESR - DCR, +[L)22]+ DDCfZ +%re + DCR,
(3.38)
~s(2L, +L,-D*)+DCR, +D'Dr, + D’ - DCR, =0
Thus, the single pole position can be obtained as:
,__DCR,+D'Dr, +D*-DCR, (3.39)

2L, + L, -D*
It could be easily found that the single pole position is related to duty cycle D,
two inductors L; and L, and the parasitic resistance.

In order to obtain the double - pole position, the numerator of Gig puck needs to be

zero as well.

POL 15, [Ll "ESR,+22 .(ESR + DCR) + I, (Dcfz +DV“D
2 D D D D
+s L—22+C1(ESR1+DCRI) Dsz +2rg +L1+C1-ESR1~DCR1+L—22 +DC52+2};+DCRI
D D* D D) D D

(3.40)

~s'CLL, +s(L,+L,-D*)=0

Thus, the double - pole position can be obtained as:

ot Lot D7, (3.41)
C1L1L2
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It could be easily found that the double - pole position is related to duty cycle D,

two inductors L; and L, and capacitor C;.

Similarly, double - zero position can be obtained as shown in (3.42) — (3.44).

s’CL,(V,,—1,D-ESR))+s[V,,C,-(ESR + DCR)—I,D(L, + C, - ESR, - DCR))|+V,, = I,D- DCR,

(3.42)
~s’CLV, +s[V,C, -(ESR +DCR)-1,D-L|+V, =0
_[Vincl ’(ESRl +DCR1)_12D'L1]i\/[KnC| '(ESRl +DCR1)_[2D'L1 ]2 _4C1L|Vm 'Kn (3 43)
s = .
2(lell/in
[IZD'LI ) ~C,-(ESR, +DCR1)}i1/4C1L1j (3.44)

S =

2C,1L,

It can also be found that the double - zero position is related to duty cycle D,
inductors L;, the current going through inductor L,, capacitor C; and parasitic resistance.

And it also need to be noted that the double - zero will move from left half plane (LHP)

to right half plane (RHP) if LD pecomes larger than C,-(ESR, + DCR,)- V% .
1

Ll L, s 5a00)
I D _ Vin Vi}l
2 - . . . .
Where 3 Ilfn L1 W, <3407) Thus, the double - zero will be in RHP if in heavy

S

power condition.
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Figure 3.12 Bode plot of different D (V;,=340)



From Figure 3.11 and Figure 3.12, some features of buck mode could be noticed.

The double-pole and double-zero positions are very close to each other.

The buck mode is automatically stable, if the double-zero is in LHP.

There will be a high Q, if the double-zero is in RHP.

Because of the RHP double-zero, we need a compensator which can make the

crossover happen before the position of Q.

There is a need to design based on the worst condition, which is the one with highest Q.

Since there are double - pole and a single pole in Gig puck , the denominator can be

expressed as below:

Then
. _DCR,+D'Dr, + DCR, -’
! ZLZ"'Ll'D2 == 2L2+L]~D2 (346)
2. = DCR,+D'Dr,+ DCR,-D? ’ CLL,
’ g CILILZ
Thus,

C (L -ESR,-D* + L, -(ESR, + DCR))+ L, (DCR, + D'Dr, )

Dy

—+s, =
, CLL, (3.47)
_ESR -D*+DCR, +D'Dr, . ESR + DCR,
L2 Ll
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Thus, Q could be obtained as shown in (3.48).

2L, +1L,-D’
CLL, (3.48)

0= ESR,-D + DCR, + D'Dr, | ESR,+ DCR, _ DCR, + D'Dr, + DCR, - D’
L L 2L, + L, -D*
ESR > DCR,, ESR, > DCR,, and L, > L,
Assume , then Q could be approximated

as below:

2L, +1,- D
CLL, (3.49)

(2ESR, - DCR,)-D* + DCR, . ESR,+ DCR
2L, L

O~x

L,(2L,+1,-D*)

CL, (3.50)

0~ ESR, + DCR,

From the expression of Q, it can be noticed that O will change apparently with D,
Cy, L;, ESR;, DCR; and L,. And L; impacts Q more than L; and C;. Since Q changes with
D, O will be always changing in the line cycle. The larger D and L; are, the larger O will
be. The larger C;, ESR;, DCR; and L; are, the smaller Q will be. Since 0< D <1, the

largest O happens at D=1 .

3.2 Control of Boost-Buck Converter Based PV Inverter

During buck mode, L,’s current can be treated as normal buck converter’s output
inductor current which can be easily controlled. However, it is critical to control L,’s
current in boost mode because the control target in this mode is its output filter’s inductor

current. Thus, the compensator for boost mode needs to be designed first and then applies
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it to buck mode. In practice, if the boost mode is stable and well controlled, buck mode
will be stable and well controlled as well. The loop gains of boost mode at different
operating points are shown in Figure 3.13. It clearly shows that the RHP zero and double-
pole make 270° phase delay, which makes it difficult to be compensated. Thus, the
compensated crossover frequency needs to be before double-pole’s frequency of the
boost mode and to insure that the peak O value is lower than 0dB. In order to have a
compensator that is good for every operation point, the compensator design is based on
the worst conditions, which is defined as a condition with highest O, and the earliest
phase drop. In our case, worst condition happens when input voltage is the lowest defined

value 200 V and output voltage is the peak voltage of the grid 340 V.

—
60 \ Hig ,l:est Qpk
40 =
<A\
= 20
o N\ (W V,=200V, V=340V
N vy
B o e [
TS l I' BV, =340V,V,=340 v‘I
-50 \\%.. phase/drops earliest I V;,=200V,V,=200V
¢ -l00 ——==c S -
:g; 150 \§“
S |
I
e -250
\N

1 2 4 10 20 40 100200400 1k 2k 4k 10k 20k 40k 100k 400k 1M

freq / Hertz

Figure 3.13 Loop gain of boost mode at different operating point.

64



In order to achieve smooth waveform in transition between boost to buck modes,
an offset of the sawtooth carrier right on the top of the buck mode PWM modulator needs
to be applied to boost mode as shown in Figure 3.14. The high gain of buck mode can be
realized by reducing the carrier magnitude for buck mode as described in 4.2. As a result,
universal control for both modes can be achieved. If a digital signal processor (DSP) is
employed as a controller, smooth transition between the two modes can be achieved in
various ways by taking advantage of flexible algorithm implementation. For example, in
our test-bed system, the signal after compensator is deducted by a unit as shown in Figure

3.15 in order to achieve smooth transition between the two modes.

Boost
Mode
- - 1
Buck
Mode 0

Figure 3.14 Analog control for smooth.
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Figure 3.15 Digital control for smooth.

3.3 Proposed Partial - Interleaved PV Inverter

Table 3.1 lists the transfer function derivation results for both boost and buck
modes. It can be seen that the inductor value is the dominant factor to the resonant
frequency, or double-pole frequency. If L; can be reduced, the double-pole position,
which is considered as the frequency wall of bandwidth, will be pushed to higher
frequency. Moreover, the gain will increase as well, and also the Q factor will be reduced
accordingly as shown in Figure 3.16, which benefits the high bandwidth design for the
boost mode. However, decreasing L, will keep the same double-pole position and have
higher Q factor as shown in Figure 3.17, which won’t help controller design. As a result,

small L, and large L, are preferred from the design point of view.

Table 3.1 Bode plot parameters derivation.

BOOST MODE BUCK MODE
Double-pole Q Double-pole Double-zero position Q
position position
LD"+L (LD + L)L L+L,-D LD-1L, 4(2L+ L -DY)
— L 2h o R 2C1L11L2 ; S:[ . 1Vm_Cl.(ESR1+DCRI)}L/4C1L]] o L,
e ESR, 2C L, ESR, + DCR,
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Figure 3.16 Boost inductance L;’s impact on boost mode bode plot Gid_boost-

67



1 10 100 1-103 1-104 1-105 1-106

~120

—240

-360 . .
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Figure 3.17 Buck inductance L,’s impact on boost mode bode plot Gid_boost-

If the switching frequency can be increased so that a smaller inductance is utilized,
the system will be easier to compensate and more stable. However, the efficiency may

decrease in this case. In order to keep high efficiency and stability, an interleaved-boost-
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cascaded-with-buck converter [62] is proposed. Figure 3.18 shows the complete circuit

diagram.

d3 * y Vac v
S i . [His)]  [H(9)]
d, Al / . Phase
_< I ¢ lock loop |«
N ——
M (PLL)
d1 + | S
_ |80 oy
vpvsen
lpvsen f MPPT loop DSP Controller

Figure 3.18 Circuit diagram of proposed PV inverter.

3.3.1 Control of the Proposed Interleaved PV Inverter

The model of such a circuit is similar to that of the circuit shown in Figure 3.2 and
Figure 3.6, so the same model derived in this section can be used for compensator design.

The maximum power point tracking can be implemented as an outer loop with lower
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bandwidth control, providing the magnitude of the output current reference [63]-[66].
Figure 3.19 and Figure 3.20 show the analog control diagram and digital control diagram
for smooth transition between buck and boost modes respectively. Similar as non-
interleaved circuit, for analog control, the boost carrier should be on the top of the carrier
for the buck with 180° phase shift for interleaving. For digital control, the boost carrier
has the same level as buck carrier with 180° phase shift for interleaving. Furthermore, the

compensated signal should be minus one as well as in non-interleaved circuit.

%_ Gi(s) e ic
M ]

d;
0° 2
M
d;
180° 2
1 Analog

Figure 3.19 Analog control for smooth transition between modes.
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0°M

d;
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Figure 3.20 Digital control for smooth transition between modes.

Figure 3.21 and Figure 3.22 show the analog control and digital circuit in PSIM,
respectively. In the PSIM simulation, the system is considered as continuous-time system

since the analog - to - digital (ADC) is not used.

Figure 3.23 and Figure 3.24 illustrate the simulation results using analog control
and digital control respectively. These simulation results match the analysis very well and

verify that both control methods work for the proposed dual - mode inverter.

71



G

jboo=tig Ak

Figure 3.21 Analog control circuit in PSIM.
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Figure 3.22 Digital control circuit in PSIM.
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Figure 3.23 Simulation results with analog control.
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Figure 3.24 Simulation results with digital control.

3.3.2 Maximum Power Point Tracking (MPPT)

The relationship between output voltage and current from the PV module is a
function of solar irradiation, module temperature, and amount of partial shadow, as
seen in Figure 1.4. According to its I-V curve, there is a point where the PV module
generates the most power. This point is called the Maximum Power Point (MPP), and
the corresponding current and voltage are denoted as /,»p and U,;pp. The MPP is
different as the PV module’s 1 - V curve changes with irradiance and module

temperature. Sometimes it changes rapidly due to fast changes in the weather
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conditions such as partial cloudy day; otherwise it is almost constant in a sunny day

without clouds.

Because of this characteristic of MPP, some proper algorithms are required for
Maximum Power Point Tracking (MPPT). Many researches are conducted of
different MPPT techniques [67]-[72]. There are three main methods, which are the
most widely used [71]: Perturb and Observe (P&O); Incremental Conductance (INC)
and Constant Voltage (CV). The first two are essentially “hill-climbing” methods

because they share the same scenario as shown in Table 3.2.

Table 3.2 Scenarios of three most common MPPT methods.

Hill - climbing methods

Perturb and Observe Incremental Conductance Constant Voltage (CV)
(P&O) (INC)
Left of the MPP: ;I—}; >0 @ ~0.76
ocC

Right of the MPP: ar <0
dv

Here, the P&O MPPT method is chosen. The algorithm for P&O MPPT is
shown in Figure 3.25. If logic ‘1’ is set for the ‘yes’ in the algorithm and logic ‘0’ is
set for the ‘no’ in the algorithm, and this algorithm could be summarized as illustrate

in Table 3.3. Then, an XOR logic gate can be used in simulation, as shown in Figure

3.26.
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Table 3.3 MPPT

logic table.

Py > Py

V> Via

Viet = Vi + AV

Sense Vpy, lpy

Yes

»

Calculate
P =VpyXlpy

No

No

Yes

No

Vref=vk+AV

Vref=Vk -AV

Vref=Vk-AV

Vref=vk+AV

v

Load

V1=V

Py.1=P\,

'

Figure 3.25 P&O MPPT algorithm.
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Figure 3.26 P&O MPPT algorithm.
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Figure 3.27 Simulation results with MPPT algorithm in PSIM: (a) Vjpp=300 V; (b) V\pp=400 V.

3.4 Simulation Results
The proposed PV inverter along with its closed-loop controller has been simulated
in PSIM. Figure 3.28 and Figure 3.29 compare the simulation results with different input

voltage conditions. In Figure 3.28, the input voltage V;, is assumed to be 200 V. As can
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be seen in the figure, buck or boost switch does not work simultaneously. Sp,0ss Works
when V7, is smaller than the instantaneous grid voltage while Sp,.x works when V;, is
larger than the instantaneous grid voltage. In this case, the ripple current of L, during
boost mode is smaller than that during buck mode, because L, performs as the output
filter’s inductor of boost converter but performs a normal output inductor of buck
converter. Figure 3.29 shows the simulation results when the input voltage is 400 V.
Unlike the previous case, there is no boost mode, and only Sy, is working. The voltage

on middle capacitor C; always equals to the input voltage since Dp,s 1S always

conducting.
[ ]
Vboostl
Vin Vmiddlecap
|
Igrid
i, ™
0.01 0.02 0.03 0.04
Time (s)

Figure 3.28 Simulation results with small input voltage.
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Figure 3.29 Simulation results with large input voltage.

3.5 Experimental Results

Figure 3.30 shows the photograph of the test-bed hardware prototype and Table

34 and Table 3.5 list the design parameters and components selection. DSP

TMS320F28335 from Texas Instruments has been implemented in the system. Figure 19

shows the PWM and the reference control signals. Figure 3.32 shows the testing results

when V;, is smaller than the peak of output voltage and Figure 3.33 shows the testing

results when V7, is almost the same as the peak of output voltage. Figure 3.34 shows the

testing results when V7, is greater than the peak of output voltage.
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Figure 3.30 Test-bed hardware prototype.

Table 3.4 Design parameters.

Rated Power 2.5kW
Grid Voltage 208 V,. /240 V,.
Grid frequency 60 Hz
Input Voltage 200 - 500V
Switching frequency 50 kHz
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Table 3.5 Component selection.

Ly, Lig 200 yH
L, 400 xH
Cs 2 MF
C. 2 uF
S1,82,8;3 SPW47N60C3
D, D,, D; C3D20060D
S4, Sz, S, Sp FGH30N60LSD

Figure 3.31 Experiment results of PWM signals.
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Figure 3.32 Experimental results with small input voltage.
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Figure 3.33 Experimental results with middle input voltage.
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Figure 3.34 Experimental results with large input voltage.

Figure 3.35 shows efficiency curves with different input voltage under different
power condition. The California Energy Commission (CEC) efficiency of a PV inverter

could be calculated as below.

Nege = 0.041,4,, +0.057,,, +0.127,,, +0.217,, +0.5377,5, +0.057,,,,, (3.51)

Thus this test-bed inverter has a CEC efficiency of 97.4%.
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Figure 3.35 Efficiency curves of different input voltage under different load condition.

Testing with conventional control methods with constant voltages on C; has also
been conducted. Figure 3.36 shows efficiency comparisons of the proposed inverter and
the traditional inverter under different input and load condition. The results demonstrate
the proposed inverter can improve up to 2% in efficiency especially at light power
condition, because the current is small and the switching losses become dominant in this
case. During heavy power condition, the current becomes large and the conduction losses
become dominant. Nonetheless, the proposed inverter still performs better than the
conventional one. Nearly a 1% improvement in efficiency is measured in the heavy

power condition.
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Figure 3.36 Efficiency comparisons of the proposed inverter and the traditional inverter under

different input and load condition.

3.6 Summary

The averaged models for both modes have been established, which is the
foundation for the controller design and optimization. After analyzing its model, it is
known that if L; can be reduced, the double-pole position, which is considered as the
frequency wall of bandwidth, will be pushed to higher frequency. Moreover, the gain will
increase as well. Also, the O factor will be reduced accordingly, which benefits the high
bandwidth design for the boost mode. However, decreasing L, will keep the same double-
pole position and have higher Q factor, which won’t help controller design. As a result,

small L; and large L, are preferred from the design point of view.
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Because small L, is preferred for easier controller design, an interleaved-boost-
cascaded-with-buck (IBCB) converter is proposed to increase the resonant pole frequency
by the use of smaller boost inductor value. As a result, the control loop bandwidth can be
pushed further up to enhance the robustness of the complete system and helps the system

be controlled easier.

The proposed circuit along with its controller has been designed, simulated, and
tested with a hardware prototype. Finally, the results indicate that the efficiency of the
proposed solution is up to 2% higher than the conventional solution under the same

condition and its tested CEC efficiency is 97.4%.
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Chapter 4:
Advanced Double-Carrier based SPWM

Control

In the previous chapters, an offset of the sawtooth carrier right on the top of the
buck mode PWM modulator needs to be applied to boost mode in order to achieve
smooth waveform in transition between boost and buck modes. Based on the similar
concept, with different magnitudes and/or different frequencies for these two carriers,
another three advanced double-carrier based SPWM modulation methods are proposed in
this chapter. They help to further improve the efficiency and/or increase the bandwidth

and gain.

4.1 Double-Carrier with Different Frequencies

From 3.3, small boost inductance L; and L, and large buck inductance L, help
compensator design. Thus, it is good to increase the carrier frequency for boost mode and
reduce the carrier frequency for buck mode as shown in Figure 4.1. Figure 4.2 and Figure
4.3 illustrate a digital implementation. In this method, the same current ripple can be
obtained by enlarging Lo and reducing L; and L,. If only the carrier frequency for buck
mode is reduced and the carrier frequency for boost mode is kept the same, switching loss

can be reduced. However, since the inductance L, needs to be increased, copper loss
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introduced by this inductor may increase as well. As a result, the frequency should be

selected by compromising between switching loss, core loss and copper loss.

Buck Mode

Boost Mode

Figure 4.2 Double-carrier with different frequencies in digital control.
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180°
M Digital

Figure 4.3 Digital control diagram for double-carrier with different frequencies.

Figure 4.4 and Figure 4.5, respectively, show the analog control and digital circuit
in PSIM. The only difference with these figures and Figure 3.21 and Figure 3.22 is that
the carrier frequency for the buck switch S; has been reduced. Figure 4.6 shows
simulation results using analog control and digital control, respectively. In order to have
the same current ripple, the inductance needs to be increased properly. As a result, these
simulations results are the same as the ones shown in Figure 3.23 and Figure 3.24. These
simulation results verify that both control methods work for the proposed dual - mode

inverter.
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Figure 4.4 Analog control for smooth transition between modes.
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Figure 4.5 Digital control for smooth transition between modes.
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Figure 4.6 Simulation results of double-carrier with different frequencies: (a) analog control; (b)

digital control.

4.2 Double-Carrier with Different Magnitudes

Also from Chapter 3.3, once the compensator works for boost mode, it will
automatically work for buck mode because of buck converter’s characteristics. This gives
the possibility of implementing a universal controller for boost mode and buck mode,
with the two modes sharing the same compensator as shown in Figure 3.18. However, for
the rectified sinusoidal waveform, there are many harmonics at the zero crossing, which
require wide control loop bandwidth and high gain to compensate. Thus an advanced
double-carrier based SPWM with different carrier magnitudes is proposed, as shown in
Figure 4.7. If the buck mode needs to have k times the gain of boost mode, the boost
carrier’s magnitude needs to be k times that of buck mode. The distortion of the
compared rectified sinusoidal waveform is due to the different magnitude of these two
modes. In order to have the correct duty cycle, this comparing signal will adaptively

become distorted with the carrier magnitudes.

,WwwmWwwmﬂm

HJI{ L,

Buck Mode

Figure 4.7 Double-carrier with different magnitudes.
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In Figure 4.8, G;(s) is the compensator gain, FM is the PWM modulation gain,
and Gy(s) is the control-to-output transfer function. Thus, the loop gain can be expressed

as (3.51).

T=G,-G-FM 3.1)

where

‘ -

FM = (3.2)

=

V. 1s the magnitude of the carrier.

Thus, for boost mode, its loop gain is

1,,..=G, G % (3.3)
For buck mode, its loop gain is

Ty =Gy G -1 (3.4)
Thus,

Tk = Thoost K (3.5)
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Figure 4.8 Control diagram of loop gain.

Thus, with different carrier magnitudes, the buck mode can obtain larger loop
gain than the boost mode. In this method, the buck mode doesn’t need to be constrained
by the boost mode, and it can have wider bandwidth and higher gain. Figure 4.9 shows
the loop gain of buck mode with the same carrier magnitude. Its bandwidth is around 2.5
kHz and its gain at 60 Hz is 65 dB. Figure 4.10 shows the loop gain of buck mode with
five times smaller carrier magnitude than boost mode. Its bandwidth is around 6 kHz and

its gain at 60 Hz is 78 dB. Table 4.1 shows a comparison.
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Figure 4.10 Loop gain of buck mode with five times smaller carr
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Table 4.1 Bandwidth and gain comparisons.

Same carrier magnitude as

Five times smaller carrier magnitude

boost mode than boost mode
Bandwidth 2.5 kHz 6 kHz
Gain @ 60 Hz 65 dB 78dB

Figure 4.11 and Figure 4.12 illustrate how to implement the method digitally. In

digital control, the carriers for both modes are the same, and the compensated signal

needs to deduct the carrier magnitude, which is 1 in a digital implementation, for the

boost mode. The compensator increases by a factor of k to have a higher gain for the

buck mode. As a result, the compensated signal needs to be reduced by a factor of k in

order to have the same gain as analog control for this mode as shown in Figure 4.12.

Buck Mode

Boost Mode

Figure 4.11 Double-carrier with different magnitudes in digital control.
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180° Digital

M

Figure 4.12 Digital control diagram for double-carrier with different magnitudes.

Figure 4.13 shows the analog control in PSIM. The only difference with Figure
3.21 is the carrier’s magnitude for the boost switches S; and S, needs to be increased by k.
Figure 4.14 shows the digital circuit in PSIM. The differences between this configuration
with the one shown in Figure 3.22 are the compensator increases by a factor of k to have
higher gain for the buck mode and the compensated signal needs to be reduced by a
factor of k in order to have the same gain as analog control for the boost mode. In the

simulation, k is chosen to be 5.
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Figure 4.13 Analog control for smooth transition between modes.
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Figure 4.14 Digital control diagram for double-carrier with different magnitudes.
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Figure 4.15 shows simulation results using analog control and digital control
respectively. These simulation results verify that both control methods work for the
proposed dual - mode inverter. Because of the higher compensator gain for the buck
mode, the output current /s performs much better than in the previous control method,

especially near zero - crossing point.

Vboost1c Vboost2c Vboostm Vbuckm

O = MWD

300
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100 :
0 A
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Time (s)
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Figure 4.15 Simulation results of double-carrier with different magnitudes: (a) analog control; (b)
digital control.

4.3 Double-Carrier with Different Frequencies and

Magnitudes

Based on the previous two modulation methods, it is straightforward to combine
these two modulation methods and take the advantages of both. Figure 4.16 illustrates
this modulation method. The carrier for the boost mode is still on the top of the carrier for
the buck mode. The carrier for buck mode has a different frequency and magnitude than
that for the boost mode. As a result, the switching loss in the buck mode can be reduced

and the buck mode obtains wide bandwidth and high gain.
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Figure 4.17 and Figure 4.18 illustrate how to implement this method digitally.

— [l ;;;;;;;;;;gaagagﬂﬂﬂ{

Buck Mode

dddddddd

Buck Mode

Boost Mode

Figure 4.17 Double-carrier with different frequencies and magnitudes in digital control.
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Figure 4.18 Digital control diagram for double-carrier with different frequencies and magnitudes.

Figure 4.19 and Figure 4.20, respectively show the analog control and digital
circuit in PSIM. The only difference with Figure 4.13 and Figure 4.14 is that the carrier
frequency for buck switch S needs to be reduced. Figure 4.21 show the simulation results
using analog control and digital control respectively. In order to have the same current
ripple, the inductance needs to be increased properly. Hence, these simulation results are
the same as the ones shown in Figure 4.15. These simulation results verify that both

control methods work for the proposed dual - mode inverter.
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Figure 4.19 Analog control for smooth transition between modes.

]/k @ oo =t hoa=t1l
S| ] )
i

= Whoosti

TbhoostEc

Figure 4.20 Digital control diagram for double-carrier with different magnitudes.
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Figure 4.21 Simulation results of double-carrier different frequencies and magnitudes: (a) analogy

control; (b) digital control.

4.4 Summary

Based on the modulation method proposed in previous chapter, three advanced
modulation methods are proposed. Double-carrier with different frequencies can help
further improve the efficiency. Double-carrier with different magnitudes can help
increase the bandwidth and gain. Double-carrier with different frequencies and

magnitudes takes the advantages of both. Simulation verifies their function very well.

107



Chapter 5:
Proposed Other Dual - Mode Double - Carrier

PV Inverters

In the previous chapters, a dual mode boost — buck converter based PV inverter
was proposed, with a boost-buck type dc-dc converter as the first stage with regulated
output inductor current. A full-bridge unfolding circuit with 50- or 60-Hz line frequency
is applied to the dc-ac stage, unfolding the rectified sinusoidal current into a pure
sinusoidal current. An interleaved boost is chosen for better performance and lower input
current ripple. Since the circuit runs either in boost or buck mode, its first stage can be
very efficient. For the second stage, because the unfolding circuit only operates at the line
frequency and switches at zero voltage and current, switching loss can be omitted. It is
observed that, for buck mode, there are many topologies can meet the same criteria, such
as full bridge (FB), HS inverter and dual buck (DB) inverter. In this chapter, three new
dual - mode inverters are proposed. These proposed topologies either reduce the number
of components or further improve the efficiency. The efficiencies and leakage currents of

these inverters are compared.

5.1 Boost Cascaded with Full Bridge Inverter

The proposed boost - full bridge (FB) inverter is shown in Figure 5.1, in which
the IGBTs covered by blue are operating in line frequency for selecting grid polarity as

the same function of S - Sp in unfolding circuit in Figure 3.18. The MOSFETs covered
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by yellow are operating at high switching frequency as the same function of S; in Figure

3.18.

Vpy

Figure 5.1 Boost-full bridge (FB) inverter.

Similar to the operation modes discussed 2.2.2, if the input voltage is lower than
the rectified instantaneous grid voltage, the switches in the interleaved boost part S; and
S, are operating, and the MOSFETs covered by yellow are always on or off depends on

the polarity of the grid.

If the input voltage is larger than the rectified instantaneous grid voltage, the
switches in the interleaved boost part S; and S, are off, and the MOSFETSs covered by
yellow are operating in high frequency as a normal unipolar full bridge inverter. Its PWM

generation is shown in Figure 5.2.
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Figure 5.2 PWM generation of boost-full bridge (FB) inverter.

In Chapter 3.3, four switches are used in unfolding circuit for selecting the
polarity of the grid. This boost - full bridge inverter saves two switches for polarity
selection, which help save half of the conduction loss introduced by polarity selection
switches. Also, the number of components can be reduced, which can help save the cost.
However, since the free-wheeling diodes are the diodes in the same package with IGBTs,

their reverse recovery may hurt the whole circuit’s efficiency.

The two different operating modes and the non-constant middle link capacitor
voltage as shown in Figure 2.16 and Figure 2.17 give the complication of calculating the

loss in this type of inverters. Some details about calculations of loss are provided below.
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If the input voltage range is set from 200 V to 500 V, under different input voltage

condition, the angle and the voltage across the middle link capacitor can be found in (4.1)

and (4.2) respectively.
|V .
asin {”’] if200<V, <340 41
e @.1)

% if340 <V, <500
vV .sin(wt) if200<V, <340

VCL (a)t) — opk ( ) f in (4.2)
v, if340<V, <500

Based on Figure 5.2, the loss in this inverter includes the loss in boost part, full

bridge part and unfolding part as shown in (4.3).

PL()SS = (PSlcon +PSlsw)‘2+(Pchon +PD1rr)'2+(PScmn +PS(?SW)'2 (4 3)
+(PDacon + PDarr)'2 +(PSacon + PSasw) 2 + PLin + PLo '

The loss in boost part can be calculated by (4.4) to (4.8).

1 0 w0 in in
I)Coniboostmos = ; ' [.[0 Oda)t + J.H : Rdson

25, sin” (et ) ZVP" sin? (wt)[l_ v
2

ﬁsinz (cot)

— 1 w0 I/in VCL (a)t) 2 2 29
sw_booston [tl ’ ; ’ I& 2 ) da)t + 5 ’ Coss ’ I/[n ’ 1 - 7 ] ’ f;vwboo,vt (45)
P .,
*sin’ (t)
Lo 7, ()
waiboostoff' = [tf ’ ; ’ J.g 2 ’ & 2 dCOt] ’ f;'wboost (46)
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Z-sin2 (oot) ﬁ-sin2 (oot)

1 oV, Vs
BonibnnstD = ;[ZJ.O ) '[Rak : ) + Vf ]da)t (4 7)
S sin’ (r) 2.sin* (wt)
T in . R . in V in d y
+J‘9 2 [ ak 2 + f] Vopk . ‘snl(a)t)‘ @ ]
! VU -sin’ (a)t)
Fuin = 2';‘L ()" Rydot (4.8)

The loss in full bridge part can be calculated by (4.9) to (4.13).

PC()n_buckmoS = i[z : J-Oe VB) \/Esln(a)t) 'Rdxon ’ [ VB) ’ \/ESIH(a)t)\J M Sln(a)t)da)t

orms orms ( 4 . 9)
+ J‘Zie VZS 'x/zsin(a)t)-RdS(m -[Vi‘,’m-ﬁsin(a}tﬂ dot]
V. 1 o P . 2 20
Py buckon = (tr 'f;z'J‘o Vo:m -«/Esm(wt)dwt +§-Cm V2 .7J-fswmk (4.10)
V. 1 P )
Psw,b“fk"ff = tf ’ %;2 ’ OH V — \/5 Sin (a)t)da)t ' ~fswbuck (4 1 1)
- VPO -\/Esin(a)t) VR) -x/zsin(a)t)
PconibuckD = ;J.O o B '[Rak - 3 +Vf]‘|:1—M ‘Sln(a)t)‘:'da)t (412)
| P ’
P, = ”J.O”[ o /25sin’ (a)t)} ‘R, dot (4.13)

IGBTs S| and S, operate at line frequency; so, this part only includes conduction

loss.

Peoucgr:zi_[” ot -\/Esin(a)t)[Rw(VPO .\/Esin(a)t)}rl/t:ldwz (4.14)

0
7 Vorms orms
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Then the efficiency can be calculated as:

P
— o 4.15
P +P ( )

o Loss

77:

Figure 5.3 shows the simulation results of the proposed topology. /s is the current sent
to the grid. Viooss Sa Sp, Se and S, represent the PWM signals for the corresponding switches.
Vioostes Viucke and ABS(V,,) represent boost carrier, buck carrier and the compensated signal

respectively. Both the operation modes and modulation methods are well illustrated in the

simulation results.

Vboostc Wbuckc ABS(Vm
1
0
Sc Sd
T T ———— T —r 1
0 CIIIITITIiiiiiiiicioioooiiiiiiiiccooooenooooioiiiiNcooooooootiiiiiiNeiioioooiiiiic
0 0.01 0.02 0.03 0.04
Time (s)

Figure 5.3 Simulation results of boost with full bridge.
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5.2 Boost Cascaded with H5 Inverter

HS5 is the inverter introduced in 2.1. Similarly to 5.1, the proposed boost - H5
inverter is shown in Figure 5.4, in which the IGBTs covered by blue are operating in line
frequency for selecting grid polarity as the same function of S, - Sp in unfolding circuit in
Figure 3.18. The MOSFETs covered by yellow are operating at high switching frequency
as the same function of S; in Figure 3.18.

W)

L1 D1
vPV S1 32

Bt i

<
l

Cs 7]

Figure 5.4 Boost-HS inverter.

Similar to the operation modes discussed in Chapter 2.2.2, if the input voltage is
lower than the rectified instantaneous grid voltage, the switches in the interleaved boost
part S; and S, are operating, and S; is always on. The other two MOSFETs covered by

yellow S, and S, are on and off based on the polarity of the grid.

If the input voltage is larger than the rectified instantaneous grid voltage, the
switches in the interleaved boost part S; and S, are off, and the MOSFETSs covered by
yellow are operating in high frequency working as a H5 inverter. Its PWM generation is

shown in Figure 5.5.
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Figure 5.5 PWM generation of boost-HS inverter.

In Chapter 3.3, four switches are used in unfolding circuit for selecting the
polarity of the grid. In this boost - HS inverter, one diode is saved and the diodes in the
same package with IGBTs are also utilized. Because it can reduce the voltage stress for
each component, its switching loss is greatly reduced and, thus, it still can achieve high

efficiency.

Based on Figure 5.5, the loss in this inverter includes the loss in boost part, HS

part and unfolding part as shown in (4.16).

PLoss = (PS'lcon +PSISW).2+(PDICOVI +PD1rr) 2+ (PSfScon +PS3SW) (4 16)
+(PSccon +PScsw).2+(PDacon +PDarr).2+(PSacon + RS‘asw).Z +PLin +f)Lo
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Same as Chapter 5.1 , the loss in boost part can also be calculated by (4.4) to (4.8).

The conduction loss is the same as in full bridge part calculated as (4.9). The
switching loss is slightly different since the voltage stress is half of that in full bridge

inverter, and they can be calculated by (4.17) and (4.18).

V/ v,/
1112 1 0 R) ) 2 1;12 20 (417)
P =t L2 2. e 2sin(wt)dot +=-C, - —L2 22| c
sw_buckon r 2 T 0 I/o n ( ) 3 oss 2 = f;wbuck
4
B _ucor =17 '72_2' . V—”'\/2 sin(t)dot - £, (4.18)
- - ’ VA

orms

The loss in IGBT which operates at line frequency can also be calculated as (4.14).

Then the efficiency can be calculated as:

P
= "o 4.19
g P +P ( )

Loss

Figure 5.6 shows the simulation results of the proposed topology. /s is the current sent
to the grid. Viooss S3 Sa Sp Sc and S; represent the PWM signals for the corresponding
switches. Vioosier Viucke and ABS(V,,) represent boost carrier, buck carrier and the compensated
signal respectively. Both the operation modes and modulation methods are well illustrated in

the simulation results.
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Figure 5.6 Simulation results of boost with H5.

5.3 Boost Cascaded with Dual Buck Inverter

Similarly to Chapter 5.1 and 5.2, the proposed boost - dual buck (DB) inverter is
shown in Figure 5.7, in which the IGBTs covered by blue are operating in line frequency
for selecting grid polarity as the same function of S4 - Sp in unfolding circuit in Figure
3.18. The MOSFETs covered by yellow are operating at high switching frequency as the

same function of S in Figure 3.18.
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Figure 5.7 Boost-dual buck (DB) inverter.

Similar to the operation modes discussed in Chapter 2.2.2, if the input voltage is
lower than the rectified instantaneous grid voltage, the switches in the interleaved boost
part S; and S, are operating, and the MOSFETSs covered by yellow are on and off based

on the polarity of the grid.

If the input voltage is larger than the rectified instantaneous grid voltage, the
switches in the interleaved boost part S; and S, are off, and the MOSFETs covered by
yellow are operating in high frequency working as a dual buck inverter. Its PWM

generation is shown in Figure 5.8.
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As with the discussion in Chapter 5.1, the loss in boost part can also be calculated

by (4.4) to (4.8). The loss in dual buck part can also be calculated by (4.9) to (4.13).

Then the efficiency can be calculated as:

P
N 421
n PP (4.21)

Loss

Figure 5.9 shows the simulation results of the proposed topology. /s is the current sent
to the grid. Viooss Sa Sp, Se and S, represent the PWM signals for the corresponding switches.
Vioostes Viucke and ABS(V,,) represent boost carrier, buck carrier and the compensated signal
respectively. Both the operation modes and modulation methods are well illustrated in the

simulation results.

Vboostc Vbucke ABS(WVm

Figure 5.9 Simulation results of boost with dual buck.
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5.4 Comparisons of the Proposed Inverters

5.4.1 Efficiency Comparison

The parameters of these inverters are listed in Table 5.1. All of the MOSFETs are
CoolMos SPW47N60C3, and diodes are a SiC diode C3D20060D, and FGH30N60LSD
are selected for IGBTSs. Figure 5.10 and Figure 5.11 show the loss distribution with rated
power 2.5 kW under different input voltage conditions, where diode loss includes its

conduction loss and the reverse recovery loss.

Table 5.1: Parameters of all the inverters

Rated Power | Grid Voltage | Grid Frequency | Input Voltage | Switching Frequency

2.5 kW 240 Ve 60 Hz 200-500V 50 kHz

When V;, = 400 V, only buck mode operates; thus, all the boost related losses are
zero. In FB and H5, the loss due to diodes is dominant because of the bad performance of
the paralleled diodes with their IGBTs. Because the MOSFETs in H5 have lower voltage
stress than those used in the buck, FB and DB, the switching loss of MOSFETs in the H5
is smaller than the other three circuits. However, the conduction loss is larger because
there are two MOSFETs in series. The loss due to the IGBTs is higher in buck than the
other three, because there are always two IGBTs operating together. This can give the
idea that if buck type inverter can change the IGBTs in unfolding circuit to MOSFETs,

the efficiency in this buck type would be even higher.
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M buck/FB/H5/DB diode s output inductor W IGBT

Figure 5.10 Loss distribution in three inverters when V;, = 400 V

When V;, = 200 V, both buck mode and boost mode operate. Because of the
uniformity, all the boost related losses are the same. Due to high input current, the boost
diode’s conduction loss is high. The different is with high input voltage case, the

switching loss in buck/FB/H5/DB becomes less on account of lower voltage stress.
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Figure 5.11 Loss distribution in three inverters when V;, = 200 V

It can be observed that the switching loss in buck/FB/H5/DB mode is dominant if
the input voltage is larger than the peak of the grid voltage because of the high voltage
stress when the switches are off. In this case, first advanced double - carrier based SPWM
control described in Chapter 4.1 — reducing the carrier frequency for buck/FB/H5/DB
mode will help improve the efficiency. However, the switching loss in in
buck/FB/H5/DB mode will not be dominant when the input voltage is smaller than the
peak of the grid voltage because of the small voltage stress when the switches are off. In
this case, the control described in Chapter 4.1 won’t help improve the efficiency
significantly. Thus, a more complicated advanced double - carrier based SPWM control -
changing the carrier frequency based on the input voltage can be proposed which will be

discussed in the future work. Currently, the second advanced double - carrier based
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SPWM control in 4.2 — reducing the carrier magnitude for buck/FB/H5/DB mode but

keeping the same frequency is implemented.

Figure 5.12 shows the calculated CEC efficiency of these four inverters. It is easy
to observe that boost with H5 type inverter gives the highest CEC efficiency in most of
the conditions, because HS5 type will give the advantages of lower switching loss due to
lower voltage stress. The conduction loss is no longer dominant, especially in light load

condition, and H5’s superiority gives higher efficiency.
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=== Boost + buck

99.50%
-——Boost + FB

99.00%
Boost + H5

98.50%
=== Boost + DB

98.00%
97.50%
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95.50%

95.00% : i
200 342 400 500

Figure 5.12 CEC efficiency of four inverters under different input voltage condition

5.4.2 Leakage Current Comparison

Similar to the analysis used in Chapter 2.2.5, for all the three proposed topologies,
the negative terminal “O” of solar modules is set as the reference point, and the middle
points of the bridge legs are set as “P” and “N” for the output terminals. Then the

instantaneous common-mode voltage v, can be calculated as
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Vo = (0 + ¥ao) ;VNO) (5.22)

Based on the discussion in Chapter 2.2.5, the common mode voltage V., for the
boost-buck PV inverter proposed in Chapter 2 can be simulated, as shown in Figure 5.13.
It could be noticed that V., changes at line frequency, which will lead to very small

leakage current.
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Figure 5.13 Common mode voltage V., of boost-buck: (a) Vin>Vyigok; (b) Vin<Vrigpk-

For boost - FB inverter, equations (5.23) and (5.24) can be obtained.

vagrid > 09
Voo =Ver Vo =0 if S, ison (5.23)
Voo =0 vy, =0 if S, isoff '
Ingrid < 07
Voo =0 Vo=V, if S, ison (5.24)
Voo =0 vy, =0 if' S, is off .

where v¢; is the middle capacitor’s voltage, which is equal to v;, when it runs in
buck mode and is vy When it runs in boost mode, as shown in Figure 2.17. Then, v,
changes between 0 and v¢;/2 with high switching frequency as shown in Figure 5.14.

Thus, there will be a high leakage current in this inverter.

0.02 0.03 0.04 0.05 0.06
Time (s)
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Figure 5.14 Common mode voltage V., of boost-FB: (a) Vin>Vrigois (B) Vin<Vgridpk-

For boost — HS inverter, equations (5.25) and (5.26) can be obtained.

If Vgrid > 09
VPOZ‘;CL VNO:OV if Sy is on (5.25)
Voo =t Vwo =—o if Syisoff
2 2
If Varid < 09
Voo =0 vy, =V, if Syison
(5.26)

% Voo i s
VPO:% vNO:% if S, is off

Then, v., always equals to v¢z/2 as shown in Figure 5.15. Thus, there will be no
leakage current if the inverter runs in buck mode, but there will be small leakage current

if it runs in boost mode.
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Figure 5.15 Common mode voltage V., of boost-HS: (a) Vin>Vrigpks (b) Vin<Vyridpk-

For boost - DB inverter, equations (5.27) and (5.28) can be obtained.

If Verid > 09
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VP[O =V Vo= 0 l_f S(, is on
Veo =0 vy, =0 if S, is off (5.27)
VPZO = vgrid

If Vgrid < 09

Voo =0 vy =vey If S, ison
(5.28)

Voo =Var Vo =Va if S, is off

Voo = Veria

Then, v., changes among 0, v¢/2 and ver with high switching frequency as

shown in Figure 5.16. Thus, there will be a high leakage current in this inverter.
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Figure 5.16 Common mode voltage V., of boost-DB: (a) Vin>Vgrigoks (b) Vin<Vgridgpk-

Table 5.2 lists the summary of the inverters proposed in this chapter and the one

in previous chapter — boost-buck converter based inverter. If both efficiency and leakage

current are considered, boost-H5 should be the best choice.

Table 5.2: Comparisons of leakage current in different proposed inverters.

Boost-buck | Boost-FB Boost-H5 Boost-DB
Common mode ‘vgrid 0 or Y Yer 0 or Y& or Ve,
voltage (Vem) 2 2 2
Vem changing Line High Constant in buck High switching
frequency frequency | switching mode frequency
frequency Line frequency in
boost mode
Leakage low high low high
current
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5.5 Summary

This chapter proposed another three dual-mode double-carrier based SPWM
inverters based on the boost/buck operation mode concept. With both step-up and step-
down functions, this type of inverter can achieve high efficiency in a wide range because

only one switch operates at the PWM frequency at a time.

In fact, if any inverter is working based on buck converter’s concept, it can be
integrated with boost part and operate in either buck or boost mode. As a result, the new
inverter won’t have the limitation on its input voltage, which means the input voltage
doesn’t need to be higher than the peak of the output ac voltage. In this way, the input

voltage range could be widened.

The efficiencies and the detailed loss distribution of these inverters with one of
the advanced modulation method are compared. Based on the comparison, boost mode
with HS PV inverter gives highest CEC efficiency in most cases, because it has lowest

switching loss.

The leakage current for the three inverters have been analyzed. From this point of
view, boost-HS performs the best. Thus, if both efficiency and leakage current are

considered, boost-HS should be the best choice.
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Chapter 6:

Conclusions and Future Works

6.1

Summary

This dissertation proposed a single stage boost-buck converter based high-

efficiency grid-tied PV inverter. Based on its unique operation mode, the proper control

method is proposed for smooth mode transition. Based on the similar concept, three other

inverters with both step-up and step-down functions are proposed. Along with that, three

advanced control methods are also proposed

1)

2)

The following conclusions are drawn from the work.

A high efficiency boost-buck converter based single stage PV inverter is proposed.
The first converter part operates in either boost or buck mode; thus, it has a wide
input voltage range, which is good for PV application. The second inverter part is
composed with unfolding circuit based on the direction of the grid. Therefore
from power processing point of view, this inverter is a single stage inverter.
Because it processes power either as a buck converter or a boost converter, high
efficiency can be achieved.

After analyzing its model, it is known that if the input inductor L; can be reduced,
the double-pole position, which is considered as the frequency wall of bandwidth,
will be pushed to higher frequency. Moreover, the gain will increase as well. Also,
the Q factor will be reduced accordingly, which benefits the high bandwidth

design for the boost mode. However, decreasing the output inductor L, will keep
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3)

4)

5)

6)

the same double-pole position and have higher Q factor, which won’t help
controller design. As a result, small L, and large L, are preferred from the design
point of view.

Because small L; is preferred for easier controller design, an interleaved-boost-
cascaded-with-buck (IBCB) converter is proposed to increase the resonant pole
frequency by the use of smaller boost inductor value. As a result, the control loop
bandwidth can be pushed further up to enhance the robustness of the complete
system and helps the system be controlled easier.

The double-carrier modulation method is proposed based on the inverter’s
operation mode. The duty cycle for buck switch is always one if the inverter is
running in boost mode. The duty cycle for boost switches are always zero if the
inverter is running in buck mode. Because of this, the carrier for boost mode is
stacked on the top of the carrier for buck mode. As a result, there is no need to
compare the input and output voltage to decide which mode the inverter should
operate in and the inverter operates smoothly between these two modes.

Three advanced modulation methods are proposed. The first one - Double-carrier
with different frequencies can help further improve the efficiency. The second one
- Double-carrier with different magnitudes can help increase the bandwidth and
gain. The last one - Double-carrier with different frequencies and magnitudes
takes the advantage of both.

Based on the operation mode concept, many topologies can be proposed. If any
inverter is working based on buck converter’s concept, it can be integrated with

boost part. As a result, the new inverter won’t have the limitation on its input
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voltage, which means the input voltage doesn’t need to be higher than the peak of
the output ac voltage. In this way, the input voltage range could be widened. In
this dissertation another three dual-mode double-carrier based SPWM inverters
are proposed for example. With both step-up and step-down functions, this type of
inverter can achieve high efficiency in a wide range because only one switch
operates at the PWM frequency at a time.

7) The lifetime issue of the electrolytic capacitors has been investigated and
analyzed. Although the electrolytic capacitors have limited lifetime, it can still be
used by applying smaller voltage and current ripple to prolong its lifetime.
Because the end of its life doesn’t mean its failure, the electrolytic capacitor can
work much longer than its estimated lifetime. As time goes on, the capacitance of
electrolytic capacitor will be reduced. The smaller capacitance leads to lower
Maximum Power Point Tracking (MPPT) efficiency. Thus, at the end of the
electrolytic capacitors’ lifetime, the capacitors won’t fail to work but the change
in capacitance will reduce the MPPT efficiency and will reduce the whole

system’s efficiency as well.

6.2 Future Works
1)  When the grid is abnormal, the PV inverter needs to disconnect from the grid. A
control scheme needs to be developed and further investigated to make the inverter to

operate between grid-tied mode and islanding mode.
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2)  Although the three dual-mode double-carrier based SPWM inverters are proposed
and their efficiency analysis has been provided, some more experiments should be
conducted and their actual efficiency should be compared.

3) Other types of dual-mode double-carrier based SPWM inverters can be
investigated, such as boost along with HERIC (Highly Efficiency and Reliable Inverter
Concept) [73] inverter.

4)  For boost-FB (Full Bridge) and boost-DB (Dual Buck) inverter, other modulation
methods could be considered to eliminating their leakage currents, such as bipolar PWM

modulation method.
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