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ABSTRACT

Abstract

Current Source Inverter (CSI) topology is gaining acceptance as a competitive
alternative for grid interface of renewable energy systems due to its unique and advantageous
features. Merits of CSI over the more popular voltage source inverter (VSI) topology have been
elaborated on by a number of researchers. However, there is a lack of quality work in control
strategies of CSI topology for both stand-alone and grid connected modes. Therefore this thesis
contributes by proposing new voltage control techniques, and power control techniques for
stand-alone and grid-connected modes, respectively. Existing voltage control techniques for
stand-alone CSI are conventional, and complex. They employ usually modulators and
regulation loops which are designed depending on the connected load, this reduces the accuracy
and stability of the controllers. For this reason, two direct voltage control methods have been
proposed in this work. The proposed methods overcome the aforementioned drawbacks of
conventional methods. In the other side, PV grid connected CSI systems available in the
literature suffer from many problems such like complexity of control strategies, poor power
control, filter resonance, and low efficiency. Therefore, new high-performance control
strategies are introduced to get over these problems. The proposed techniques can fulfill all the
control objectives of the system, i.e. fast and accurate maximum power point tracking,
decoupled control of active and reactive powers exchanged with the grid, low distorted grid
currents, unity power factor operation or reactive power injection, depending on grid operator
demand, and high efficiency through the use of active damping methods. Moreover, system
cost and complexity are reduced, and better performances are reached by the use of a sliding
mode observer (SMO) instead of hardware sensors. Simulation results using Matlab/Simulink,
experimental results, and real-time (RT) implementation results have been carried out to assess

the different control techniques proposed in this thesis.



ACKNOWLEDGEMENT

Acknowledgement

First and above all, | praise the almighty ALLAH for granting me the capability to proceed
successfully. This thesis would not have been possible without the support of several
individuals who in one way or another contributed their valuable assistance in the completion

of this work.

I would like to express my utmost gratitude and thanks to my academic supervisor, Pr. Fateh

KRIM , who has advised, guided and supported me throughout this research work.

I would like to express my thanks to the examiners committee, Pr. Nourredine AMARDJIA |,
Dr. LahceneZIET , and Pr. Adel MELLIT for their valued time and interests in my thesis.

Special thanks to all the members of our laboratory group (LEPCI), and to all my colleagues.

I am so grateful to Dr. Miguel CASTILLA , and Pr. Luis Garcia DE VICUNA for giving me
the opportunity to have a long duration training at their laboratory in Barcelona. My thanks go

also to all the laboratory group.

Finally, I would like to acknowledge the financial support of the Algerian ministry of higher

education and scientific research that have granted me a long duration training abroad.



DEDICATIONS

Dedication s

Dedicated

To my parents;
To my wife ;
To my sister and my brothers ,

Andt o my friends.

HamzRheroura



CONTENTS

Contents
LISt OF tADIES ... e X..
LIST OF FIQUIES ..ttt e e e e e e e e e e e e e e e e e e e eeeeean Xl
LiSt Of aDDIEVIATION ......ooiiiiiiiiie et XV
LISt Of SYMDOIS ...ttt e XVI1
Chapter 1: INtrodUCHION ......coooiiiiie e 1.
1.1 Motivation and background ............c.ccooiiiiiiiiiieeei i e 1
2 @ o] =T o 1Y PP S
1.3THESIS OULIINE. ....ceii it e e mm e e e e e e ennes 4
RETEIENCES ... e B........
Chapter 2: LIterature SUIVEY ........coeoiieiiiiiiieeieieiiiie e e e e eeieian e e e eeaenn e e e aeeeeens 8.....
2.1 INEFOTUCTION ..ttt e e e e e e e e e e L T
2.2 Distributed generation SYSIEMIS..........covvviiiiiiiiiiiiie e 8......
2.2.1 Distributed generatorS.........oooiiiiiiiiiiiiiiaeee e eeieeeeer e e 10
2.2.1.1 PhotoVOItaiC geNErator........cccceiiiieeee e 10....
2.3INVErter tOPOIOGIES. .....cceeeeeiiiieiiiieeee e e e e e e e ettt s e e e e e e e e e aeeeeeeeereee 11....
2.3.1 Voltage SOUICE INVEITEIS........cuuiiieeeeeiiiee e e e 13....
2.3. 1.1 TWOIEVEI VS ... e 13.....
2.3.L2MURI-IEVEI VS ... 13
2.3.2 CUITENT SOUICE INVEITEIS....cciiiiiiiiieiieeiiittit ettt ettt e e e e e e e e e e e e 14
2.3.2.1Auto-sequentially commutated CSl...........ccccuviiiiiiiieei e 14
2.3.2.2 Load commUEAtEDSI...........oooiiiiiiiii s 15



CONTENTS

2.3.2.3 TWBIBVEI CSl... . 15
2.3.24MUII-IEVEI CSI ... 16
2.4INVEITEIS CONION ....eiiiiiiieee ittt s 17
2.4.1CSI modulation teChNIQUES..........ccoviiiiiieieiiiiee e e e e meeeeeeeeeeeaeeees 18
2.4.1.1 Carriehased PWNM. ...t eeee ettt neees 18
2.4.1.2 Trapezoidal PWM ..o e e 20
2.4.1.3Space vector modulatiQn..............oooviiiiiiiiiiii e 21
2.4.1.4Selective harmonics elimination..............cooooiiiiiiiiiiiiiee e 22
2.5Literature review of CSI based standalone systems............ccccceeeeeeeveininnnnnn. 24,
2.6 Literature review of CSI based gridconnected Systems..........ccoeeevvvvviiiieeeennns 24
2.7 CONCIUSION ...ttt 26...
REIEIBNCES ... . et a e e 21...
Chapter 3: Design and modeling of system components......................... 32
0 I | 1 {0 Yo [8 Tox 1o [P P PP PPPPPPPPT 32...
B2 PV MOUBL ... 32...
B.BCSIMOUEL. ... e e e e e 35....
3.4 Filter modeling and desSIgN.........cccoumeeeiiiiiiiciie e 37.
3.4.1StANA-AI0NE CSl.. ..ttt ettt ————— 37
3.4.2Grid CONNECTEA CSl.. ...ttt eem ettt 37..
3.4.2. 1CLAilter modelling ........oovvviieeiiiiiie e e 38
R N D 1T (o I o | (=Y 4 - WO 40
3.4.2.3 Filter resonance and damping ........ccooeeeeeiiiiiiieeeiiiires e e e e e e e e e e eeeeeeeaaannes 40
3.5 CONCIUSION. ...ceieiiiiitieii et eee ettt e e e 44....
RETEIENCES ...t e e 45...

VI



CONTENTS

Chapter 4: Stand-alone airrent SOUrce iINVErer .........ccceevvveeeeveiieceeeee e e 47
4.1 INEFOTUCTION ...ttt e e e e e e e e e e e e e e e s 47...
4.2Finite-set model predictive voltage contro(FSMPVC) .........cccccovveevvvnnnnn 47

4.2.1 Predictive CONIOIET.........oo i 48.
4.2.1.1 Prediction MOGEL.........couiiiiiiiiiiiiii e 49.....
4.2.1.2 Cost function OptimiZatiQn..........ccoeeeeiiiiiiiiiie e 50

4.3 Proposed CSI switching algorithm...............eiiiiii i, 51
4.3.1 PrinCiple Of OPEIatiON........ccoiiiiiee ittt et e e e e e e e eeeees 52
4.4 SIMUIALION TESUILS......ccee it e e e e e 55..

4.4.1 RESISHVE 0. ......ciiiiiiiiiieieiie i ettt e e e e e e e e e 55

4.4.2 ResSistivaNdUCTIVE 108 ...........uuuiiiiiiiiiiiiiie e 58

4. 4.3 NORINEAI I0AA .....eeiiiiiiiiieiee e 59

4.4.4 RODUSINESS TESIS ..o i i iiiiiii ittt et e e e e e e e e e e e e e e e s e e 61
4.4.4.1 Sudden [0ad Variation ..........ccceeeeeeeeiiiii e e 61
4.4.4.2 Sudden voltage reference variation ..................eeeeeeeeecmmmeeeeeeeeeennnenns 63

4.4.5COMPATaAtIVE STUAY ....veveeiiiiiiiiiiieee e e e e e e e e e e e e e e e 66

4.5 EXperimental reSUITS............uuuuiiiiiiiiiiiiiie e 66
4.5.1 RESISHVE 0AMA.......ciiiiiiiiiieie i ettt e e e e e e e e 67
4.5.2 ResSistivaNAUCTIVE 1080 ...........uuiiiiiiiiiiiiiiiiiii ettt 68

4.6 CONCIUSION. ...ttt ettt ettt e e e e e e e e e e e e e s s et r e e e eeeaeaaaeess 69...

RETEIENCES ... ... e e 70....

Chapter 5: Singlestage gridconnected photovoltaic CSl...............c......... 71
5.1 INEFOTUCTION .ttt e e e e e e s eeas 71
5.2 Maximum power point tracker (MPPT) ...c.coooiiiiis e eeee e 12

VII



CONTENTS

5.3 Sliding mode 0bServefSMO) ..........cooviiiiiiiiiiiee st 73
5.4 Finite-set model predictive CONtrol..........ccoooeiiiieeiiicccee e 76
5.4.1FS-MPVC based voltage oriented contro[FS-MPVOC) .........................16
5.4.1.1 DGIiNK CUIreNtCONLIOl .....coeiiiiiiieiiiiieeeee e 77
5.4.1.2 Voltage oriented control (VOC) ........ooviiiiiiiiiiiiiiiiiee e 77
5.4.1.3 Proposed active damping method ...........ccceeeeeeiiiiiiiiiiii e 79
5.4.1.4 Grid synchronization phase locked 100p (PLL) ..cccooveeiiiiiiiiiiiieie, 80
5.4.2Finite-set model predictive direct power contro(FS-MPDPC) ................ 30
5.4.21 DC-INK currentCONTIOl .....cc..eeeiiiiiiiiieiieeee e 81
5.4.2.2 Predictive power CONLIONET ..........ooviiiiiiiiiiiiei e 82
5.4.2.3 Proposed active damping method ..o 84
5.5 SIMUIALION FESUIES.......uiiiiiiiiiiiiiie e 85..
5.5.1 SMO perfamance aSSESSMENT .......cccueiiiiiiiiiiiiiiiiiieere e e e e e e e e e e e e e 85
5.5.2 Unity power factor OPEration ..............cooeveeiiuuuuiimmiiinnee e e e e e e eeeeeeeeeeeennaans 87....
5.5.3 Reactive POWET INJECTION .....oviiiiiiiiiieeeie e e e 94

5.5.4 Comparison between proposed active damping methods and passive

[0 F= T 0] o1 o PSP 101
5.6 Reattime implementation reSUItS...........coouviiiiiiiiiiii e 75
5.6.1 Unity power factor OPeration .............cuuuiiiiiiiieiiiis e 103
S.6. L. IFSMPVOC ... et e e e eeeene 103
5.6.1.1 FAVIPDPC ...ttt e 104
5.6.2 Reactive POWET INJECTION .....covvuiiii et e e e e e e e e e eeaes 106
S5.6.2.IFSMPVOC ... e 106
5.6.2.2FSMPDPC..... e 107
5.7 CONCIUSION. ...ttt e e 108

VI



CONTENTS

REFEIENCES ... e s 110
Chapter 6: CONCIUSION ......cccii i eeeeiie et ettt e e e e e e e e e e e e e e e e aee e as 84...
6.1GENEral CONCIUSION........uuiiiiiieiiiiiie ettt e e 84..
6.2 X W KRRIOULGNR ... 85..
6.3Recommendations for future reSearch.............cccvvvviiiiiiiiiiceee e 86

AppendixA 6\VWHPVY SDUDRPHWHUM ......c.vvuu...e 115
Appendix B: Experimental hardware design ............ccceveeviiieeeviiceiiinneen, 117

Scientific ProdUCTIONS...........ii i 120



LIST OF TABLES

2.1
2.2
2.3
3.1
3.2
4.1
51
52
Al
A.2
A3
B.1

List of table s

CSl btlogic/tri-logic states with corresponding switches triggering signals...................... 19
CSI switching states and SPACE VECIAIS.........uuiuiiieiiiieiieeieeeee ettt 21
Comparison omost commorCSI modulation techniques............ccoooiieiiiiiiiieiiiieeeeeeee 21

CSl possible states and corresponding output currents and Vectors...........ceceeeeeevnnnens 36
Resistive damping configurations..............cveeiviiiiiiiiiiiie e 42.....
Comparison between available and proposed voltage controlledadtar@CSis................ 66

Grid currents THD for unity power factor operation duritffedent irradiance level............ 93
Comparison table of active and passive damping methods............ccocceiviiiiiiiiiiiiiicinnee 102
Standalone system electrical Circuit Parameters..........ccoviiiiiiiiieeeeiie e 115
PV MOAUIE PAIBIMEIEIS ... . ettt e e e e e e e s re e e e e e e s e reeaenaaans 115
Grid connected CSI electrical CirCuit parameterS.............coveviiiiiriiireeeriisiieeeee e e 116
References of important compents used in eXPEriMentsS ..........cvvvvviviiiviiieiiieeiieeeeeeeee e, 119



LISTE OF FIGURES

List of figures

1.1 Estimated renewable energy share of total final eneyggumption, 2016.............cccceeveeeeen. 1.
1.2 Evolution of cumulative PV installations (GM/...........uuuuiiiiiiiiieiiiiiiiceeieeeee e e e aaeaaaa e 2.

2.1 Schematiaiagram of photovoltaic grid connected system configurations: (a) Single stage (b)

T = ] = T [P 11...
2.2 INVErters ClasSifiCALION. .........vi i 12......
2.3 TRIEE PRESE VS ittt e et e e 13
2.4 Auto-Sequentially commutated CSl........c.uuiiiiiiiiiii e 15
2.5  Load COMMUEALEA CSl.....ueiiiiiiiiiiiiiiiie et e e s rrre e e e e eaeeas 15
2.6 1deal thre€ PhaSE CSl....oooiiiiiiiiie e 16
2.7 PArallel MCSI. oo ittt s ettt ettt e e e e e e e e e e e e e e e e e e e e e e e aaas 16
2.8  Most common VSI CONrol StrategieS.......ccuuuuuiiiii e ee e e e e 17
2.9 Diagram of SPWM VSI t0 CSI State Map......cceiiiuriiiiiiieeeiiieie e smmmmie e 18
2.10 Diagram of bilogic/tri-logic modulation teChNIQUE.............eeeviiiiiiiiiiiiiie e 20
2.11  Trapezoidal PWM Pattern.......cccooiiiiiiiie oo 20.......
2.12 CSISVM scheme: (a) space vector diagram (b) Synthesis of reference vector in sectd22
2.13  Selective harmonic elimination (SHE) PWM pattern...........c.uueevieeiieeiieeiieeeieeeieeeeeeeeeeeess 3..2
3.1 Single diode model of theoretical and practical equivalent circuit of a PV.cell............. 33
3.2 Effectof temperature on PV CharacteriStCS.....ccoccoiiiiiii i 34.
3.3 Effect of irradiance on PV characteristiCs...........oooviiiii i 34
34 TRIEE PRASE CSl..oiiiiiiiiiii ettt e e e e a s 35..
3.5 CSI OULPUL CUIMENT VECTOIS . .u i ciii ettt sttt e et e et e e e e e e et e e e e aan s 31.......
3.6 Grid-connected CSI SChEME........coiiiiiiiiiie e 38...
3.7 CSlconnected to grid throUu@Lfilter ... e e e e e eeaeens 38
3.8 bode plot of the differer@L filter configurations...........cccooeeiieiiir i e 43
4.1 Block diagram of FOMPVC control SCNEME..........ooiiiiiiiiee e 48
4.2  FSMPVC algorithm flIOWCHAI...........c.oueiiiiiiii e e e 51
4.3  FSMPVC cONtroller SCheME......ccooi i annee 51
4.4  Proposed switching algohitn control SCheme............ccoooiiiiiiiiiiiiicc e 52...

4.5 Description of switching algorithm operation principle: (a) load voltages along with their

references, (b) three phase currents flow pading g first samplingnterval..........c.............. 54
4.6  Proposed switching algorithm flowchart......... ..o e 54
4.7  Generator of triggering signals of the proposed controller using logical.poris............... 55

Xl



LISTE OF FIGURES

4.8 FSMPVC responses of: (a) load voltages, (b) load currents, (c) papke( voltage along
(L IR S =] =] (=] o = 56.

4.9 Proposed switching algorithm responses of: (a) load voltages, (b) load currents, (claphase (

load voltage along With itS refErenNCe........cooi i 57
4.10 FSMPVC responses of: (a) loadltages, (b) load currents fBL type load................ccn.... 58
4.11 Proposed switching algorithm responses of: (a) lodthges, (b) dad currents foRL type

o = Yo 59
4.12 Diode rectifier used as a ndinear load Reec Y Crecm 4. THF) oo 59
4.13 FSMPVC responses of: (a) load voltages, (b) load current fodinear load......................... 60

4.14  Proposed switching algorithm responses of: (a) load voltages, (b) load currents-fimeaon

4.15 FSMPVC responses of: (a) load voltages, (b) load currents for sudden load change....62

4.16 Proposed switting algorithm responses of: (a) load voltages, (b) load currents for sudden load

CNAINGE ...ttt ————— 111111 63
4.17 FSMPVC responses of: (a)aol voltages, (b) load currents for sudden load change........ 64
4.18 Proposed switching algorithm responses of: (a) load voltages, (b) load currents for sudden load
CNANGE ... ——————— 111t a1 aa s 65
4.19 Obtained FSVMPVC experimental results faesistive load: (a) Load voltages (80V/div), (b)
LoAd CUIMTENES (2AVIV).....eeeeiiiiiiiis e e e e e e e e e e e e et e e s et e e e e e e e e 67
4.20 Obtained switching algghm experimental results foresistive load: (a) Load voltages
(80V/div), (b) Load CUIrentS (2A/IV)......cceeoiiiiieeiee e et 67
4.21 Obtained FSMPVC experimental results fdRL type load: (a) Load voltages (80V/div), (b)
LOAd CUITENES (2AVTIV)....ceiiiieiiiieiiieeee ettt s e 21 e e e e 68
4.22 Obtained switching algorithm experimental results Ric type load: (a) Load voltages
(80V/div), (b) Load currents (2A/AIV).........cooeieiiiiiiiiiieiis e e e e e et e e e ae e e e 68
5.1  Flowchart of P&O algorithm............cooiiiiceici e 72
5.2  SMO sign and saturation fUNCHONS. .............ciiiiiiiiiiiie e e 2)
5.3 Block diagram of proposed H8PVC control scheme ..........ccccceeeeeiee e 76
5.4  DCIINK Pl regulation I00P ......ueiiiiiiiimmeee ettt e e e nn e e e ee e e e 77
5.5  Orientation of voltage VECtor 0N thEAXIS ............eeiiiiiiieiiiicerceee e 77
5.6 Diagram of Pl current regulation I00PS..........oovviiiiiiiii e e 78
5.7  Active damping virtual resistor placement fOFFMBPVOC ..........ooovviiiiiii s e eeee e eeennns 79
5.8 Reference modification using active damping fofNEBVOC ..........oeviiiiiiiieecieeeee, 80
5.9 Threephase PLL in the synchronously rotating reference frame8Rf................... ... 80
5.10 Block diagram of the proposed fEPDPC control SCheMEe ........ccovevieiiieiiieeeeeeeeeeeeees 81
5.11 Diagram of DC link regulation [00pP ..o e 81
5.12 FSMPDPC cONtrtder SChEIME ......eeiiiiiiii ettt em e e e e s enees 83



LISTE OF FIGURES

5.13
5.14
5.15
5.16
5.17
5.18

5.19

5.20
5.21
5.22
5.23
5.24
5.25
5.26
5.27
5.28
5.29

5.30

5.31
5.32
5.33

5.34
5.35

5.36
5.37
5.38
5.39
5.40

541

FSMPDPC control algorithm flOWChaAIT ...c.....coooiiiiii e e e ee e 84
Active damping resistgrlacementor FSMPDPC ..........coomiiiiiiiiiiiimmeeeeeeee e 85
Reference modification using proposed active dampingSavIPDPC ................cconvvvneee 85
Performance of SMO: (a) grid current, (b) capacitor voltage, (c) grid voltage................ 86
Yo Pz LT = Lo [T VgL = SR 87
FSMPVOC responses of: (a) PV output voltage, (b) PV output current, (c) PV output
0 1< P 88
FSMPDPC responses of: (a) PV output voltage, (b) PV output current, (c) PV output
0101 Y= TP PRSPPI 89
FSMPVOC responses of: (a) grilaxis current, (b) grid-axis current............ccccceeeeeennee. 90
FSMPVOC responses of: (a) grid active power, (b) grid reactive poOWer...............ccueee.... 90
FSMPVOC responses of phase (a) grid current and voltage............cccocvvvevvieeiieeiieeeennennn, 91
FSMPDPC responses of: (a) grid active mmw(b) grid reactive pOwWer...........ccccvvvvveevvnvnnns 92
FSMPDPC Response of phase (a) grid current and voltage..........cccoooveeevveeeiiiiiineeeeee, 92
FSMPVOC responses of three phase grid CUMENLS..........cueviiiiiiiiieeiiee e 92
FSMPDPC responses of three phase grid CUMeNLS. .........ccooiiiiiiiiii i 93
B\VWHPTV HIILFEMRYBE . X M.L.QJ.) Bt e e e e e e e aa e 94
B\VWHPTV HIILFEMPQRC. XVLQ I8 it 94
FSMPVOC responses of: (a) PV output voltage, (b) PV output current, (c) PV output
0 1T o PSP 95
FSMPDPC responses: (a) PV output voltage, (b) PV output current, (c) PV output
PO ... oottt ettt e et et e et e et e e e et e e e e e s e e e e e eeennnn 96
FSMPVOC responses of: (dyaxis grid current, (bd-axis grid current..........ccoeeeeeeeeeeeenenn. 97
FSMPVOC response of: (a) grid active powg) grid reactive pOWer.........cccevvvevvveveeeneen.. 97
FSMPVOC responses of phasa) (grid current and voltage during step change in reactive
power reference: (a) zoom on first step change, (b) zoom on second step.change......... 98
FSMPDPC responses of: (a) grid active power, (b) grid reactive power...........cccceeeeenn.n. 99
FSMPDPC Responses of phas® grid current and voltage during step change in reactive
power reference: (a) zoom on first step change, (b) zoontondstep change................... 99
FSMPVOC responses of three phase grid CUIMTENLS. ..........ooviiiiiieriei e 100
FSMPDPC responses of three phase grid CUITENLS............cuvvviiiiiiiiceeeieeieeeieeeeee e 100
B\VWHPTV HIILFEMRYBC . XM.L.OQJ..) B 101
6\VWHPTV HIILFEMPORC. XVLQJ. )68 e e evee e aniiae e 101
Efficiency comparison between active and passive damping methods using:-§p\V3C,

(D) FSMPDPC.... oottt et e e e e e e e e e e ee e e e st e snnmnnnnnsae e e ennnaeeeennnes 101
Typical HIL implementation SETUD..........coui it e e 102

X1l



LISTE OF FIGURES

5.42

5.43

5.44
5.45
5.46

5.47

5.48
5.49
5.50

5.51

5.52
5.53
5.54

5.55

5.56
5.57
B.1
B.2
B.3
B.4
B.5

FSMPVOC HIL responses of PV output: voltage (25V/div), current (10A/div), and power

(ZKWIAIV) ettt e e eb e e s s e e e e e b e e aanbbeeean 103
FSMPVOC HIL responses of grid: active power (1kW/div) and reactive power
(LKVAIIAIV) ..ottt et e e et e e s nee e e e s e e e e e e e e e e e enes 103
FSMPVOC HIL responses of grid currents (L0A/CIM).........uuerieriiiiiiieeeee i 104

FSMPVOC HIL responses of phase (a): grid curr@®A/div) and grid voltage (80V/div)104
FSMPDPC HIL responses of PV output: voltage (25V/div), current (1L0A/div), and power

(024 Y7o 1Y) S RPRSPRRP 104
FSMPDPC HIL responses of grid: active power (1kW/div) and reactive power
YN o 11 ) OO 105
FSMPDPC HIL responses ofigrcurrents (LOA/IV).........oouuueiiiiiiiiiiieeeee e 105

FSMPDPC HIL responses of phase (a): grid current (20A/div) and grid voltage (80V/tiB5
FSMPVOC HIL responses of PV output: voltage (25V/div), current (L0A/diaY] power

(024 0T/ o 1Y) RO 106
FSMPVOC HIL responses of grid: active power (1kwW/div) and reactive power
(YN Lo 1 ) PSSP B
FSMPVOC HIL responses of grid currents (20A/0IM).........uueeeeriiiiiiieeeenesiiiieieee e 106

FSMPVOC HIL responses of phas#®{grid current (20A/div) and grid voltage (80V/div)07
FSMPDPC HIL responses of PV output: voltage (25V/div), current (10A/div), and power

(024 Yo 1Y) PRSPPI 107
FSMPDPC HIL responses of grid: active power (1kw/div) and reactive power
(Y2 o 1 ) PSS 107
FSMPDPCHIL responses of grid currents (20A/dIV).........coovvieiiieieiiee e 108
FSMPDPC HIL responses of phase (a): grid current (20A/div) and grid voltage (80V/ti38
Experimental standlone CSltestbench.........cccccoii 117
CSil electrical circuit design in ISIS/ARES SOftWaIE.........uvieiieiiiiiiieeiieeeieeeeeeee e 118
BOth SIdES 0T S| PrOtOtYPE.. .. i eieeeeeeit e e e e e e ettt et e s e e s e e e e e e eeeraean e e e eeeeeeeannnnns 118
CSl driverboard design in ISIS/ARES SOftware.........ccoovviviiii i 118
Both sides 0S| driverDOArd...............u e e e e e e 119

X1V



LIST OF ABBREVIATIONS

AC

DC
DG
SG
RES
GHG
SMES
ICT
VSI
MVSI
NPC
CHB
ASCI
LCI
CsSl
CSR
MCSI
PV
MPP
MPPT
P&O
PWM
SPWM
CSPWM
TPWM
SVM
SHE
THD
IGBT

List of abbreviations

Alternating arrent

Direct aurrent

Distributed gneration

Smart grid

Renewable energy source
Greenhousegas

Superconducting magnetic energgrage
Information and communication technolog
Voltage source inverter

Multi-level VSI

Neutral point clamped

Cascaded Hbridge

Auto-Sequentially commutated inverter
Load commutated inverter

Current source inverter

Currentsource rectifier

Multi-level CSI

Photovoltaic

Maximum power pint

Maximum power point tracking (tacker)
Perturb & dserve

Pulse width mdulation

Sinusoidal PWM

Carrier based SPWM

Trapezoidal PWM

Space vector modulation

Selective harmoniclienination

Total harmonic dstortion

Insolated gate bipolaransistor

XV



LIST OF ABBREVIATIONS

RB-IGBT
GCT
CcL
TF
PI
PR
SRF
PLL
FS
MPC
voC
DPC
RL
SMO
HIL
RT
PCB

Reverse locking-IGBT
Gate commutated thyristor
Capacitiveinductive
Transfer function
Proportional mtegral
Proportional resonant
Synchronously rotating frame
Phase lockedbp
Finite-Set

Model predictive control
Voltage oriented control
Direct power control
Resistiveinductive

Sliding mode observer
Hardwarein-the-loop
Realtime

Printed circuit board

XVI



LIST OF SYMBOLS

List of symbol s

The following provideslefinition to thesymbok that are commonly used in thigesis Other

symbok which only appear in specific sections dedéined in the contexivhere they appear.

a, b,c

d, q

Pdc
Pac

Cr
Lt

de
Rac

Natural frame components
synchronously rotating reference frame components
stationary reference frane®@mponents
PV array current

PV array voltage

PV array power

DC link current

CSI output current

Grid current

Grid voltage

Capacitor current

Capacitor voltage

Load current

Load voltage

Voltage error

Active power

DC-side power

AC-side active power

Reactive power

Grid voltage vectoangle

Grid angular pulsation

Filter capacitance

Filter inductance

Internalfilter inductor resistance
DC link inductor inductance
Internal DC link inductor resistance

Damping resistor

XVII



LIST OF SYMBOLS

Laplace operator

Proportional gain

Integral gain

P&O stepsize

Reference current vector

CSI current vectors

Inverter power switches

Sliding surface

Sampling time

Cost function

Index ofoptimal value

Actual sampling instant
Irradiance

Temperature

PV Series resistance

PV parallel resistance

Diode current

Diode voltage

Photovoltaic current

Saturation current

Opencircuit voltage

Shortcircuit current

Thermal voltage

Index of nominal value

Index of cell value

Electron charge=1.60217646%0'° C
Semiconductor band gap energy
Diode ideality constant
Boltzmann constark=1.3806503102% J/K

XVII |



CHAPTERL INTRODUCTION

Chapter 1
Introduction

1.1 Background and motivation

Electric energy consumption has been growing dramatically over the past few years to
meetthe energy needs related to global population and high economic grbvjjl.3].
Currently fossil fuels presenthe majority of electricity prductions approximately 78.4%

[1.1]. The burning of fossildels release carbon dioxide awitier greenhouseages (GHG), as

well as,many other pollutants such as sulfur dioxide and nitrogen oxides. The carbon dioxide
released when fossil fuels are burned is leading to global climate ch@ta®al GHG
emissions have increasedth 70% between 1970 and P& During this same time period,

global GHG emissions from the electric energy sector have incregiseabout145%[1.4].

Demand for clean, economical, and renewable energy has increased consistently over
the past few decades, especially as a consequetite@&fiergy crisis and environmental issues
such as global warming and pollution. There has been a significant progress in the development
of renewable energy sourcexblas biomass, hydropower, solar photovoltaic energyward
energy[1.5]-[1.16]. Approximately19.3% of global electricity production in the world is from
renewable energy sources (RES)]. The sukdivisions of RES percentagare depicted in

Figurel.l

Figure 1.1Estimated renewable energy share of total final enesggumption, 206 [1.1]
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Among a variety of renewablenergyesources available, solar enegppears to be a
major contender due to its abundance and polldtea conversion teelectricity through
photovoltaic (PV) procesq1.5]-[1.16]. PV energy installed capacityhas ncreased
exponentially over the recent yegaad has become a real alternative to boost renewable energy

penetratiorf1.1]-[1.3], Figure 12 showsthe worldwide cumulative PV power installed

Figure 12 Evolution of cumulative PV installations (GW].2]

Increasing interest in PV systems, demagdswth in research and development
activities in various aspects such as Maximum Pd®aent Tracking (MPPT), PV arrays, anti
islanding protection, stabilityral reliability, power quality and power electronic interface
[1.15]. With increase in penetration level of Bystems in the existing power systems, these
issues are expected to become more criticéime since they can have noticeable impact on
theoverall system performangg.4]-[1.10]. Moreefficient and coseffective PV modules are
being developed and manufactured, in respdosthe concerns raised by the PV system
developers, utilities and customé§tsd], [1.8], [1.13] Numeroustandards havbeen designed
to address power quality and giitegration issuefl.6]. Extensive research in the field of
MPPT has resulted in fast and optimized method to ttlaeknaximum power poirftl.13],
[1.15].

Regarding power electronic conveg#s interfae PV arrayso the grid voltage source
inverter (VSI) ighe mosused topology to dafé.16]-[1.18]. However, thigopology has some
limitation when it comes to PV gpcations. The VSI topology habuck (stepdown)

characteristics; therefore to stap the low voltage output from the PV arran extra power
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electronicconverter isrequired this is known as duatage topology1.17], [1.18] These
drawbacks can be overcome by the use another type of inverters known as Current source
inverters (CSIs)CSIs appear to be direct competitors of VSIs, especially in medium, and high

power applications, due to the advantages listed bgld@]-[1.23]:

9 CSI outputs grid and motor friendly waveforms. Its AC voltage and current
waveforms are close to sinusoidaittwlow harmonics distortion. lalso
inherently avoids highv/dtresulting from filtering effect of outputapacitors

9 DC-side current regulation offe an inherent current limitingyvercurrent and
shortcircuit protectionfeatures during AGside faults

9 The most important feature of CSI is the boosting capability, namely it can
operate wh a lowvoltage DC source. TIsuAC voltages required in certain
applicationssuch likeuninterruptible power supplfuPS can beobtained from
alow battery voltage in one single power sta@a the other hand, PV sources
can be interfaakto grid using CSl in a singigtage topology. This decreases the
SRZHU ORVVHV DQG LQFidi¢hEyVrHodmpaksdn withv i PV H I

stage topologies.

DeVSLWH &6,V PDQ\ IDYRUDEOH itsuBetasbedihiteld due39 DS SO
to the following drawbackfL.19]}-[1.25]:

0 The onstate losses in the switching elements, where the semiconductor switches
usedare not capable of withstanding negatw@tage and thus have to be
connected irseries with a diode, this makes CSI lodsigber tharthose in VSI
However,with new advaces in the power semiconductiechnologies CSI
switching losses hauvgeen reduced to great extesince, insolated gatspolar
transistor(IGBT) in series withdiodes could nowbe replaced by only one
component, whicls reverseblocking IGBT (RB-IGBT).

0 The losses in the DC inductor of CSI are kndwrbe higher than those in the
DC capacitor of the VSI However, with recent developments in
Superconducting Magnetic Energy Stora@MES) technology, there is hope
that concerns regarding inductor can be removed in the future

o The AGCside filter capacitors can resona@L WK WKH ILOWHUfV LQC(
distribution line indatance.

0 The complexity of the control techniquespresents one of the major drawbacks
of CSl
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Though researchers have studied CSI for different applications, there still exist many

points that could be investigated and improved.

Motivated bythe hugedemand for solar energy and immediate need for improvements
in PV systemsthe research reported in this thesi®nds to add to the existikgowledge on
PV system applications of CSI and make quality contributions to the field.

1.2 Objectives

Themain objectives of the research can be summasagddllows:

To achieveacomplete survepn CSis, in terms of working principle, modeling,
design, and existing modulation and control techniques.

To develop new control strategies for voltage contraC&fthat could be used
when switching from gricconnected to staralone modes due to grid
disconnectionof local loadsduring islanding of DG system3he developed
techniques should ensure fast and accurate votagdrequencyontrol and
should also pass the robustness tests.

Todevelop new control strategies for singtage three phase PV grid connected
CSI. The developed strategiskouldbe capable of extracting maximum power
from the PVarrays at all insolation levels, andjecting a clean sinusoidal
current into the power grith accordancevith grid codes.

To devel@ asliding mode observelSMO) observer forAC-sidethat mustbe
able to estimatéhe requirediariables accurately.

To introduce active resonance damping method®Yogrid connected C3b

increase the systems efficiency and enhance the power quality

1.3 Thesis outline

To achieve the aforementioned objectives and fatdlithe presentation of results

derivedin the course of this research, the thesis is orgamigddllows:

™ Chapter 2 Provides a literature survey ali