Cairo University

STUDIES ON SOLAR GRID-INTERCONNECTED
QUASI Z-SOURCE INVERTER

By
Ahmed Salah Nabih Ahmed

A Thesis Submitted to the
Faculty of Engineering at Cairo University
in Partial Fulfillment of the
Requirements for the Degree of
MASTER OF SCIENCE
In
ELECTRICAL POWER AND MACHINES ENGINEERING

FACULTY OF ENGINEERING, CAIRO UNIVERSITY
GIZA, EGYPT
2017



STUDIES ON SOLAR GRID-INTERCONNECTED
QUASI Z-SOURCE INVERTER

By
Ahmed Salah Nabih Ahmed

A Thesis Submitted to the
Faculty of Engineering at Cairo University
in Partial Fulfillment of the
Requirements for the Degree of
MASTER OF SCIENCE
In
ELECTRICAL POWER AND MACHINES ENGINEERING

Under the Supervision of

Prof. Osama A. Mahgoub

Faculty of Engineering
Cairo University, Egypt

FACULTY OF ENGINEERING, CAIRO UNIVERSITY
GIZA, EGYPT
2017



STUDIES ON SOLAR GRID-INTERCONNECTED
SOURCE INVERTER

By
Ahmed Salah Nabih Ahmed

A Thesis Submitted to the
Faculty of Engineering at Cairo University
in Partial Fulfillment of the
Requirements for the Degree of
MASTER OF SCIENCE
In
ELECTRICAL POWER AND MACHINES ENGINEERING

Approved by the Examining Committee

Prof. Osama Ahmed Mahgoub (Thesis Main Advisor)
Faculty of Engineering - Cairo University =~ =-m-mmemmmmemmmeeeee

Prof. Hosam Kamal Mohamed Youssef (Internal Examiner)
Faculty of Engineering - Cairo University =~ ——--mmmmmmmmmmmmmeees

Prof. Yousry Abdel-Gawad Atia (External Examiner)
Electronics Research Institute ~ cmemeemeeee

FACULTY OF ENGINEERING, CAIRO UNIVERSITY
GIZA, EGYPT
2017



Acknowledgment

First and foremost, thanks to Allah for responding to my prayers and for all the gifts | have

been blessed with.

Secondly, I would like to thank Prof. Osama Ahmed Mahgoub for his patience and guidance
not only throughout this thesis but also throughout my undergraduate and postgraduate studies.
I’'m honored to call him my mentor. I’'m also grateful to Dr. Abdelmomen Mahgoub for his
unlimited and unconditional support and helping me through my writings. | would also like to
express my truthful thanks to all members of the Power Electronics Laboratory at Cairo

University. | have always enjoyed their discussions in such excellent work environment.

Special thanks goes to my parents; Azza & Salah for their unconditional love, patience and
support. Thanks to uncle Usama Nawar for his incessant encouragement and to all my uncles

and aunts for being such role models for me.



Dedication

I’d like to dedicate this work to my supportive friends; Mohamad Fawzy, Islam El-sharawy,
Taha, El-Batch and Gamal. Without my friends I wouldn’t, truly, be where I’'m today. I pray
for Allah to grant them peace and success through their life.



Table of Contents

ACKNOWIBAGMENT ...ttt I
DT [or: {0 o TS U USROS UPPUTPPRURPROOR I
LUSE OF TADIES ...ttt VI
IS o) T U= PSRRI Vil
LISt OF SYMDOIS ...t re e X
AADSTIACT ...ttt Xl
Chapter 1 - INFOAUCTION........cciiiie ettt et st et esteesbeeneesreas 1
1.1 Renewable ENergy INtegration.........cccooveiiiiieiicie ettt 1
1.2 PV Grid Interconnected Converter TOPOIOGIES ......cc.ecveiveiieiieieeiie e 3
1.3 LITEIALUIE SUIVEY ...ecuviieieieie ittt ettt sttt st et e st e s beeteanaesaeeteenaesteenteaneenreas 4
1.4 THESIS ODJECTIVES ....c.eieiiiiiiieiieiete ettt bbbt 5
1.5 OULHINE OF the TNESIS ... .cuiiieiiieiee e 5
Chapter 2 - Analysis and Design of QZSI Impedance Network............coceoereiiieninieninnieenns 6
2.1 Analysis of QZSI Impedance NEtWOIK ..o 6
2.1.1 Non-shoot through (NST) State.........cceeieiriiiereree e 7
2.1.2 SNoOt through (ST) SEALE ......ocveiiiiiieeee e 9

2.2 Mathematical model for QZSI impedance Network at Steady State............cc.ceeveennee. 14
2.3 Design of QZSI Impedance Network and Inverter Bridge: ..........ccoceevvevevieiecviecienenn, 16
2.3.1 INAUCLOIS DBSIGN: .. vttt st e et e st e e e re e ste e e sraenre e 17
2.3.2 CapaCItOrs DESIGN: ...cveeiiiieie ettt 17
2.3.3 DI0UE DBSIGN: 1.ttt e e et e re e 17
2.3.4 Inverter Bridge DeSION:......ccuiiiiie ittt 17
2.3.5 CASE STUAY ..ecuvieiiiieiie ettt re e 17
2.3.6 Effect of change in rated power on design parameters/values:...............cccceeveennne. 19
2.3.7 Effect of change in required output voltage on design parameters/values: ............ 20
2.3.8 Effect of change in input voltage on design parameters: .........ccococvverenierienieeinennn. 21



2.3.9 PractiCal CoNSIABIAtIONS. ......oooeeeeeeeee ettt e e ettt e e e e e e e e e eeeeeas 21

2.4 SUMMIAIY ..ttt ettt ettt et e st s sttt e sab e e sh b e e e ab b e e bt e e e bt e e e bt e e e bb e e e nbeeeannes 22
Chapter 3 - Filter design for space-vector modulated grid-tied QZSI ............ccccovevvevicreennenn, 23
BLL GBNBIAL ...ttt 23
3.2 Double Fourier Series for a Two-Level Pulse Width-Modulated Waveform................ 24
3.3 Space-Vector Modulated QZSI...........ooviiiiie e 26
3.3.1 The buck mode- traditional SVM .........c.coiiiiiiiiiiiee e 26
3.3.2 The boost mode - MOdIfied-SVIM........ccccoiiiiiiiiiieeeee e 29
3.4 HarmoniC EVAIUALION ........coueiiiiiiiiiceeeee e 32
3.5 Design considerations of LCL fIlter ..o, 37
3.5.1 Case study of LCL-filter design for QZSI .........cccooveiiiiiiicieiecee e, 40
3.6 Simulation and Experimental RESUILS ............cccoveiiiiieii e 41
3.7 SUMMIAIY .ttt ettt et e e s st e e sttt e sab e e sR b e e e es b e e bt e e e bb e e e bb e e e be e e e nteeeanbes 46

Chapter 4 - Comparative Study of Harmonic Performance of Different Modulation

TECNNIGUES TOI ZSH ..ottt te et st saeeteennenneas 47
A1 GBNETAL ...ttt bbb 47
4.2 Modulation Techniques for ZSI/QZSI ..o 48

4.2.1 SiNuSOIdal-PWIM (SPWIM) ..ottt 48
4.2.2 MOGITIEA-SVIM ...ttt 53
4.3 Evaluation of Harmonic Performance vs. Voltage Gain ..........ccccooevveniiinininnniicenn, 58
A4 SUMIMATY ...ttt b bbbt b btttk e bt et s e bt et e enbe e b e e e e b s 59

Chapter 5 - Control of Space-Vector Modulated PV Grid-Tied Quasi-ZSI ..........c.ccccccevveenens 60
5.1 GBNEIAL ... 60
5.2 CUIMTENE CONEIOIIET ... 61
5.3 DC-link Voltage Controller: ...t 63
5.4 Modulation and Sampling of DC-link Voltage..........ccccoovveiiiiiiciie e 67
5.5 MPPT Based On Max. Constant Boost Control (MCBC) ........ccccoccevvievieiiic e 68



5.6 SIMUIATION RESUILS ...ttt e e et e e et e e e e e e e e e e e e eeeeeaaas 69

0.7 SUMMIAIY ...ttt ettt sttt et e et s sttt e sab e e sh b e e e bt e e b b e e e bb e e e bt e e e bt e e e nbeeeantes 74
Chapter 6 - Conclusions and FULUIre WOTK ..........cccoveiiiieiieie e 75
B.1 FULUIE WOTK ...t 76
RETEIENCES ...t bbbttt bbbt 77



List of Tables

Table 2.1 Relations of different control methods for QZSI...........cccoevviiiieeiie i, 15
Table 2.2 Input arguments for designing grid-tied QZSI .........ccccovveiiniiiiniiee e 18
Table 2.3 Converter DeSigN ValUES ...........cocoiiiiiiiieice e 18
Table 3.1 The resultant phase leg reference within each sextant............cccccooevviiiiiiciiiiennn, 29
Table 3.2 The boundaries of the contour f(x,y) = VDC for Modified-SVM............cc....... 30
Table 3.3 Case study for LCL filter design for grid-tied QZSI .........ccccocevveviviveiiieiiee e, 40
Table 3.4 SIMUIATION DALA .........coviiieiiie et re e sneenneas 42
Table 4.1 ST reference signals for sinusoidal-PWM with MCBC ..........cccocvevviiiiieneninnnn, 49
Table 5.1 SYSEM PArAMELETS .....c.veivieiieeieiie ittt te e sre e sre e s e sseesreenbesneenreas 70
Table 5.2 CONLrol PAramELEIS........ccviiieie ettt sre e esreeaesnaenneas 70

Vi


file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807640
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807641
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807642
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807643
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807644
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807645
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807646
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807647
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807648
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807649

List of Figures

Figure 1.1 Block diagram of stand-alone PV power CONVEIEr ..........cccoviveiveienieseeie e, 1

Figure 1.2 Block Diagrams of grid interconnected PV converters: (a) low power converter,

(D) NIGN POWET CONVEITET ...ttt bbbt 2
Figure 1.3 PV power converter topologies: (2) BC-VSI, (b) QZSI ......ccceovvevviieiieiecc e, 3
Figure 2.1 QZSI topology for three phase INVEIEr...........cccoveii e 6
Figure 2.2 operating modes of QZSI in continuous conduction mode: (a) NST state, (b) ST

] £ L PP PPPRR 7
Figure 2.3 Shoot-through for D=15% , fS=10KHZ ...........cccooiiiiiiiiiiie e 10

Figure 2.4 inductors voltages and currents respectively: (a) inductor L1, (b) inductor L2. The
inductors charge within the ST time and discharge within NST time ..........cccccoveve e, 11

Figure 2.5 Capacitors voltages and currents respectively: (a) capacitor C1, (b) capacitor C2.

Figure 2.6 Voltage stress and current of the active switches: (a) Diode voltage and current
waveforms respectively, the stress on diode is equivalent to the DC link voltage, (b) The DC
link voltage, which also represents the voltage stress on the inverter bridge, and the ST

current component passing via the inverter Dridge. ........ccooveiiiie i, 13
Figure 2.7 Ratio between DC-link voltage and input voltage versus ST duty ratio. ............... 15
Figure 2.8 voltage gain vs. modulation index for SBC, MCBC and MBC .............ccccceovennnn. 16
Figure 2.9 Change in design parameters with the increase in converter rated power ............. 19
Figure 2.11 Change in design parameters with the change in output voltage ..............c......... 20
Figure 2.10 Change in design parameters with the change in input voltage .............c.cccoc....... 20

Figure 2.12 Parasitic inductances associated with impedance network and the proposed

] 0101 o] o =T od | (o 1 ] PSSR 21
Figure 3.1 Block diagram of grid-tied converter incorporating LPF..........c..ccoovviiieiiecnnnnn, 23
Figure 3.2 Two-level inverter; (a) single phase leg, (b) periodic function f(x, y) representing
the phase 1eg VOItage DATL(L). .......coeviiiiiii s 25
Figure 3.3 QZSI cascaded With LPF...........cooiiiiic e 26
Figure 3.4 Traditional SVM in: (a) @ — B frame, (b) a — b — cframe.........cccvovrviiecenn, 27

Figure 3.5 Periodic function f(x, y) representing the phase leg voltage in traditional SVM. 28

VIl


file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807650
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807651
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807651
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807652
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807653
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807654
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807654
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807655
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807656
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807656
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807657
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807657
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807658
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807658
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807658
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807658
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807659
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807660
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807661
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807662
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807663
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807664
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807664
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807665
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807666
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807666
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807667
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807668
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807669

Figure 3.6 Modified SVM (a) modified reference signals and the resultant phase leg
voltages, (b) periodic function f(x,y) representing the phase leg voltage. .........cccccceevvennen. 31
Figure 3.7 Distribution of active-state and zero-state times over a fundamental period, and the
locus of Dmax for MBC and IMCBC. ........ccciiiiiiiiieieese e 32
Figure 3.8 Theoretical harmonic spectra of phase-neutral voltage in QZSI modulated by (a
naturally sampled traditional SVM (Buck-mode) (b) naturally sampled modified-SVM with
MCBC (boost-mode). Frequency modulation indeX wcw0 = 30 ......cccovvrviinieniniieeieeeene 33
Figure 3.9 Grid interconnected filter (a) L-filter, () LCL-filter .........ccccovevviieiiiiiieceee 34
Figure 3.10 Harmonic performance indicators versus voltage gain G in buck and boost mode:
(@WTHD1, (b)WIH1(198), (c)WTHD3, (d)WIH3(198). Frequency modulation index

WCWO = 200, T = OO, oo eeeeeeeeee ettt e ettt et et r e et e 37
Figure 3.11 frequency response of L-filter, LCL-filter and damped LCRL filter. .................. 38
Figure 3.12 Effect of line inductance on DC-link voltage requirements............c.ccocvvovviveinennn. 39

Figure 3.13 Flow chart of design procedure for damped LCRL filter for a transformer based

o A0 B LT @ A OSSR 41
Figure 3.14 Simulated grid-tied QZSI with L-filter (a) DC link voltage (b) AC output current

LB O OSSR TRSPRS 42
Figure 3.15 Simulated grid-tied QZSI with passive damped LCL-filter (a) DC link voltage (b)
AC OULPUL CUITENT AL PCC. ..ottt e et eeanae e 43
Figure 3.16 Experimental results of L-L voltage and phase current at M=0.8 for (a) SVM, (b)

harmonic spectrum Of QUEPUL VOITAGE. ......ocveiviiiiiiiiecee e 44
Figure 3.17 Experimental results of L-L voltage and phase current at M=0.8 for (a) Modified-
SVM with MCBC, (b) harmonic spectrum of output voltage for (c) SVM, (d) Modified-SVM.

Figure 4.1 Sinusoidal-PWM using two ST reference SignalsS..........ccccooevvieneneniniiicieiee, 49
Figure 4.2 Periodic function f(x, y) representing the phase leg voltage for: (a) SPWM with
SBC, (b) SPWM with MCBC, (c) 3rd harmonic injection with MCBC .............cccccvevvieenenn. 51
Figure 4.3 Harmonic spectra of phase-neutral voltage for (a) SPWM with SBC, (b) SPWM
with MCBC, (c) 3rd harmonic injection with MCBC at G=1.5, frequency modulation index

WCWO = 2T e e e e e aa e e ar e areeeanes 52
Figure 4.4 Modified-SVM: (a) ZSVMS6, (b) ZSVMA4, (C) ZSVM2 .......coovvereereiererreseeneeane. 55
Figure 4.5 Periodic function f(x, y) representing the phase leg voltage for: (a) ZSVMBG, (b)

ZSVMA, (C) ZSVM2.....oovoeeeeeeeeeeeeeeeeeee s ees st 56

VI


file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807670
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807670
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807671
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807671
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807672
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807672
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807672
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807673
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807674
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807674
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807674
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807675
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807676
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807677
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807677
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807678
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807678
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807679
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807679
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807680
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807680
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807681
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807681
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807681
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807682
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807683
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807683
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807684
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807684
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807684
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807685
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807686
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807686

Figure 4.6 Harmonic spectrum of phase-neutral voltage for (a) ZSVMB6, (b) ZSVM4, (c)
ZSVM2 with MCBC at G=1.5, frequency modulation index wcw0 = 21...........ccccvvruennee. 57
Figure 4.7 WTHD of phase-neutral output voltage vs. voltage gain for (a) different
modulation techniques with SBC and MCBC, (b) ZSVM2 with MCBC and less boost factors

Figure 5.1 Schematic of PV power grid-tied QZSI with the proposed three cascaded control
[T 1SS 61
Figure 5.2 Block diagram of current control ind — q frame ..........c.ccccocoveviieie i 62
Figure 5.3 Pole-zero map of GidrefvDCs showing variation in pole-zero locations with the
variation in operating ST duty ratio D. ........cccocoiiiiiiieiece e 64
Figure 5.4 Bode plot of GidrefvDCs showing variation in the uncompensated open-loop
frequency response with variation in the AC OUEPUL POWEN .........ovvereerieieerieeieseeseesiesee e 65
Figure 5.5 Frequency response of the compensated voltage control loop with bandwidth of

40dB. At Id =1pu,0, -1pu, and D=0.2. ....c.ooiieiecieceeece e 66
Figure 5.6 Block diagram of the compensated DC-link voltage control 100p...........c.cccocu..... 66
Figure 5.7 Sampling of DC-link voltage signal in modified-SVM (ZSVM2)...........ccccoveunne. 67
Figure 5.8 PV cell (a) equivalent circuit, (b) I-V and P-V characteristics of PV cell ............. 68

Figure 5.9 flowchart of the P&O process using DC-link voltage set-point as perturbation. ...69
Figure 5.10 Step response of output current: (a) response of id and iq (b) output instanteous
waveforms of grid voltage, inverter voltage and output CUMTeNt. ..........ccoceveniieneiinicicee, 71
Figure 5.11 Fig. 10.  Step response of DC-link voltage followed by distubance in input
voltage (Vbase=110v) (a) sampled feed-back signal of vDC (b) actual instantaneous
waveform of DC-IINK VOITAQE. .......cc.ooiiieee e 72
Figure 5.12 . Operation of the MPPT controller showing (a) perturbation in vDC (b)
corresponding ouput power PS at Unity P.f .....c.oooveiiiiiicc e 73


file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807687
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807687
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807688
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807688
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807688
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807689
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807689
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807690
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807691
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807691
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807692
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807692
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807693
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807693
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807694
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807695
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807696
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807697
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807698
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807698
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807699
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807699
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807699
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807700
file:///C:/Users/Ahmed/Documents/Ahmed's%20documents/Master/Research/QZSI/Thesis/Dr%20Osama/Studies%20on%20qZSI.docx%23_Toc473807700

List of Symbols

Al Peak to peak inductor current ripple

AV, Peak to peak capacitor voltage ripple

B Boost factor of the inverter

BC-VSI Boost converter cascaded with voltage source inverter
C Capacitance of the impedance network

D Steady state Shoot Through - ST duty ratio
d Controlled (transient) ST duty ratio

fo Power frequency

fc Corner frequency of the Filter

fs Switching frequency of the PWM carrier
G Theoretical voltage gain of the QZSI

i Instantaneous diode current

idg Vector of grid current in dq axes

g Line RMS current

li Instantaneous inverter bridge current

I Average inductor current

lpv Operating current of PV string

L Inductance of the impedance network
M Modulation index

MBC Maximum Boost Control

MCBC Maximum Constant Boost Control
NST Non-shoot through

Ps Injected active power to grid

PV Photovoltaic

Qs Injected reactive power to grid
QZSI Quasi Z-source inverter

SBC Simple Boost Control

ST Shoot through

SVM Space-vector modulation

To Shoot through time



T1
THD
Ts

Ve
Vel

Ve

Vbc

VL

Vmax

Vi

Vev

Vs

VSI

Vi
WTHDn
ZS|
ZSVM2
ZSVM4
ZSVM©b6

Non-shoot through time
Total Harmonic Distortion
PWM switching time

Average capacitor voltage
Average voltage across the capacitor C;

Average voltage across the capacitor C,

Peak value of the DC-link voltage

Input voltage

Instantaneous voltage across the inductor

Peak value of the fundamental component of the phase voltage
Lower shoot through reference

Upper shoot through reference

Operating voltage on PV string terminals

Phase voltage at PCC

Voltage source inverter

AC phase voltage at converter terminals

Weighted Total Harmonic Distortion of the n'" order
Z-source inverter

Modified SVM (with two modified reference signals)
Modified SVM (with four modified reference signals)
Modified SVM (with six modified reference signals)

Xl



Abstract

Renewable energy sources present a trendy solution for energy shortage problem.
However, these sources features variable and inconsistent power delivery over the course of
the day. Power converters is, therefore, installed to stabilize the power delivery and regulate
the output voltage to the utility level. Quasi Z-Source Inverter (QZSI) represents a single-stage
buck-boost DC-AC converter, alternative to the traditional DC-DC converter cascaded with
voltage-sourced inverter VSI topology, and is suitable for renewable energy integration
systems.

In this thesis, a detailed analysis and design of QZSI is presented for grid-
interconnected applications. The design procedure of the output low-pass filter is addressed,;
taking into account the variation in harmonic performance between the traditional PWM
techniques for voltage source inverters and the modified PWM techniques for ZSls. Moreover,
an analytical study of harmonic performance of six different modulation techniques for ZSlIs is
presented. The harmonic spectrum of each modulation technique is estimated using double
Fourier series approach. The analytical approach is adopted to exclude the common errors
caused by practical conditions from simulation or experimental setups, and to present a fair
comparison between the different modulation techniques. A collective evaluation of the
modulation techniques using weighted total harmonic distortion is presented; taking into
account the impact of the applied voltage gain on the harmonic performance.

This thesis, furthermore, proposes a control system design for QZSI in PV grid-tied
applications. The control system is designed based on the dynamic characteristics of the
converter and comprises three cascaded controllers. The first is output current controller
designed in the synchronous rotating frame. The second is DC-link voltage controller.
Sampling and measurement of the DC-link voltage signal is discussed using modified space-
vector modulation. The last is maximum power point tracking (MPPT) in which a new strategy
is proposed to provide wide operating range of DC-link voltage and shoot-through duty ratio,
minimize the voltage stress on the inverter bridge, and prevent overlap between shoot-through
duty ratio and modulation index. Simulation results are presented to validate the controllers

design.
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