Democratic and Popular republic of Algeria
Ministry of Higher Education
And
Scientific Research
University of 1bn Khaldoun
Department of Electrical Engineering

Master Degree Memory

Field: Science and Technology

Specialty: Automation And Industrial Computing

Submitted By: Dahli Khadidja

Theme

Fault Tolerant Control of Hybrid Wind-
Solar Generation System

Supervised by: Pr Allaoui Tayeb supervisor
Dr Selam Karim Co-supervisor
Members of committee: MCA Belkacem. Belabbas President
MCB Chahrazed Ogab Examiner
MCB Selmane Kouadria Examiner

PROMOTION 2019/2020




DEDICATION

I dedicate my thesis and my entire work to my ﬁmf/y,

A S/Jec{'a/ ffee//'ng of 5raﬁfué/e and appreciation to my
loving parents, Dahli Mostefa and Selam Rebiha whe have
never left my side and never stopped encouraging me and
pushing me to be the better version of rnyse/;{

I m also very 5rateffu/ to my
little sister Asoumi and my brothers
for their endless love and support;
I appreciate and love all of you




e

owledgements

I would like to express my gratitude to
my supervisors, [rofessor Alaoui Eyeﬁ
and Dr Selam Karim, whom guided me

throughout this profect.

I would also like to thanf my parents
who Su/),oort'eé/ me and oﬁ(erea' t/ee;)
insight into the study.

/i'fy little sister and my brothers
deserve my thanks and appreciations

l‘\ as well,

L wish to thanf my committee members
for their expertise and precious time,

e o
Speeial thanks T\
go to the
memﬁers of
electrical
department
for thefr y

continued



TABLE OF CONTENT

.................................................................................................... 1228
I CHAPTER I: HYBRID WIND AND SOLAR ELECTRIC SYSTEMS .....cccuuueiiiennneiiennnnaiiennnneieennnncieennnnene 19
0 T 012007 000 () 20
L2 RENEWABLE ENERGY...cccittiiuttiiiiiuneiiiiinneiiiinneeiiiisnieiiissnessssssseesssssseesssssssesssssssessssssssnesssssnne 20
I.2.1 TYPES OF RENEWABLE ENERGY SOURCES .......ccocceetiiiiiimiiniiniiieieietee sttt 20
L2.1.1  SOLAT ENEIEY ....cueiiiiiiiieee ettt ettt b ettt e bt et e bt satetesbeetesbeeaeens 20
L2.1.2 WINA ENEIZY ....cooiiiiiiiie ettt bttt et et st be st e te s bt e tesbeeaeens 20
1.2.1.3 Geothermal ENergY ...........ccoccooiiiiiiiiiieieetee ettt st 21
1.2.1.4 Wave, Tidal, and Ocean Thermal ENergy.............ccccoceviriinineiiinieeninieeeniencee e 21
L2.1.5 HydrauliC ENEIZY ..........ccoooiiiiiiiiieieseetee ettt sttt st ne e 21
L2.1.6 Energy from WasSEe...........cccooiiiiiiiiiiesiecese ettt sttt 21
L2.2  ENERGY STORAGE ........ccutitiieuieiieiiettrte sttt sttt es ettt st st st et et ese e st e bt e bt sbe b et et et et eneeseebesaenbenee 21
L2.2.1 Thermal SEOTAZE ........cc.coiiiiiiiieieeee ettt sttt s ee s b neseeeaeens 21
L2.2.2 HYAIO SEOTAZE ..ottt sttt sttt b ettt s be et s bt et e bt sbe et e s beenenteeneens 21
1.2.2.3 Mechanical StOrage ..ottt 21
L.2.2.4 EleCtriC STOTAGE ......c..coiiiieiieiieieeet ettt sttt ettt sae et b s e neeemeens 22
L2.2.5 FUELCEIIS ..ottt st st et esbe e st e st e s beebeesaeenas 22
1.2.3  WORLD ENERGY DEMAND ......ccooiiiiiiiiiiiiieieietete ettt ettt sttt 22
1.2.4 ENERGY GENERATION BY SOURCE .......cccotiiiiiiiiiiiiiniintenteste ettt sa et snesne e 23
1.2.5 ENVIRONMENTAL POLLUTION: GLOBAL WARMING PROBLEM .........ccccooiniiniiiiiiiercieeeieneenenne 23
1.2.6 THE PROBLEM WITH RENEWABLE ENERGY ......c.ccccveutiuiiiintinienteieieteieesessessesseseeseeeeeseee e s s e 24
L2.6.1 INEEIIIEEEIICY ....c.oeiiiiiiiiiiiiie ettt b ettt et e e b e s bt e st e s be e b e e nbeennes 24
1.2.6.2 Space and efficiently ..............cccooiiiiiiiii e 24
L2.6.3  COST....ooeiii e e e b 24
1.2.6.4 Environment and climate change ...............coccooiiiiiiinii e 24
1.3 SOLARENERGY ...cuutiiiiiiiiiiiiiiiitiiiiiteiniieesinissesesssssssssssssssssssssssssssssssessssssssssssssssessssssnne 24
I.3.1 A BRIEF HISTORY OF SOLAR POWER .......ccocitiiiiiiiiiiitintintentestet ettt 25
1.3.2 SOLAR PANEL SYSTEM COMPONENTS .........coeiiiitiieieiitieeeeiitteeeesitteeeessseeeeessssesessssssessssssssesssseeessnnes 25
L.3.2.1  SOlar PANELS ........ccooiiiiiiiiiiie ettt sb e e aeenaes 25
L3.2.2 INVEITEI'S......ccoiiiiiiiiiiiii e 26
1.3.2.3 Performance monitoring SYStEIMIS............ccccoceeviiiiriiiinenieneneee ettt s 26
1.3.3 INSTALLING SOLAR PANELS IN SERIES VS. PARALLEL .......cc.cocttitiitirieniineeienieeteniesieeneesseeeeseesaens 26
1.3.3.1 Wiring solar panels in SEIies .............ccccooiiiiiiiiiiiniieeeee et 26
1.3.3.2 Wiring solar panels in parallel ................ccocooiiiiiiiiiieeee e 26
1.3.4 TYPES OF SOLAR PANELS .......ccctttiiiiitiieeeiiteeeeeitteeeeeitteeeestteeeesstaeeesssaeesastseessnssaeessnssnsesssseeessnnes 27
1.3.4.1 Monocrystalline solar Panels.............ccocvvviiiiiiicinniin s 27
1.3.4.2 Polycrystalline solar panels............cccccoooviiiiiiiiiniiiece s 27
1.3.4.3 Thin-film solar panels .............cooo e 28
I.3.5 TYPES OF PHOTOVOLTAIC POWER SYSTEMS .......ccoetiititintiniiteieieieeieeiensessessesseseeeseeseesessessesnenes 28
I.3.5.1 Grid connected PV SYSteIM: ..........cccooiiiiiiiiii ettt st st 28
1.3.5.2 Stand-Alone Photovoltaic SyStems: ..............ccooiiiiiiiiiiiiiieee e 29
L.3.6  ADVANTAGES [L7] ..ottt ettt h e sttt e bt e s bt e st e s abeebeesbeennes 29
L.3.7 DISADVANTAGES [17] ..ttt ettt st sttt e sb e sae e st e s b e e e b e nns 30
O 4 )0 o ) 30




1.4.1 A BRIEF HISTORY OF WINDMILLS ......cccoectttttiititeeentiteeenieteeessteeeessneeeesssseeeessassseessassseessaseeessanes 30

L4.2  WIND TURBINES .....cceottititiettetiittete st et e st e sttetesbesatenbesbe et e sbeeatesbesbeenbesbeestenbesatetesbeensesbeeneens 31
1.4.3 THE PRINCIPAL COMPONENTS OF A WIND TURBINE .......ccctetiiiiniiiienienieenieseeeesiesateneesieesaeseesaeens 31
L.4.4 TYPES OF WIND TURBINE .........ccctiitiiutitiitietenteettetesteeitestesut e tesbeeatestesbtebesheestenbesatentesbeenseseeeaeens 32
14.4.1 HAWT WInd TUIDINe .........cocooiiiiiie ettt s 32
14.4.2 VAWTWINA turbine ...........ccooooiiiiiie ettt s 32
1.4.5 ADVANTAGES OF WIND ENERGY ........coctiiiiiiiiiniiiiinieetesie ettt sttt st sttt see e 33
1.4.6 DISADVANTAGES OF WIND ENERGY .......ccciiiiiiiiiiiinieiteie ettt sttt ettt et e 33
I.5 HYBRID ENERGY SYSTEMS ..cccetiiiieiisssnneeeesssssssssssnnsessssssssssssanssssssssssssssssanssesssssssssssannsssassssssssss 33
I.6  WIND-SOLAR SYSTEMS ....cevvteririiesssssnnenessssssssssssnnsessssssssssssanssssssssssssssssnsssssssssssssssansssssssssssssns 33
L7 CONCLUSION..ccttttiiiiiieisnnnnresssssessssssnsseesssssssssssssssessssssssssssanssssssssssssssssnnsessssssssssssannsssassssssssss 34
Il CHAPTER II: MODELING OF A HYBRID SYSTEM (WIND-

PHOTOVOLTAIC). .. cciiiieermannneeeseeeeennnnssasesseeeesnnnnssssessseeennnssssssssssessnnnsssssssssssssnnnssssssssesssnnnnssssssssans 36
1L INTRODUCTION. ccctttesestresesesessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssans 36
1.2 SOLAR SYSTEM IMIODELING «..eeeririresisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssns 36
[1.2.1  SOLAR SYSTEM MATHEMATICAL IVIODEL....eeuveiveeurerteseeesessesneessesssessesseesessesssensesseessesseessessesssensesseenes 36
0 R Yo 1 - T 1= | 1Y T Yo [ PSP 37
11.12.1.1.1  Parameters of SOIAr Cll ... s e 38
[1.2.1.1.1.1 Short Circuit current (ISC): ......ccieviereeieeree ettt eeenees 38
[1.2.1.1.1.2  Open circuit voltage (VOUT ) ccuo ettt st e 38
[1.2.1.1.1.3 Maximum power point (PIm):........cocoriiiiiiiie e e 38
[L2.1.1. 1.4 Fill FACEOT (FF )ittt sttt sttt s 38
007200 0 O T 25 4 (o4 1<) s Loy 2 (1) OSSP PR 38
I1.2.1.1.2 Solar cells characterization ................ccoccooiiiiiiiiiiin e 38
[1.2.1.1.2.1 PV CUIrVe Of SOIAr Cell......oioriiiiiiceeeeceecte ettt s n 39
[1.2.1.1.2.2 IV CUIVe Of SOIAr CElL....ccuvieeieeiieeceeeeece ettt 39
[1.2.1.1.2.2.1 Influence of Light on the Characteristic I(V).....ccccecerreniriinneniiereeee e 40
[1.2.1.1.2.2.2 Influence Temperature on the Characteristic I(V) .....ccccoeeereniniennieniieeeceee 40
[1.2.1.1.2.2.3 Influence of Ideality factor on the Characteristic I(V)......c.cccoevrvvrreineencnncnnniennnenn 41
11.2.1.2 DC-DC BOOST CONVERTER.....cuuuututuiiititit e 41
1.3 WIND SYSTEM MODELING «.ceeeeressssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssns 43
[1.3.1 THE AERODYNAMICS OF WIND TURBINES .. .ceruveruveeuteeteesseesseesseesnsessesssesssesssesssessssesnsesssesssesssasssesssenns 44
[1.3.2  THE ELECTRICAL SYSTEM OF THE WIND TURBINE ....evtttetiiiiiiiirrrteeeeesniiiiierteeeesssennreneeeeesssssnnnenasesesssanns 45
[1.3.2.1 Reasons of using DFIG for Wind SYStemMS.......cccuuiiiiiiiiie i 46
18 07 A |V T Yo 1= 11 Y=o T TP 46
11.3.3  THE MECHANICAL SYSTEM OF THE WIND TURBINE ....veesveesveeseressresreeseeseenseesseessessssesssssssesnsesssnsssnssssesns 48
R S 0o Vol I [ U 50

Il CHAPTER Ill: CONTROL OF A HYBRID SYSTEM

(WIND-PHOTOVOLTAIC) 1eeeiiiiiiirirerereeerereeeeeeeseeeeeeeeeeeseeeeeeeeeseeeesseeeeesesemeeeeesessesseseessssesesssseseeeseseenes 52
Il INTRODUCTION...citteerunusssssessssseransssssssssssssnsssssssssssssssssssssssssssssssnsssssssssssssssnnsssssssssssssnnnssssssssans 52
1.2 WIND SYSTEM CONTROL 1uuuueirieeeennesssssesssssssnnssssssssssssssssssssssssssssssnsssssssssssssssnnssssssssssssssnnassssssssns 52
[11.2.1  VARIABLE PITCH WIND TURBINE CONTROL ..eeuuteeetueesureesreeessseessesesseeessessssssessessssessssessnsessssssssnsessnns 53
[11.12.1.1  Mechanical torque CONTIOL........ueii i e e e e e e e b e e e e e e e eeaan 53
e = 1 0 I (@ ]V I (L SRR 54
[11.2.2  CONTROL OF THE DFIG.....oiitiiieiiecieeestieesieeeete e steestteesteeste e e seeessteeeneaessteesaseeesnseesnsesensenessennnns 55
[11.2.2.1  Structure and Configuration of the DFIM ..............umiiiiiiiiieceee e 55

-



[11.2.2.1.1 A DaCK-t0-DaCK CONVEITEI ...ueeiiiiit bbb s s asesanes 56

[11.2.2.1.2  Vector CONtrol OF DFIM ....coccuiiiiiiiiiie ettt st este st siee e ste s saee e sabe e sbeesnnaeesaneeenes 57
[11.2.2.1.3  Rotor side Control 0f the DFIM ........ccooiiiiiiiiiieiriee ettt siee e s e sbee s seaeesvee e 57
[11.2.2.1.3.1  Rotor Current CoONTrol LOOPS ... .uuviiiiiiiieeiiiee e ettt e ectee e e itee e e iaee e e e sabee e e eearae e e e eaneee e e aneeas 57
[11.2.2.1.3.2  Power and Speed CoNtrol LOOPS ....ccuuviieeiiiieecciiee e ettt et e vee e e iree e e vae e e e sabaee s eeareeas 59
[11.2.2.1.3.3 Synthesis of the Proportional regulator —integral.........ccccceeeeiiiieecciee e, 61
[11.2.2.1.3.3.1 Current control With Pl regUIAtors ........ccueeieiiiiii it 61
[11.2.2.1.3.3.2  Power and Speed Control LOOPS ......ceeeiuiiieiiiieee ettt e eeiee e eeree e e s vee e e avee e e e eabaee e e eaneeas 63
111.2.2.1.3.4  RST CONTROL OF A DFIM .. .ciiitiiiiieei ettt eeeeettise s e e e e e tvabss s s s e e s anebass s s s e seeaaabaaneaaaes 64
[11.12.2.1.3.5 The LMI-Based-LQR CONLIOl........cuiiiiiiiiiiiiiieicciieeecriiee et ssree e see e vee e s sbee e s e 68
1 0 2 0 0 T A I 2 8 o | o SRR 69
[11.2.2.1.3.5.2 THE LIMI CONTIOl c.neeiieiiciiie ettt ettt et e e et e e s e e s s b e e s enabeeas 70
[11.12.2.1.4  Grid Side CONVEIrter CONTIOL ....ciiiiiiiiiiiiiie ettt e e e s e s s bee e s s sabee e s enaneeas 72
1.3 SOLAR SYSTEM CONTROL..eeesesisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssns 75
1.3, IMIPPT IN PV SY STEMS . iitiiitittiiiees e e eetttiieee s e e e e et ttatee e e s s e e eeeabaa e s e e e aeeebabaa e eseeesanesssansesesennnssannsnseaes 76
I11.3.1.1 Perturb-and-observe (P&0O MEthOd) ........cccviieiiiiiiecee e e 76
[11.3.1.2  MPPT by the fuzzy [08iC aPPrOaCh........uiiiieee e 77
1.4 CONCLUSION ..iiiiiiriririsinisisisissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssans 80
IV CHAPTERIV: FAULT TOLERANT CONTROL......ccccetvmuueeeeeierererennnsnaaesereeernnnnsnssesereeernnnnsnnns 82
IV.1 INTRODUCTION ...cceeeeeeeeeeeeeeeeeeeeeeeeeeeeeesesssesesssssesesssssssssssssssssssssesssssesesssesssssesssesssssssesessnssnnes 82
IV.2 FAULT-TOLERANT CONTROL ......ccceiiiiiiiiiiieiiieeeeeeeeeeeeeeeeeeeseesssssesssssessssssssssssssssssssssssannns 82
IV.3 TYPES OF FAULTS IN ELECTRICAL POWER SYSTEMS .....ccccettttieeeeereeeeeeeeeeeeeeeeeesesesssesssessssssesennes 83
IV.3.1  SYMMETRICAL FAULTS ......oeeitiittiiteeieesteesteesseesssessteeseeseesseessessssesssssssesssesssessssssssssnsesssesssessnes 83
IV.3.2  UNSYMMETRICAL FAULTS ....cueeitviitieieeiteesteesteesseesteeseeseessessssessssssseessasssesssessssssssesnsesssesssesssns 83
IV.3.3  SHORT CIRCUIT FAULTS .....cocttiitiiiiiiie ettt e st e ste e sttt te e ste e sseessteeteestaesraesnnesnnesnteenseensnennns 83
1V.3.3.1 Causes OF SHORT CIRCUITS...........ccccooieiiieeet ettt se et 83
1V.3.3.2 Effects OF SHORT CIRCUITS ...........ccooiiiioiieeceeeeteesee st ee ettt st 83
| V8 20 S 0 ) o 3 0 1200 U i U 84
IV.3.4.1 Causes of the Open Circuit FQults ...............ccociriiiiiiniiniin e 84
1V.3.4.2 Effects of the Open Circuit FAults.............cccoooiiiiiniiniinineec e 84
IV.3.5 TRANSMISSION LINE FAULT .......cccoivvtiiiitreeeeiitreeeeeitreeeeietreeeeeisreeeesstseeeesnseeeessssesessnssesesssssesessnnes 84
IV.3.6 BOOST CONVERTER FAULT .......cceoiiiitiiienieeit ettt sttt siae st st b s saeenas 85
IV.3.7 DIFFERENT TYPE OF FAULTS .......ccceeiitiiitiiiientienie ettt este et st st ssteesteestaesanesasesabesnbeenseenans 85
IV.3.7.1  FAIIUI@ ..ottt st st st esba e st setesabeesbeenbeenas 85
IV.3.7.2  FAUIE....oooiiiic ettt sttt ettt s e s be et e e sbaesatesasesabeenbeebeenaes 85
IV.3.7.2.1  SenSOTr faUllS ........coovviiiiiiiiiiccescce et naes 86
IV.3.7.2.2  ActUator faUlES.........ccccooiiiiiiiiciccc e s s e 86
1V.3.7.2.3 Plant (System) faults.............c.ccccvviiiiiiiiiiiicieeeree e s s 86
| VA8 TR/ T 05 o o 1) (PP PRROPPPPRN 86
1V.3.7.3.1 Physical redundancyr:..............cccooiiiiiiiiiiiitete ettt e 86
1V.3.7.3.2 Analytical redundancy: .............cocooiiiiiiiiiiiiiete e 86
1V.3.8 STRUCTURE OF FAULT TOLERANT CONTROL .......ceccvietieiieiteeiteesttesreeseesteesseessnesssesnsesnseessessens 87
1V.3.9 FAULT DETECTION AND IDENTIFICATION ......ccceeeuieieeteeteasteeseeesseesseeseesseessessssessssesessesssessens 87
IV.3.9.1  DEtECLIOMN ...ttt e st e e s st e e e s sbee e e s sbtaeessnbaeessneeeessanes 87
| AV TR I W T U (1) o JPO PP PRROPPPPRON 87
IV.3.9.3  IdentifiCation .............ccooomiriiiiiie e 87
IV.3.10 FAULT TOLERANT PERFORMANCE .........ccccveitiiiurieuieeteeteesseesseesssesssesseeseessessssssssssnsesssesssessens 88
IV.3.10.1 The detectability..........c.ccoooiiiiiiiiiii et 88
IV.3.10.2 Theisolability .........cccccoviiiiiiiceeccc e 88

-



IV.3.10.3 The SeNSItIiVILY.......cccooiiiiiiiiicececcccec e nes 88

IV.3.10.4 TRE TODUSINESS..........oooiiiiieeeee ettt ettt st e e be e e st e e e bee e eabeesbeeeeanas 88
IV.3.11 BUILDING IN FAULT TOLERANCE ........cccccitiiitttirieeeeeeiiiitireeeeeeeeeeeitereeeseeeseesssseseesseessessssserneeeas 88
| Y8 20 s s S =T 11001 ) U 2 U 88
L AV T B A D) {14 ) o) 1 OSSP 88
| Y8 20 s 0 TR 1023 1] ) Fo= 1 (0 )« U 89
IV.3.12 ELEMENTS OF FAULT TOLERANT SYSTEMS .......ccoviiiiiiiiiirereeeeeeeiiitrreeeeeeeeeessnteeeeeseessnensseeseeens 89
IV.3.12.1 Hardware SYSTEIMS...........cccccevvviiiiiiiieeiieiieeie et erieesteeseeeseeesaeesteesteesraessaesssesnsesssessseesens 89
IV.3.12.2  SOftWAre SYSTEINS........ccceeiiiiiiiiiieieieeeete ettt st st s ese s b nesre e 89
IV.3.12.3 POWEE SOUICES.........ooviiiiiiieiiiiiiieee e e e eeecttteeeeeeeeessbateeeeeeeeesaattraseeaeeaesasstssasasasseeaansraaseens 90
IV.3.13 FACTORS TO CONSIDER IN FAULT TOLERANCE ........cooeittttiieeeeeeeeieeeeeee e e eeesneeereeeeesesnnnneeeeeeas 90
8 2 I 70 O O Y1 SR 90
1V.3.13.2 Quality Degradation.............ccccooiriiiinieiinecieeeeeeeee e 90
1V.3.13.3 Testing and Fault Detection Difficulties ................cccoconiniiiiiiee 90
IV.3.14  CONCLUSION ......covtiiiiittiieeeitteeeeeitreeeeeitreeeeeetreeeeeatreeeeetseeeesassaeeesassaseesasseseesassaeeesasraseesareeeesnnes 91
V CHAPTER V: SIMULATION RESULTS AND CONCLUSION.....ccccceeteuienianiansansansansansassassassassassassansas 93
V.1  INTRODUCTION .eeuceeuuerennerenneerassensecsnsseressessnsessnssssnssssnssessssessssessnssessnsessnssssnssssansenanssssnsesansessnne 93
V.2  WIND TURBINE SYSTEIM CONTROL ceeuuurrrennneereensnesseensseseesnssessesnssessrsnssessesnssesssnnssesssnnssesssnnssnsesnnnes 93
V.2.1 MECHANICAL TORQUE CONTROL ...uuuvvreeeurreeeeiureeeeaisseeesaansseeseasssesesssssssesnssssessasssssssssssssessnsssssssnssssenns 94
V.2.2  PITCH ANGLE CONTROL tuvvrrieieeiiiurereeeeeeeeeissuseseeeseeesiassresseesessemsssssesssesesesmmssssesesesssesnsssssessesssssnsssenes 95
LY T 0 1 o 11V, W alo] N 1T SRRt 95
LV T R € 1o IRy [ [N 0 ] o1 1 o] SRRt 96
V.2.3.2  ROLOI SIOE CONTION cueeeiiiiiiiiiiiiieee ettt e e e e e e e e e e ebabe e e e e e e e e s sbasaeereeeeesnnrenes 96
RV T A s ol oY {0 | =] PSR 96
RV T A Uy ol Y 0] 11T SRRt 97
V.2.3.2.3  LMI based LOR CONTIOIEI.....ociiiiieieeeeeiee ettt e e e s aree e e e s e e seananes 98
RV T80 A S 0 1 4 o - o Y] o N 99
V.3  SOLAR SYSTEM CONTROL uuueeeuereaeerenserenseerenserssserenssssnsesesssssssssssssessnssssnsesenssssssssssssessnssssnsesensesanes 99
V.3.1 P&O MPPT CONTROLLER.......ciiitttieeirieeeeitreeeeeireeeeetreeeeetreeeeestseeeeenaseeeeensraeeeessreeeeenntaeeeennseens 100
V.3.2  FUZZY LOGIC CONTROLLER......cuvttteeitteeeeirreeeectreeeeeireeeeetreeeeeaseeeeeaseeeeenssaeeeenssneeeennseeesennseens 101
V.3.3  COMPARISON....ccetiiutrrreeeeeeeieriurrreeeeeeesasatsresseesesesasisssessseessesssssssssesesssssasssssssssesssmnsssssssseesessnnsssnes 102
V.3.4 FAULT TOLERANT CONTROL OF WIND SYSTEM tttuuuueiieeeirurnuneseeeeeeunssuniseeseessemsmnnseessssssnssnneesssssssssnnnnns 102
V.3.4.1 Single Phase to Ground (L-G) FAUIL ........ccueevciiieiiie ettt eee et e et e e aae e v 102
RV B I A o ol oY o] | 1T o PUURRRRUPOt 102
V.3.4.1.2 RSt CONTIOIEI..cutitiieee ettt ettt eec et e e e e e e s ebbaeeeeeeeeesetbraaeeeseseesnasbseseeaeessnnnsrnes 103
V.3.4.1.3 Lmibased [qr CONLIOIEr ........oie it e s e arae e e 104
LV R 3 0 S @014 4 o = ] o H SO NN 105
V.3.4.2 Two Phases to Ground (L-L-G) FAUIt .....ceeiiiiiiiiieiiiiee ettt e eearae e e 105
LY T Sy A N S I oo 1 o} { o] [=T RO SRRRRRRSRRRPRRPS 105
LV T S A 24 ol ] g} d g0 ]| 1=Y SRS 105
V.3.4.2.3 LMI based LQR CONLIOIIEI ... ..uuuuureriiireiiiiiiiiiiiiiiriieiereiereiererarererererarerarar...—.———————————————————————.. 106
LY R A R o ¢ o = o Yo o N 107
V.3.4.3 Three-Phase (L-L-L) FAUIt.....ccceeeiiiiieeiee ettt e e e eatae e e e e e 107
LY T 00 T8 A S I oo 1 o} { o] [=T SRS 107
V.3.4.3.2  RST CONIIOIIBE cuuuuriritiieieiiriititttterirererere e e arererararararararararararararsrasssssssssssasssssssssssnsssssssssnnnnes 107
V.3.4.3.3 LMI based LQR CONLIOIIEI......uuuvureriririiiiiiiiiiiiiieiiiiiireiererererererarerarerarerararar.—.———.—————————————————.. 108
LY R 30 A o T ¢ o = o Yo o N 109
V.3.5 FAULT TOLERANT CONTROL OF SOLAR SYSTEM evvvveeiiiiiurerereeeeeeesssureeereeesesessssreeeeesessssssssseseseeseessnssenes 109
V.3.5.1 Inductor ShOrt CIrCUIT FAaUIt ....eeeiieiiiciieeeee e et e e e e esaenes 109

N



LY TR 700 0 R > 7 @ I oo 1 0 1 0| =] N 109

V2 TR 00 W STV AV oY -4 Tol ofo] o 4 /o] | [T SR 110
LV T T 0 1o Yo 1ol @ o T=Y o W ol T ol U L RS 111
V.3.5.2.1 P & O CONLIOIET w.eviiiiieiieeete ettt s e e tae et e s be e e sabeesbeeensteesnnnaesareean 111
VA -T2 A ST AV (oY -4 Tol ofo] o 4 o] | [T oS 112
LV BT B V1 ol o @ oY =T o [ 1o U P 113
LV T T 70t A i - @ I oo Ao | =T ORI 113
VA T T ST AV (oY -4 Tol ofo] o] 4 o] | [T U 114
V.3.5.4  Switch Short CircUit FAUIt........uiiieiiiieecciee ettt e e abee e s e ree s 115
LV TR 0 A < @ I oo e ]| 1= PP 115
V2 B 3 A ST AV (oY -4 Tolf ofo ] o d e ] | [T PP 116
V.3.5.5 Capacitor Open CirCUit FAUIL.......ccciiiiiiiiiiecciiec ettt e e s s e s sbee e s e 117
LV TR T A < @ I oo e ]| 1= PSP 117
V2 BT A ST AV (oY -4 Tolf ofo] o A o] | [T PR 118
V.3.5.5.3  COMPATISON cueiiiiiiiieeee ettt et e e ettt et e e s s abtre e e e e e sessaabebaeeeesssasassbtaaeeeessssnasseaaeeessssannssnes 119
V.36 CONCLUSION .eeuuteeiureeetreeeteeesteeesteeessseesseeaasseesnsasassseesssasanssessnsesansssesssasansasessesensssesssesansssessenn 119

GENERAL CONCLUSION




TABLE OF FIGURES

FIGURE I.1: GLOBAL POWER CONSUMPTION BY REGION (2010-2050) ......ccoeruiirireiiiiiieiiieniisisceeenenesie e 22
FIGURE |.2: GLOBAL ENERGY GENERATION SCENARIOS 2019 .....ccctiiiiiiiiiiiiiiiiicnien it 23
FIGURE 1.3: AHANDOUT PHOTO BY NASA AND EARTH OBSERVATORY OF CHINA BEFORE AND AFTER
CORONAVIRUS OUTBREAK.......ciitiiiiiiiiii ittt ae s 24
FIGURE 1.4: EFFECT OF COMBINATION OF PHOTON AND ELECTRON ......covviiiiiiiiiiiiiincien e 25
FIGURE 1.4: EFFECT OF COMBINATION OF PHOTON AND ELECTRON ......covviiiiiiiiiiiiiiicien s 26
FIGURE 1.5: SOLAR PANELS INSTALLATION IN SERIES ...ccuviiiiiiiiiiiiiiniic st 26
FIGURE 1.6: SOLAR PANELS INSTALLATION IN PARALLEL ..ccvviiiiiiiiiiiii ittt 27
FIGURE 1.7: MONOCRYSTALLINE SOLAR PANELS.......cootiiiiiiiiiiniicitcci s 27
FIGURE 1.8: POLYCRYSTALLINE SOLAR PANELS......cuutiiiiiiiiiiiiii it 28
FIGURE 1.9: THIN-FILM SOLAR PANELS ......ccctiiitiiiiiiiiiiiti et 28
FIGURE 1.10: GRID CONNECTED PV SYSTEM ...ooiiiiiiiiiiiiiiiiiiin it 29
FIGURE 1.11: STANDALONE PV SYSTEM ...coiiiiiiiiiiiiiiiiiii ittt 29
FIGURE 1.12: THE FIRST WINDMILL FROM HERO OF ALEXANDRIA.......c.ccoriiiiiiiiiiiiiiii i 31
FIGURE 1.13: MAJOR COMPONENTS OF A HORIZONTAL AXIS WIND TURBINE .......cccociiiiiiiiiiiiiiiiiiieciie, 32
FIGURE 1.14: UPWIND OR DOWNWIND ....occtiiiiiiiiiiiiiiii ettt ae s sae e 32
FIGURE 1.15: VAWT WIND TURBINE ...ttt e s 33
FIGURE I1.1: COMPONENTS OF A BASIC SOLAR POWER SYSTEM ....ccoiiiiiiiiiiiiiiiiiiiiiic e 36
FIGURE [1.2: SINGLE DIODE SOLAR CELL MODEL ......cciiiiiiiiiiiiiiiiiiiiciiiic it 37
FIGURE [1.3: PV CURVE OF SOLAR CELL ..cuvtiiiiiiiiiiiiiiiiiiininin it 39
FIGURE 11.4: 1-V CURVE OF A SOLAR PANEL......oiiiiiiiiiiiii it 40
FIGURE I1.5: INFLUENCE OF LIGHT ON IV CURVE CHARACTERISTICS .....cooiiiiiiiniiiiiiiiiiciieicci e 40
FIGURE II.6: THE EFFECT OF TEMPERATURE ON THE IV CHARACTERISTICS OF A SOLAR CELL. ..ccovvviiiiiiiiiiinnenn, 41
FIGURE II.7: THE EFFECT OF THE FILL FACTOR ON THE IV CHARACTERISTICS OF A SOLAR CELL. ....ccovvviiriiiniens 41
FIGURE 11.8: DC-DC BOOST CONVERTER.......ciiiiiiiiiiiiiiii ittt 42
FIGURE 11.9: WIND ENERGY SYSTEMS ..ottt 44
FIGURE 11.10: WIND TURBINE AERODYNAMICGS .....ooiiiiiiiiiiiiiiiicncti it 44
FIGURE 11.11: ELECTRICAL SYSTEM OF WIND TURBINE COMPONENTS.......cocoiiiiiiiiiiiiiniiicic i 46
FIGURE 11.12: ONE-PHASE STEADY-STATE EQUIVALENT ELECTRIC CIRCUIT OF THE DFIM ......oooviiiiiiiiiiiiiiiiiies 47
FIGURE 11.13: TWO MASS MECHANICAL MODEL......cccuiiiiiiiiiiiiiiiiic it 49
FIGURE IIl.1: HYBRID WIND SOLAR CONTROL STRATEGY......uoiiiiiiiiiiiiiiiiciiic ittt 52
FIGURE I11.2: WIND ENERGY CONTROL SYSTEM ....ueiiiiiiiiiiiiiiiiiic ittt 53
FIGURE I11.3: TYPICAL SUPPLY CONFIGURATION OF DFIM .....coiiiiiiiiiiiiiiiiiic i 56
FIGURE IIl.4: BACK-TO-BACK CONVERTER-BASED DFIG POWER SYSTEM CONFIGURATION........ccccoviiiiiiiiiiiiienns 56
FIGURE II.5: SYNCHRONOUS ROTATING DQ REFERENCE FRAME ALIGNED WITH THE STATOR FLUX SPACE
Y= 11 TP 57
FIGURE I11.6: CLOSED-LOOP CURRENT CONTROL ....ccicuiiiiiiiiiiiiiiiiic ittt 59
FIGURE I11.7: CLOSED_LOOP SPEED CONTROL ...cccutiiiiiiiiiiiiiiiiiic ittt st 60
FIGURE I11.8: CLOSED-LOOP STATOR REACTIVE POWER EXPRESSION CONTROL.....cccvviiiiiiiiniiiiiiiiiciiecciiieen, 61
FIGURE [11.9: FUNCTIONAL DIAGRAM OF AN PI REGULATOR. ...ttt 61
FIGURE 1ll. 10: EQUIVALENT SECOND-ORDER SYSTEM OF CLOSED-LOOP CURRENT CONTROL WITH PI
REGULATORS ...ttt ettt e b e s b s e b e e st e s sabesebesenaesennes 62
FIGURE III.11: EQUIVALENT CLOSED LOOP SYSTEM OF Q_S AND Q_M LOOPS CONTROL WITH PI REGULATORS 64
FIGURE [11.12: STRUCTURE OF THE RST REGULATOR. ....etiiiiiiiiiiiiiiiiiicic it 65
FIGURE I11.13: THE LMI BASED LQR CONTROL SYSTEM .....coiiiiiiiiiiiiiiiciiie ittt 69




FIGURE I11.14: GRID CONVERTER CONTROL SCHEME .....cciiiiiiiiiiieitie ettt 73

FIGURE I11.15: THE CLOSED-LOOP DC VOLTAGE CONTROL ....cuiiiiiiiiiiiiiiiiiciii e 74
FIGURE I11.16: THE CLOSED-LOOP REACTIVE POWER CONTROL ...coovviiiiiiiiiiiiiiciicciei et 75
FIGURE I11.17: THE CONSIDERED STAND-ALONE PV SYSTEM ....cooiiiiiiiiiiiiiiiiciinc e 76
FIGURE I11.18: POWER-VOLTAGE CHARACTERISTIC OF APV MODULE ......cccoooviiiiiiiiiiiiiniic e 76
FIGURE 111.19: THE FLOW CHART OF THE P&O METHOD ......cooviiiiiiiiiiiiiiiiiiiciici s 77
FIGURE I11.20: THE BASIC STRUCTURE OF FUZZY LOGIC CONTROLLER ......ccviiiiiiiiiiiiiiienciicncec e 78
FIGURE I11.21: FUZZY RULES......oiitiiiiiiiii ettt e sb s e 79

FIGURE 1I1.22: MEMBERSHIP FUNCTIONS: (A) MEMBERSHIP FUNCTION FOR CHANGES OF VOLTAGE; (B)
MEMBERSHIP FUNCTION FOR CHANGES OF POWER; (C) MEMBERSHIP FUNCTION FOR INCREMENT OF

DUTY RATIO COMMAND ..ottt s aba e s sbb e s s saba e s saane e s snaeee s 80
FIGURE IV.1: FAULT TOLERANT CONTROL SYSTEM SCHEME .......ccoiviiiiiiiiiiiiiiiiciitiniccienc e 82
FIGURE 1V. 2: TRANSMISSION LINE FAULT ...ovtiiiiiiiiiiiieiiiicniic et snan e s 85
FIGURE 1V.3: DIFFERENT TYPES OF FAULTS ..ottt ssra e 86
FIGURE 1V.4: STRUCTURE OF FAULT TOLERANT CONTROL ...coovutiiiiiiiiiiiiiieiiiiicnincc et 87
FIGURE V.1: SIMULINK COMPLETE CONTROL MODEL OF A WIND TURBINE SYSTEM ......ccooviiiiiininiiiiiiiiiiniiieins 94
FIGURE V.2: SIMSCAPE WIND TURBINE BLOCK.......cciiiiiiiiiiiiiiiiiiiiiiic it 94
FIGURE V.3: SIMULINK CONTROL MODEL OF MECHANICAL TORQUE OF THE WIND TURBINE.........cccueeviiiiinins 95
FIGURE V.4: SIMULINK MODEL OF THE PITCH ANGLE CONTROL......cutiiiiiiiiiiiiiiiiiiiciiiicciicciinc s 95
FIGURE V.5: GRID SIDE CONTROL SIMULATION RESULTS ....cooiiiiiiiiiiiiiiiiiiiciiiiccii s 96
FIGURE V.6: ROTOR SIDE PI CONTROL SIMULATION RESULTS......ciiiiiiiiiiiiiiiiiiciiii e 97
FIGURE V.7: ROTOR SIDE RST CONTROL SIMULATION RESULTS ....cooiuiiiiiiiiiiiiiiciiiiircc s 98
FIGURE V.8: ROTOR SIDE LQR CONTROL SIMULATION RESULTS ..ottt 99
FIGURE V.9: SIMULINK COMPLETE CONTROL MODEL OF A SOLAR SYSTEM .....oooviiiiiiiiiiiiiiiiicciccciecc e, 100
FIGURE V.10: THE SIMULATION RESULTS OF PV OUTPUT POWER P&O CONTROL .......covvviiviiiiiiriiiiienceen, 101
FIGURE V.11: THE SIMULATION RESULTS OF PV OUTPUT POWER FUUZY LOGIC CONTROL .....ccovvvviiirnrirninnnen. 101
FIGURE V.12: THE WIND SYSTEM MODEL WITH A FAULT IN THE TRANSMISSION LINE .......cccccevviiiiiiniiiiiinnnn, 102
FIGURE V.13: THE PI VECTOR CONTROL SIMULATION RESULTS WITH A ONE PHASE TO THE GROUND

TRANSMISSION LINE FAULT .ottt 103
FIGURE V.14: THE RST VECTOR CONTROL SIMULATION RESULTS WITH A ONE PHASE TO THE GROUND

TRANSMISSION LINE FAULT ..ottt s et saa e s sna e s ana e snnae s 104
FIGURE V.15: THE LMI BASED LQR VECTOR CONTROL SIMULATION RESULTS WITH A ONE PHASE TO THE

GROUND TRANSMISSION LINE FAULT ....cciiiiiiiiiiiieiitit ittt siae s snae e 104
FIGURE V.16: THE PI VECTOR CONTROL SIMULATION RESULTS WITH TWO PHASES TO THE GROUND

TRANSMISSION LINE FAULT ittt et sias e s sba e s ana s snnne s 105
FIGURE V.17: THE RST VECTOR CONTROL SIMULATION RESULTS WITH TWO PHASES TO THE GROUND

TRANSMISSION LINE FAULT ..ottt aa e e s na e s iba s e snnae s 106
FIGURE V.18: THE LMI BASED LQR VECTOR CONTROL SIMULATION RESULTS WITH TWO PHASES TO THE

GROUND TRANSMISSION LINE FAULT ....cciiiiiiiiiiiieiitic ittt snae e snae e 106
FIGURE V.19: THE PI VECTOR CONTROL SIMULATION RESULTS WITH THREE PHASES TO THE GROUND

TRANSMISSION LINE FAULT. ..ttt ittt s saa e s s st e s iba s e snnne s 107
FIGURE V.20: THE RST VECTOR CONTROL SIMULATION RESULTS WITH THREE PHASES TO THE GROUND

TRANSMISSION LINE FAULT ..ottt ettt s aa e e s s na e e s ana s e snnae s 108
FIGURE V.21: THE LMI BASED LQR VECTOR CONTROL SIMULATION RESULTS WITH THREE PHASES TO THE

GROUND TRANSMISSION LINE FAULT ....coiiiiiiiiiiii ittt s 108
FIGUREV.22: SHORT CIRCUIT FAULT ACROSS THE INDUCTOR ......ccoviiiiiiiiiiiiiticciiiic e 109




FIGURE V.23: THE P & O CONTROL SIMULATION RESULTS WITH A SHORT CIRCUIT FAULT ACROSS THE
INDUCGTOR .ottt bbb a e bbb e e b e s b e e s b e s b e s aa e sab e s saae e st e e saae s 110
FIGURE V.24: THE FUZZY LOGIC CONTROL SIMULATION RESULTS WITH A SHORT CIRCUIT FAULT ACROSS THE
INDUCTOR .ottt s st b s s b s s ab e s aa e s sat e s eab e s sateseraee s 111
FIGURE V.25: OPEN CIRCUIT FAULT ACROSS THE DIODE. ......coctiiiiiiiiiiiiiccien ettt 111
FIGURE V.26: THE P & O CONTROL SIMULATION RESULTS WITH AN OPEN CIRCUIT FAULT ACROSS THE DIODE.

FIGURE V.28: OPEN CIRCUIT FAULT ACROSS THE SWITCH. ...cccvviiiiiiiiiiiiiiiintncn e 113
FIGURE V.29: THE P & O CONTROL SIMULATION RESULTS WITH AN OPEN CIRCUIT FAULT ACROSS THE SWITCH

FIGURE V.33: THE FUZZY LOGIC CONTROL SIMULATION RESULTS WITH A SHORT CIRCUIT FAULT ACROSS THE
SWITCH ...t et e e s a et e e e e e s a et et e s e s marateteessesansranereessenans 117
FIGURE V.34: OPEN CIRCUIT FAULT ACROSS THE CAPACITOR.......coiiiiiiiiiiiiitiiccciinc i 117
FIGURE V.35: THE P & O LOGIC CONTROL SIMULATION RESULTS WITH AN OPEN CIRCUIT FAULT ACROSS THE
CAPACITOR. ettt ettt et e e e s b et et e e et e s e b et e e e s e s b aa et e e e s e s saraneseseseans 118
FIGURE V.36: THE FUZZY LOGIC CONTROL SIMULATION RESULTS WITH AN OPEN CIRCUIT FAULT ACROSS THE
L0 Y O I PN 119




Abstract

This work describes a study of the tolerant control of a hybrid wind-solar system. The
thesis is divided into three main parts. The first part includes general concepts, definitions
and the MPPT control of the solar system, using two types of controllers the perturb and
observe (P&O) and the FUZZY logic, where each of these controllers search for the
maximum output in the case of the irradiance-changing conditions. The second part includes
general concepts, definitions and vector control of the wind power system, using three
regulators for the rotor side the proportional-integral (P1), the linear quadratic LQR control
based on the LMI approach and the RST regulator, as well as a controller for the grid side
and a mechanical torque controller. In the third part, the performance of both models was
validated in the event of a failure occurring in the transmission line and the converter.
Finally, the results are compared and analyzed using Matlab software. The main objective of
this study is to choose the best regulator for optimum performance for both solar and wind

systems with or without failure occurring on the system.




Resumé

Ce travail décrit une etude de la commande tolérante aux défauts d'un systeme
hybride éolienne-solaire. La these est divisée en trois parties principales. La premiere partie
comprend des concepts généraux, des définitions et la commande MPPT du systéeme solaire,
utilisant deux types de contrbleurs le perturbe et observation (P&O) et la logique flue ou
chacun recherche la sortie maximale dans le cas de changement des conditions de
rayonnement. La deuxieme partie comprend des concepts genéraux, des définitions et la
commande vectorielle du systéme éolienne, utilisant trois régulateurs pour le coté rotor le
proportionnel-intégral (PI), la commande linéaire quadratique LQR basé sur I'approche LMI
et le régulateur RST, ainsi qu'un contrleur pour le coté réseaux et un contréleur du couple
mécanique. Dans la troisieme partie, les performances des deux modeles ont été validées en
cas de panne survenant dans la ligne de transmission et le convertisseur. Enfin, les résultats
sont compareés et analysés a l'aide du logiciel Matlab. L'objectif principal de cette étude est
de choisir le meilleur régulateur pour des performances optimales pour les systémes solaires

et éoliens avec ou sans panne survenant sur le systeme.
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General introduction

our environment is affected by all energy sources .however by most measures, fossil
fuels—coal, oil, and natural gas—do markedly more harm than renewable energy sources,
including air and water pollution, damage to public health, wildlife and habitat loss, water
use, land use, and global warming emissions. Human activity is overloading our atmosphere
with carbon dioxide and other global warming emissions. These gases act like a blanket,
trapping heat. The result is a web of significant and harmful impacts, from stronger, more
frequent storms, to drought, sea level rise, and extinction. In the United States, about 29
percent of global warming emissions come from the electricity sector. Most of those

emissions come from fossil fuels like coal and natural gas [73].

In contrast, most renewable energy sources produce little to no global warming
emissions.Over the last two decades, the EU’s renewable energy share has increased
continuously .In China, where air quality remains an important issue, the COVID-19
outbreak has led to lower pollution levels. According to data released by China's Ministry of
Ecology and Environment, PM2.5 levels decreased by more than 20 percent during January
and April in 337 cities compared to previous months [72]. Experts say decreased industrial
activity and reduced vehicular emissions are the major reasons behind the temporarily
cleaned air. Hybrid energy systems are the most efficient way for electrical power
generation. It solves the issue behind the unpredicted climate and intermittency .By combing
two or more power resources each one completes the other’s weaknesses. Hybrid wind-solar
energy system is the most usable hybrid systems however the performance of the system can
be easily interrupted by possible faults and failures .In this context, this work describes a
study of a fault tolerant hybrid wind-solar energy control system

The first chapter provides a brief introduction of renewable power systems, wind
power system and solar power system and basic definitions and classifications concepts. The
second chapter presents a study on the complete model of the hybrid energy system where a
basic mathematical model of the Solar Photovoltaic System is developed, that includes
modeling the fundamental components such as a solar cell, power inverter and a boost
chopper. And a mathematical modeling of a doubly-fed induction generator (DFIG) for a
wind turbine is proposed, that includes the aerodynamics, the Electrical system and

mechanical system of the wind turbine.
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The third chapter presents the synthesis of regulators necessary for the control of the
hybrid wind solar system, where the wind turbine system controller is developed, including
pitch angle and mechanical torque controller, grid side controller and rotor side controller,
three types of regulator are used. The synthesis of a Proportional - Integral regulator is
carried out. In order to compare its performance to other regulators, we also synthesize an
RST regulator calculated by placing robust poles and an LQR regulator, based on the linear
matrix inequality (LMI).Then, the solar turbine system controller is developed, by
controlling the boost converter. The synthesis of a MPPT P & O method regulator is carried
out. In order to compare its performance to other regulators, we also synthesize an MPPT
FUZZY logic controller.

The fourth chapter provides a brief introduction of power system faults, fault tolerant
control (FTC) and fault detection and isolation (FDI) and defined basic definitions and
classifications concepts. Starting with some definitions and describing different types of
faults and failures that can occur in actuators, sensors or transmission line in wind system,

and in the boost converter for the solar system.

The fifth chapter consists of simulation results using MATLAB/SIMULINK platform
and conclusions,where a comparison of three regulators (Pl, RST and LQR) is developed on
wind turbine generator. A series of tests are also carried out when the transmission line fault
occurs on the wind turbine system. Then the fuzzy logic (FL) based MPPT controller is
simulated and compared with the conventional perturbation and observation (P&O) based
MPPT controller. A series of tests are also carried out when the open or short circuit fault

occurs on the boost converter of the solar system.




Chapter I:

Hybrid wind and solar

electric systems




I Chapter I: Hybrid wind and solar electric systems

I L1 Introduction

Renewable energy resources are the most efficient, easy, and more importantly
constantly replenished method to minimize both global pollution and electricity bills.
However, the issue behind its under-use appears in the environment and climate unpredicted
and intermittency. Wind power is only generated when it’s windy, solar power is only
generated when it’s sunny To solve this issue there are many options, such as net metering
policies to counting on energy storage. One more beneficial new way is through hybrid
energy systems: by combing wind and solar systems which we will be deeply getting

through out in this chapter.

I L2 Renewable Energy

Renewable energy, often known as clean energy, is a constantly replenished and
permanent natural power sources. Although their availability depends on time and weather

sunlight keeps shining and wind keeps blowing.

Even thou the uses of renewable energy are boundless such as heating, transportation,
lighting, and more, humans constantly turned to coal and gas and many other cheaper,

dirtier energy sources over the past 500 years or so. [1]

I L2.1 Types of Renewable Energy Sources

Us we mentioned earlier energy can be extracted from renewable sources such as
sun, wind, geothermal, wave—tidal and ocean thermal energy, and water. These power
sources are mainly transformed in electricity depending on their geographical location,
distance from main networks, and the operating period that usually does not exceed 2,500
hlyear. [1]

‘ L.2.1.1 Solar Energy

The solar energy arriving at earth surface can be used for hitting hot water or for
producing electricity by using photovoltaic cells. Depending on the latitude, time of day, and

atmospheric conditions typical values of the rate of the solar energy are 300-1,000 W/m2.
[2]

‘ 12.1.2 Wind Energy

Wind turbines are blown round by the wind and produce power to generate
electricity. Wind energy has been usually used at sites where wind velocities are high and

almost steady all the year round. [3]
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‘ L1.2.1.3 Geothermal Energy

Geothermal energy is the natural heat within the earth’s crust. Natural-occurring
water from aquifer with a temperature range of 50-150 _C (122-302 _F) can be used for

building heating, district heating, agriculture, and spas. [1]

‘ L2.1.4 Wave, Tidal, and Ocean Thermal Energy

Another way to produce electricity is by using wave motion and tidal power. While
wave energy is attached to water height, from hollow to crest, and to the kinetic energy due
to the water motion, tidal energy is attached to the exploitation of the oscillatory motion of
the water level that occurs periodically and in a predictable way. In order to produce

electricity ocean thermal energy conversion uses the heat energy stored in the Earth’s ocean.
[1]

‘ L.2.1.5 Hydraulic Energy

A hydraulic turbine converts the energy of gravitational energy of water into
mechanical energy. A hydroelectric generator converts this mechanical energy into

electricity. [4]

‘ 1.2.1.6 Energy from Waste

Energy from Waste is generated by converting non-recyclable waste into usable
forms of energy such us heat, fuels and electricity. [1]

I L2.2 Energy Storage

Transforming energy from primary into various forms is only possible because of

energy storage that comes in different forms [1]

‘ L2.2.1 Thermal Storage

Thermal energy storage (TES) is generally defined as the temporary storage of

energy for heating, cooling applications and power generation. [1]

‘ L.2.2.2 Hydro Storage

The principle of hydro storage is to store energy in the form of water in an upper
reservoir, pumped from another reservoir at a lower high. Power is generated by releasing

the stored water through turbines in the same manner as a conventional hydropower station.
[1]

‘ L2.2.3 Mechanical Storage

Mechanical energy storage involves a physical connection between a flywheel and

the driven wheels. The flywheel is a typical device for the storage of mechanical energy. The

&



quantity of stored energy depends on the shaft speed, the mass, and the radius of gyration of
the flywheel. [1]

‘ L2.2.4 Electric Storage

Electric energy can be simply stored by using electric batteries, among which the
most common type is lead-acid. The use of electric batteries for storage depends on many
parameters such as charge and discharge cycle life, energy-mass and power-mass ratios, and
of course energy-cost ratio. [1]

|1.2.2.5 Fuel Cells

Fuel cells are electrochemical devices in which electric energy is produced by
combining hydrogen and oxygen and by releasing water vapor into the atmosphere.
Basically, the main components of a fuel cell are the anode, the cathode, and the electrolyte

(liquid, solid, membrane) between them. [1]

I L.2.3 World Energy Demand

The energy demand is expected to keep extending everywhere the globe because the

population is growing as well as its need for goods and luxury.

In its newly released International Energy Outlook 2019 (IEO2019) Reference case,
the U.S. Energy Information Administration (EIA) projects that world energy consumption
will grow by nearly 50% between 2018 and 2050. Most of this growth comes from countries
that are not in the Organization for Economic Cooperation and Development (OECD), and
this growth is focused in regions where strong economic growth is driving demand,

particularly in Asia. Figure bellow shows Global power consumption by region (2010-2050)

[5]
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I L.2.4 Energy Generation by source

The world uses and produces many different types and sources of energy. In 2019,the
share of world energy consumption for electricity generation by source was coal at 38%,
natural gas at 23.3%, nuclear at 10.2%, renewable energy at 25.1 %( solar, wind, geothermal,
biomass, etc.) .Coal and natural gas were the most used energy fuels and hydro was the most
used renewable energy for generating electricity; Figure bellow shows global energy

generation scenarios for the year 2019. [5]

Total: 26,615 TWh
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Renewable Energy
m Oil
Gas
m Nuclear
Qther

Solar

m Wind

Figure 1.2: Global energy generation scenarios 2019

I L2.5 Environmental Pollution: Global Warming Problem

Unfortunately, consuming energy leads to environmental pollution .Most of our
energy comes from fossil fuels, and burning these fuels generates gases (SO2, CO, NOX,
HC and CO2 ) that cause environmental pollution. The most principal effects are climate
change or global warming problems, which is mainly caused by CO2 and other gases —
called greenhouse gases (GHG). NASA satellite images (shown in the figure bellow) show
a dramatic fall in pollution over China that is "partly related” to the economic slowdown
due to the corona virus outbreak. Maps comparing NO2 concentrations showed a marked
decline between January 1-20, before a sweeping quarantine was imposed on Wuhan and
other cities, and February 10-25. [5]




January 1-20, 2020 s 4 ¥ February 10-25, 2020

£
§

g L ol
N J « f, 4 5 o Lo Se 24 =
Sl s i b

(4 TG
Mean Tropospheric NO, Density (pmol/m?)
|

0 125 250 375 2500
Figure 1.3: A handout photo by nasa and earth observatory of china before and after coronavirus outbreak

I L.2.6 The problem with renewable energy

—‘ L1.2.6.1 Intermittency

The biggest problem with mainstream renewable energy is intermittency. Wind

power is only generated when it’s windy, solar power is only generated when it’s sunny. [6]

‘ L2.6.2 Space and efficiently

Renewable energy resources are horribly inefficient. For example we need huge solar
farms and hundreds of wind turbines to produce a normal amount of electricity. [6]

‘ L2.6.3 Cost

One of the great things about renewable energy is that the sun, the wind, and water
currents are all free. That means that, theoretically, these kinds of technologies are one-time
costs. In reality, the initial outlay can be huge and the continued costs can be far more than
you might expect. [6]

‘ L2.6.4 Environment and climate change

By far the biggest argument for switching to renewable energy is the unpredicted
climate change. [6]

J 13 SOLARENERGY

Solar energy is radiant light and heat from the Sun .1t is an essential and bountiful
source of renewable energy. It has a lot of capabilities like producing heat, causing chemical
reactions, or generating electricity. The sun has the potential to satisfy all future energy
needs it provides about 120,000 terawatts to Earth’s surface, which is 6000 times more than
the present rate of the world’s energy consumption; therefore, it is expected to become

increasingly appealing as a renewable energy source . Solar energy is picked up in a variety




of ways, the most common of which is with solar cells that produce direct current electricity

from sunlight. [7]

I L1.3.1 A brief history of solar power

Solar energy had been captured and converted into usable energy through various
methods in ancient history but it only begin to become a viable source of electricity to power
devices after 1954.In 1954, Bell Labs developed the first silicon photovoltaic cell. The first
solar cells converted solar radiation to electricity at efficiency of 4 percent - for reference;
however now a day’s many widely available solar panels can convert sunlight to solar power

at above 20 percent efficiency, a number continually on the growth. [8]

I L.3.2  Solar panel system components

= Solar PV systems are constituted of four main components [10]:
= Solar photovoltaic panels ("solar panels™)

= Inverters

= Racking and mounting system

= Performance monitoring systems

‘ L.3.2.1 Solar panels

A solar panel cell (solar module) consists of a layer of silicon cells, a metal frame, a
glass casing unit, and wiring to transfer electric current from the silicon. It is a panel
designed to absorb the sun's rays as a source of energy for heating and generating electricity
that is estimated 34% conversion efficiency, however, only about 24% has been achieved in
the majority of panels so far. This means that 70%—76% of solar energy is lost as heat. Solar
cells are mostly made of silicon. That is the chemical element of atomic number 14, a non-
metal with semiconducting properties, used in making electronic circuits. [11] The

photovoltaic process steps:

= The silicon photovoltaic solar cell absorbs solar radiation.
* When the sun’s rays interact with the silicon cell, electrons begin to move,
creating a flow of electric current.
. Wires capture and feed this direct current (DC) electricity to a solar inverter to
be converted to alternating current (AC) electricity. Figure bellow clarifies the effect of

combination of photon and electron
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Figure 1.5: Effect of combination of photon and electron

1.3.2.2 Inverters

The cells in solar panels collect the sun’s energy and turn it into direct current (DC)
electricity. A solar inverter takes the DC electricity from the solar array and uses it to create
AC electricity [10].

‘ L3.2.3 Performance monitoring systems

Performance monitoring systems provide detailed information about the performance
of solar panel system. They are used to track trends in a single photovoltaic (PV) system, to
identify faults in or damage to solar panels, to compare the performance of a system to

design specifications. [10]

I 1.3.3 Installing solar panels in series vs. parallel

—‘ 1.3.3.1  Wiring solar panels in series

Wiring solar panels in a series (as shown in the figure bellow) means that each panel
is connected to the next in a “string.” The total voltage of each solar panel is summed
together, but the amps of electrical current stay the same, only one wire needed for each

string of solar panels. [12]

Figure 1.5: Solar panels installation in series

L3.3.2 Wiring solar panels in parallel

Wiring solar panels in parallel (as shown in the figure bellow) means that each

panel’s wires are connected to a centralized wire leading from the roof. The amps of




electrical current for each solar panel are summed together, but the system voltage stays the

same. More wires are needed. [12]

Figure 1.6: Solar panels installation in parallel

I L.3.4 Types of solar panels

According to the differences in appearance between each type of solar panels, they
are classified to three major types: monocrystalline, polycrystalline, and thin-film. Each
type is deferent then another by appearance, performance, costs, and the installations .they

each has their own unique advantages and disadvantages. [13]

‘ 1.3.4.1 Monocrystalline solar panels

Monocrystalline panel(as shown in the figure bellow) is a solar panel with black
cells. These cells appear black because of how light interacts with the pure silicon crystal.
[13]

MONO

Figure 1.7: Monocrystalline solar panels

‘ L.3.4.2 Polycrystalline solar panels

Polycrystalline panel(as shown in the figure bellow) is a solar panel with bluish hue
to them that appears because of how the light reflecting off the silicon fragments in the
cell. [13]
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Figure 1.8: Polycrystalline solar panels

‘ 1.3.4.3 Thin-film solar panels

As their name suggests, thin-film panels(as shown in the figure bellow) are often

thin and slim. They are roughly 350 times thinner than other panel types. [13]

THIN-FILM

Figure 1.9: Thin-film solar panels

I L3.5 Types of photovoltaic power systems

According to their application, photovoltaic power systems are classified into two
types grid connected as well as off grid. They can be designed to produce DC and/or AC

voltage, can function independent of grid or with grid. [11]

‘ L.3.5.1 Grid connected PV system:

A grid-interactive photovoltaic (PV) system (as shown in the figure bellow) uses
solar energy to generate renewable power that charges batteries for use during power failures

and feeds power into the electricity grid. As inverter convert DC power to AC power, only




AC power is fed into grid [11].

AC Loads

| T

PV Array L InverterfPower 3] Distribution
Conditioner Panel

I

Electric
Utility

Figure 1.10: Grid connected PV system

‘ L3.5.2  Stand-Alone Photovoltaic Systems:

Stand-alone PV systems (as shown in the figure bellow) are designed to operate
independent of the electric utility grid they are generally used to supply certain DC and/or
AC electrical loads. Electrical energy storing devices (batteries) are required to operate the
load during sunlight hours as well as night hours fed by PV power. [11]
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Figure 1.11: Standalone PV system

I L3.6 Advantages [17]

= Solar energy is a clean source of energy.

= Solar energy will not be exhausted for a long time it is renewable for life.

= Solar energy protects the environment .As solar energy does not cause any air
pollution.

= Solar energy systems are almost maintenance free and it need no cleaning
what’s or ever.

= If we don’t consider the costs of building and other equipment, solar energy is
almost cost free.

= solar energy devices can charge low power—consuming devices .




I L.3.7 Disadvantages [17]
= Solar energy depends on regional, seasonal, and daily fluctuations, as tt can

be used only on sunny days

= Solar energy require a large number of solar panels that use more space and
are quite expensive.

= Solar energy for sure needs batteries at night. These batteries are larger in

= Size and heavy, so a space for storage is required, and these must be
periodically replaced.

= Nowadays, power generation from solar energy is quite expensive.

II.4 Wind power ‘
Wind is the movement of the air in the form of a current of air blowing from a

particular direction, caused by the uneven heating of the atmosphere by the sun, the
differences of the earth's surface and the rotation of the earth. Wind can be used to provide
the mechanical power through wind turbines to turn on electric generators which produce
electricity.

B 141 A Brief History of Windmills
The only source of power that human had controlled was wind even before the

discovery of electricity. For the first time in history. A Greek engineer, Heron of Alexandria,
creates a wind-driven wheel that is used to power a machine, in the 1st century AD.By 7th to
9th century, in the Sistan region of Iran, near Afghanistan. Windmills wind wheels are used
for practical uses such as grinding corn and flour, and pumping water.Windmills were used
to make salt in China and Sicily,in the 1000 AD. In 1180s, Vertical windmills were used in
Northwestern Europe for grinding flour.The first known wind turbine used to produce
electricity is built in Scotland in 1887.Wind turbines kept developing ever since and the rest
is history. [3]Figure bellow shows the first windmill from Hero of Alexandria.




Figure 1.12: The first windmill from Hero of Alexandria

B 142 Wind Turbines

A wind turbine is a large tall structure with blades that are blown around by the wind.
It is a machine which converts the power in the wind into electricity; it is simply the opposite
of a fan(as shown in the figure bellow). Instead of using electricity to create wind, it uses
wind to create electricity. Wind turbines are connected to some electrical network. These
networks include battery-charging circuits, residential scale power systems, isolated or island

networks, and large utility grids. [3]

I L4.3 The principal components of a wind turbine

Wind turbines are placed on a tower in order to grab the energy from the wind. The
higher the blades are, the better they can capture the wind. A simple wind turbine consists of

(as shown in the figure bellow):

= The rotor, which consist of the blades and the supporting hub.

= The drive train, which includes the rotating parts of the wind turbine that are
shafts, gearbox, coupling, a mechanical brake, and the generator.

= The nacelle and main frame, which includes wind turbine housing, bedplate,
and the yaw system.

= The tower and the foundation.

= The machine controls.

= The balance of the electrical system, which includes cables, switchgear,

transformers, and possibly electronic power converters. [3]
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Figure 1.13: Major components of a horizontal axis wind turbine

1.4.4.1 HAWT Wind Turbine
Horizontal axe wind turbines (HAWT) are known with their parallel axis of rotation to

ﬂ 1.4.4 Types of wind turbine

the ground. They could be classified according to the rotor orientation (upwind or downwind
of the tower), hub design (rigid or teetering), rotor control (pitch vs. stall), number of blades
(usually two or three blades), and how they are aligned with the wind (free yaw or active yaw).
Horizontal axis wind turbines currently have an average life span of 1.5 years. [3]The figure
bellow shows the difference between upwind HAWT and downwind .

Upwind - with tail vane Downwind - without tail vane

Wind direction Wind direction

Figure 1.14: upwind or downwind

|14.4.2 VAWTwind turbine
Vertical axe wind turbines (VAWT) (as shown in the figure bellow) are known with

their perpendicular axis of rotation to the ground. They are classified into two types: a

Darrieus vertical-axis wind turbine that require manual push and has two vertically oriented




blades revolving around a vertical shaft. And a Savonius vertical-axis wind turbines which
are a slow rotating, high torque machines with two or more scoops and are used in high-

reliability low-efficiency power turbines. [3]

Figure 1.15: VAWT wind turbine

I L4.5 Advantages of Wind Energy

= Clean & Environment friendly Fuel source [3]
= Renewable & Sustainable [3]
= Cost Effective [3]
= Industrial and Domestic Installation [3]
= Job Creation [3]
I L14.6  Disadvantages of Wind Energy

» Fluctuation of Wind and Good wind sites [3]
= Noise and aesthetic pollution [3]

= Not a profitable use of land [3]

= Threat to wildlife [3]

I L5 Hybrid energy systems

Hybrid energy systems are all kind of energy sources that are paired together to
improve the weaknesses of electricity generation. Hybrid energy systems can take the form
of solar panels paired with fossil fuel power plants the reason why is because fossil fuel
plants require electricity to start off their generator and if the power goes out solar panels
would make a great back up plan. Hybrid energy systems can also take the form of a wind
turbine combined with solar panels, solar and wind make a natural pairing because they are
basically the opposite(solar shines at morning while wind blows at night) which mains a

better and more efficient electricity production during the year. [21]

I L6 Wind-solar systems




Wind & solar paired together are used for power generation and know as wind solar
hybrid system. This system is designed combining the solar panels and wind turbines
generators for generating electricity. There are four types of wind-solar systems such as [22]:

= Wind-solar grid supply

= Wind-solar building

» Wind-solar lighting

= Solar panels on turbines

= Solar and wind combination advantage

The times when solar and wind energy are at their best are the exact opposite of each

other. Solar is best during daylight hours in the summer. Meanwhile, wind turbines tend to
produce the most electricity during nighttime hours in the winter ,and that is the main reason
why they work both very well together , output from both solar and wind energy systems is
highly predictable and follows recognizable patterns, making it easy to plan for times when
output decrease from solar panels or wind turbines. Each resource balances the other’s

weaknesses [22].

I 1.7  Conclusion

Hybrid energy systems are the most efficient way for electrical power generation. It
solves the issue behind the unpredicted climate and intermittency .By combing two or more

power resources each one completes the other’s weaknesses.

Hybrid wind-solar energy system are the most usable hybrid systems, because they
are both highly predictable and follow recognizable patterns which make it easy to control
power output ;when they are combined together they provide more electricity during more
hours, as well as ensure production during both summer and winter hours of peak electricity

usage.
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II Chapter II: modeling of a hybrid system
(Wind-photovoltaic)

I II.1 Introduction

In the aim of being capable of controlling the hybrid wind solar systems, optimizing
their performances and studying their impact. It is necessary to provide the basic concepts of
the wind solar energy generation system .therefore a complete model of the hybrid energy
system have been developed in this chapter. First a basic mathematical model of the Solar
Photovoltaic System has been developed, that includes modeling the fundamental
components such as a solar cell, power inverter and a boost chopper. Then a mathematical
modeling of a doubly-fed induction generator (DFIG) for a wind turbine has been proposed,
that includes the aerodynamics, the Electrical system and mechanical system of the wind

turbine.

I IL2  Solar system Modeling

Solar energy is expected to become increasingly important as a renewable energy
source .A solar electric system produces electricity from the sun energy arriving at earth
surface. The four main components of a solar energy system are the panels, inverter(s), and
racking and solar battery storage unit [23]. First the panels, which converts sunlight into DC
electricity that is fed to the battery through a solar regulator which makes sure that the
charging of the battery is proper and not flawed. DC loads can be connected directly to the

battery, but AC loads needs an inverter to convert the DC into AC power.

4 To DC Loads
Regulator Jill===> (o tional LVD)

To DC Loads To AC Loads

Figure Il.1: Components of a basic solar power system

I 11.2.1 Solar System Mathematical Model




Mathematical models are used to estimate behavior of the system which makes it
easier to control it. A basic mathematical model of the Solar Photovoltaic System is a set of
mathematical equations that includes modeling the fundamental components such as a solar

cell, power inverter and a boost chopper [23].

I11.2.1.1 Solar Cell Model

A basic solar cell can be modeled by using a current source, a diode and two
resistors.A circuit equivalent model of a solar panel can be constructed using a resistance Rs
that is connected in series with a parallel combination of a Current source consisting of
single diode (or more) with a shunt resistance structure RSH [24],as it is shown in the figure

below.

I

[+]

Figure I1.2: single diode solar cell model

By Kirchhoff law from the current produced by the solar cell is given as
Il = Iph.Np — Id — Ish
By Shockley’s equation diode current is given as:

Id = Np.Is [G(V/Ns)"'(IRS/Ns)/N-V.C _ 1]

By Ohm’s Law, the current through the shunt resistor is given as

While

_ (V+1IRs)

Ish
s Rsh

(11.1)
(1. 2)
(11.3)
(I1. 4)




By substituting these equations in one equation load current is given as [30]

B (V + 1Rs)

Rsh (I1-3)

I11.2.1.1.1 Parameters of Solar cell

The efficiency of converting sunlight to electricity is determined by the
parameters of solar cells. The major parameters that have an impact on the performance of
solar cells are the peak power Pmax, the short-circuit current density Isc, the open circuit
voltage Voc, and the fill factor FF. [26]

11.2.1.1.1.1 Short Circuit current (1SC):
Short Circuit Current is is the maximum current from a solar cell .It is calculated by

considering voltage equals to zero (at V=0) [27]

11.2.1.1.1.2 Open circuit voltage (VOC ):
Open Circuit voltage is the maximum voltage from a solar cell .1t is calculated by

considering current equals to zero(at 1=0)the equation for Voc become: [27]

voe =™ iy (1. 6)
oc = 7 n(IO ) :

11.2.1.1.1.3 Maximum power point (Pm):
Maximum power point can be calculated by multiplying the maximum voltage with

the maximum current. [27]
Pm =Vmlm (11.7)

11.2.1.1.1.4 Fill Factor (FF):
The fill factor determines the maximum power from a solar cell. It is the ratio of

maximum power to the theoretical power available at its output terminal. [27]

Pmax

FF (11.8)

" Voclsc

11.2.1.1.1.5 Efficiency (n):
It is the ratio of maximum power to the incident light power. [27]

Pmax
Pin

n= (11.9)

I1.2.1.1.2 Solar cells characterization




A solar cell is characterized with two curves called PV and IV characteristics.
Knowing the electrical 1-V or P_V characteristics (more importantly Pmax) of a solar cell, or
panel is critical in determining the device’s output performance and solar efficiency. The
performance of a solar panel changes depending on environmental parameters (temperature

and irradiance) and cell parameters (parasitic resistance and ideality factor).

11.2.1.1.2.1 PV Curve of Solar cell
A power (P) versus Voltage (V) Curve of a PV Solar Module shows the possible

combinations of its power and voltage outputs which is shown in the figure bellow.The
power produced will vary depending on the operating voltage the voltage at any point on the

graph can still be calculated using the following equation [32]

P =1.V.Pmax (11.10)

=

Power (W)

50 60 10 80

Vottage (V)

Figure 11.3: PV Curve of Solar cell
11.2.1.1.2.2 1V Curve of Solar cell
Solar Cell 1-V Characteristics Curves are basically a graphical representation of the
possible combinations of the current and voltage outputs which is shown in the figure
bellow. The characteristic equation can be given as [32]

V—le (I +1> .11
_anO (1.11)
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Figure I1.4: I-V curve of a solar panel
11.2.1.1.2.2.1 Influence of Light on the Characteristic I(V)

Solar cells are sensitive to sun light. Changing the light intensity changes all solar
cell parameters. The light intensity on a solar cell is called the number of suns, where 1 sun
corresponds to standard 1 kW/m?2. The open-circuit voltage is directly proportional to the
number of suns. The voltage variation is very small and usually ignored. The impact of
increasing light intensity is shown in the figure below. [32]
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Figure I1.5: Influence of light on IV curve characteristics

11.2.1.1.2.2.2 Influence Temperature on the Characteristic I(V)
Solar cells are sensitive to temperature. Changing the temperature changes all solar
cell parameters. the parameter most affected by an increase in temperature is the open-circuit

voltage. The impact of increasing temperature is shown in the figure below. [32]
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Figure 11.6: The effect of temperature on the IV characteristics of a solar cell.
11.2.1.1.2.2.3 Influence of Ideality factor on the Characteristic I(V)
The efficiency of the solar cell performance changes with the change of the ideality
factor. The more the ideality factor increases the closer the I-V shape to a rectangle. The

impact of increasing the ideality factor is shown in the figure below. [32]
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Figure 11.7: The effect of the fill factor on the IV characteristics of a solar cell.

‘ 11.2.1.2 DC-DC BOOST CONVERTER

A boost converter is a switch mode converter. It is used to boost or step up the DC
input voltage by adjusting the duty ratio of the switch. The duty ration should be more than
0.5 so the output voltage is more than the input voltage. The boost converter circuit as shown
in the figure bellow consists of a inductor, a switching device, a diode and a capacitor. Also

a voltage source and a load is necessary [53]
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Figure 11.8: DC-DC boost converter
The operation of the boost converter goes through these following steps:

o Step one the switch is turned ON which means the diode is not conducting. This
step is accomplished during the following interval:

0 <t < DTg (1.12)

In this stage the following equations are given :

di,
A 11.13
V.
i =t—2=+4¢ (11.14)
L
V.
Ai;, (ON) = %DT (11.15)

o Step two the switch is turned OFF which means the diode is conducting. This step

is accomplished during the following interval:
DT <t < Tg (1.16)

In this stage the following equations are given :

di
Vin-Vour = L (11.17)
. tVin—Vout_l_C (||_18)

l, = I

42




Vin-V,
Ai, (OFF) = mTouf (1-D)T (11.19)

By making the sum of the On and Off current equal to O the following equation is

obtained:
Ai, (ON) + Ai, (OFF) = 0 (11.20)
%DT + —V"”‘LV"” (1-D)T=0 (11.21)

Where the duty cycle (D) is given as:

T,
D=-= (11.22)
Torr
From the previous equations we obtain the following equality:
1
Vout = 1= D'vin (11.23)

I IL.3 Wind system modeling

A wind turbine is device that generates electrical power from the wind. It works on a
simple principle .Turbines catch the wind's energy with their blades, which spins the rotor
then turns a shaft inside the nacelle, which goes into a gearbox. The gearbox increases the
rotational speed so it fits the generator .the generator then uses magnetic fields to convert the
mechanical energy into electricity. [33] A basic wind energy system is constructed with the

following components: [34]

= Turbine rotor and blade assembly (prime mover);
= Shaft and gearbox unit (drive train and speed changer);
» Induction generator;

= Control system.
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Figure 11.9: Wind energy systems

I 11.3.1 The aerodynamics of wind turbines

Aerodynamics of wind turbines are the forces that act on a turbine blade. As wind
moves around the blade, two aerodynamic forces are created: drag and lift. Lift force acts
perpendicular to the direction of wind flow; and drag force acts parallel to the direction of
wind flow. So clearly drag and lift forces act perpendicularly to each other. The aerodynamic
of the wind turbine consists of three major parameters: tip-speed ratio, rotor power
coefficient (CP), and aerodynamic torque. The figure below shows lift and drag forces
directions. [35]

How Wind Power Wo Turbine Aerodynamics

Figure 11.10: Wind Turbine Aerodynamics




Wind energy is the kinetic energy of the moving air. The Kinetic energy of of an air

mass moving at a wind speed is given by

1
E= EmVWirwl2 (11.24)

Where mass flow through an area A is given by
m = pAVwind (11.25)

Wind power (Pwing) is the power available in the wind that provides the mechanical
power through wind turbines to turn electric generators [39].1t is given by:

1
Pwind = EpAVWind3 (11.26)

And the rotor power (Protor) is the power produced from the rotation of the rotor due

to the interaction between the windings and magnetic fields [39] .it is given as:
1
Protor = EpCpAVwind3 (11.27)

The aerodynamic torque is defined as the torque produced by the rotor blades it is
calculated by [39]:
Protor

I'rotot = (11.28)
wrotor

It could be also given as:
1
I'rotot = EpACpV//l (11.29)

I IL.3.2 The Electrical system of the wind turbine

The main components of the electrical system of wind turbine (as shown in the figure
bellow) [41] are:
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= Double Fed Induction Generator: It is an electrical generator in which both

the field magnet windings and armature windings are separately connected to

equipment outside the machine.

= Grid Side Converter: It is an AC-DC converter circuit which is used to supply

a regulated DC voltage to the inverter.

* Rotor Side Converter: It is a DC-AC converter which is used to supply

regulated AC voltage to the rotor

L

oo

AC-DC
Conventer

@ AC

3@ AC

Poiier
Output

Figure 11.11: Electrical system of wind turbine components

‘ I1.3.2.1 Reasons of using DFIG for wind systems

The reasons why doubly fed induction machines (DFIG) are preferably used in wind

energy systems are [42]:

= Constant frequency output signal whatever the rotor speed is.

= Low power rating required for the power electronic devices

= Power factor is controlled.

. Electric power generation at low wind speed.These properties make the cost of

DFIG lower and the power losses less than the other types of generators.

I1.3.2.2 Modeling of DFIG

A Doubly Fed Induction generator It is an electrical generator in which both the rotor
and stator windings are fed with 3 phase AC signal. Also, the field magnet windings and
armature windings are separately connected to equipment outside the machine [42]. The
DFIG electric circuit can be presented by only one phase of the stator and because of the

symmetry in the machine, the other two phases are modeled as essentially equal as shown

below

&
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Figure 11.12: One-phase steady-state equivalent electric circuit of the DFIM

The DFIG is described in the Park d—q frame can be given by the following set of

equations [5]

The stator dq voltage equations are given as bellow

de

Vgs = Rslgs + d:S — WsPgs (11.30)
dg

Vgs = Rsigs + dlf’s + WsPas (11.31)

The rotor dq voltage equations are given as bellow

do

Var = Rylgr + d;ir — WrPqr (11.32)
do

Vgr = Rylqr +— ;’r + W, Pgy (11.33)

The stator dq flux equations are given as bellow
Pas = Lgigs + Linigr (11.34)
®gs = Lsigs + Linigr (11.35)
The rotor dg flux equations are given as bellow
Par = Lipiags + Lyigr (11.36)
Qqr = Lipigs + Lyigy (1.37)




The mechanical power in the shaft Pm minus the cupper losses in the stator and rotor

is equal to the sum of the stator active power Ps and the rotor active power Pr as follows

Ps + Pr = Pm + Pcu_r + Pcu_s (11.38)
While
Pcug = 3Rs|Is|? (11.39)
And
Pcu, = 3Rr|Ir|? (11.40)

The efficiency of the machine particular to motor or generator operation can be given

as.
Pm
— P 11.41
1 Ps + Pr ,Pm >0 ( )
Ps + Pr
n Pm ( )

By neglecting the power losses in the stator and rotor resistances the stator active and

reactive powers can be given as follows:

3
Ps = 3 (Vdslds + Vgslqgs) (11.43)

3
Qs =3 (Vgslds + VdsIqs) (11.44)
The rotor active and reactive powers can be given as follows:
3
Pr = 3 (Vdrldr + Vqriqr) (11.45)
3
Qr = > (Vgrldr + Vdrigr) (11.46)

I I1.3.3 The mechanical system of the wind turbine

The mechanical system of the wind turbines mainly consists of wind turbine gear box

which contains two main shafts, the low speed shaft which is basically connected with the




wind turbine blades, and the high speed shaft which connected directly to the generator [35]

as it is shown in the figure bellow
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Figure 11.13: Two mass mechanical model.

The turbine rotational speed in the fast shaft is given by
Nty = NOt (11.47)

The driving torque in the fast shaft is given by

Tt
Tter =— (11.48)

The mechanical speed evolution equation in the fast shaft is given by

dQt_ar
t d; = Tty — Dtft,, — Tem (11.49)

The mechanical speed evolution equation in the low speed shaft is given by

dim
]mw =Tem — DmOm — Tt_ar (11.50)

The driving torque in the low speed shaft evolution equation Is given by

dTem

— (11.51)

= Ktm (Nt Nm) + Dt (dm‘ar d.()m)
- ftmiitar m ™\ ae dt




by neglecting the damping coefficients (Dt, Dm, and Dim).The resulting transfer
function relating the generator torque and speed presents a pole at wo: pulsation and a zero
Wo2 pulsation as follows :

_ Jt+Jm
w01 = |[Ktm Tm (11.52)
Ktm

I I.4 Conclusion ‘

This chapter presented a detailed modeling of a hybrid system based on PV and Wind
energy. The chapter systematically outlined an electrical characteristic modeling of a DFIG
unit for wind turbine designing. And an electrical characteristic of a solar cell for Solar
Photovoltaic System design. The models described in this chapter will be employed next in

the next chapter in order to simplify the control methods.
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11l Chapter III: control of a hybrid system

I III.1 Introduction

The equations of the hybrid wind solar system necessary for voltage control were
represented in the previous chapter. In this chapter, the synthesis of regulators necessary for
the realization of this command has been developed.First, the wind turbine system controller
is developed, including pitch angle and mechanical torque controller, grid side controller and
rotor side controller, three types of regulator are used. The synthesis of a Proportional -
Integral regulator is carried out. In order to compare its performance to other regulators, we
also synthesize an RST regulator calculated by placing robust poles and an LQR regulator,
based on the linear matrix inequality (LMI).Then, the solar turbine system controller is
developed, by controlling the boost converter. The synthesis of a MPPT P & O method
regulator is carried out. In order to compare its performance to other regulators, we also

synthesize an MPPT FUZZY logic controller. The figure below presents a hybrid wind solar

system control strategy.

DC Bus
AC i
™ -
DC
Generator
Wind turbine
DC
DC
DC/DC Converter

PV modules

Figure Ill.1: hybrid wind solar control strategy.
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I IIl.2 Wind system control

This part covers the fundamental control methods of wind turbine control system. In
order to optimize power output and ensure long efficient performance in a low wind speed
the pitch of the blade and speed of the DFIG controlling is necessary. Controlling the

synchronous DFIG speed can be achieved by the control of the electrical subsystem using




power electronics or electronic converters that are coupled to the generator. The two types of
DFIG control are stator side and rotor side control. In our case we controlled the rotor side of
the DFIG to change the synchronous speed. [44]The Figure 1 shown bellow presents wind
energy control system, which uses DFIG. The two main components of the system which

will be separately controlled are the wind turbine and the DFIG.

AC/DC/AC Converter

Cgr'id i

Cr'otm'

Inductance

"t e

—
Qgc 3 Phase Grid
Control

Figure 1ll.2: wind energy control system

I II1.2.1 Variable pitch wind turbine control

As we have seen in chapter 1 wind turbines produce electricity from the wind through
an electrical generator. A turning power is generated when wind passes over the blades. in
order to optimize turbine performance in low wind speeds and limit it in the strong ones, the
pitch angle of the blades can be adjusted using an electric pitch servos .Therefore the blade
control strategy considered in this section is all about sending the error between the

generator rotor speed and its set point to the controller to produce a reference value for the

pitch angle.

II1.2.1.1 Mechanical torque control

The Mechanical torque control model is based on the steady-state power
characteristics of the turbine, the power output of the wind turbine can be optimized by

controlling the torque which is given as [45]:

T,(ref) = Pm(max) (111.1)

Wm

From the power equation (mentioned in chapter 2), T, (ref) can be written as:

53




3

R
cp(max)R2p0.5n< wmf)

Topt (111.2)

Te(ref) =

Wm

Knowing the steady-state power characteristics of the turbine gives us the following

equality:

Wy = NGWms

(11.3)

Which give us the optimal gain, written by:

cp(max)R?p0.57
Kopt = 3 3
Aopt ng (“|4)
Thus, the control law can be given as:
T,(ref) = K,prwm?

‘ epem (111.5)

II1.2.1.2 PITICH CONTROL

The blades are turned by the pitch actuator which describes the dynamic behavior
between a demand pitch angle from the controller and the measured one(]. The change in the

pitch angle is given as [45]:

df _pa—8
dt 1 (111.6)

Applying Laplace transform, the transfer function for the actuator becomes:

B 1

Ba =Tﬁ5+1 (111.7)

The PI controller and desired pitch angle can be given as:

,deer+Kifedt (111.8)




Considering the variation range of e is very small for an adjustable-slip
asynchronous generator, Kp is far greater than Ki .Therefore the equation above can be

simplified as follows.

_ da
?~ de (111.9)
Ki =O

(111.10)

I 1l1.2.2 Control of the DFIG

The control strategy of the DFIM used in this part is designed to capture optimum
power from the wind at its low speed through closed loop current and rotor speed control of
the machine. Firstly a vector control of the DFIM is introduced. Then active and reactive
power decoupling control is adopted from the principle of stator oriented field control.
Finally mathematical model of DFIG with current speed control loop using PI, RST and LMI
controller is designed to optimize the power captured from the wind. The results shown are
obtained from simulation in Matlab/Simulink platform which shows the effectiveness of the

strategy proposed.

I11.2.2.1 Structure and Configuration of the DFIM

The typical configuration of the DFIM When it is connected to the grid shown in the
figure bellow is established in these three main steps. The first step is the synchronization of
the stator voltages with the grid voltages, which are the reference in our case. The second
step is the stator is connected to the grid and the rotor is connected to the converter via a
back-to-back converter. The third step is the power electronic interface controls the rotor
current to capture optimum power from the wind [46]. The power electronics only process
the rotor power, typically less than 25% of the overall output power. Thus the DFIG offers
the advantage of speed control with low cost and optimum power.
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Figure ll1.3: typical supply configuration of DFIM

II1.2.2.1.1 A back-to-back converter

In this part, we will study the back-to-back converter which is a two IGBT-based
three-phase two-level voltage source converters connected in series with the opposite
polarity that are both operated through a controlled pulse width modulation. The back-to-
back converter connects the DFIG to the grid. Generator-side and grid-side converters as
shown in the figure bellow. [47]

AN

LAY
Transformer

MEalci=Sa
RSC GSC

Chopper

Figure 1ll.4: Back-to-back converter-based DFIG power system configuration
The main components of the back-to-back converter are as follows:

DC-link Voltage

Both of the generator-side and grid-side converters has to produce an AC voltage at
least equal
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to the AC-side nominal voltage in order to properly control the injected AC-side

current. The AC-side line-to-line output is given as:

(11.11)

DC-link Capacitor
The selection of the DC-link capacitor of a back-to-back converter is given as:

S

C =
4T fninVacAvac (111.12)

Line Reactor and Step-up Transformer

The line reactor is used as protection and filter. In our case we used LC filters to
reduce the harmonic content.

I11.2.2.1.2 Vector Control of DFIM

This part presents vector control of grid-connected wind turbines with doubly-fed
induction generators (DFIG) in which only the rotor-side converter control is studied .the
vector control of the DFIM is performed in a synchronously rotating dq frame, in which the

d-axis is aligned, in this case, with the stator flux space vector, as illustrated in Figure below.

[5]

f—

Was = [

Figure I11.5: synchronous rotating dq reference frame aligned with the stator flux space vector

111.2.2.1.3 Rotor side Control of the DFIM

111.2.2.1.3.1 Rotor Current Control Loops




by substituting the stator dg flux equations and the rotor dq flux equations into the

rotor voltage equation we obtain the rotor voltage as a function of the rotor currents and

stator flux [5]

di L. d
S

diqr . . Lm
Vogr = oLy I + Rylgr + oLy w,ige + L—a)r. Qs
S

Note that

@s =@ds = @pqs =0

V,

qs:Vs:ws-(ps_)Vds:O

While

The stator dq flux equations are given as

Qas = Lsigs + Lplar

Pgs = Lsiqs + Lmiqr
The rotor dq flux equations are given as

Par = Lmlgs + Lyigy

Pqr = Linigs + Lyigr

The rotor dq voltage equations are given as

d(pdr

Var = Rridr + T

— WrPqr

(111.13)
(111.14)
(111.15)
(111.16)
(111.17)
(111.18)
(111.19)
(111.20)




(11.21)

dgqgr

Vgr = Rriqr + F + W, Qar (|“22)

With the crosses coupling terms between the d and q axis given as

~Obrrler (111.23)

Looin 4 lm
O Ly Wyl — Wp. Q
r%rtdr Ls s (|||.24)

The equation of the rotor voltage above is used to rewrite the rotor currents as

1
(o + raoig) (o)
dr (vdr Wro qur) oL.s+R, (111.25)
. _( L Lm )( 1 )
tar = \Var = @rOLrlar == 0r b5 )\ o (111.26)

We can then represent the closed-loop current control as shown in the figure bellow
1
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Figure 11.6: closed-loop current control

11.2.2.1.3.2 Power and Speed Control Loops
The torque expression in the dq frame is given as (mentioned in chapter 2): [5]

3 Ly 3 L, b (i)
2P, Pstar (111.27)

Term = 2 L, ((pqsldr godsiqr) = Top = —




While

3 Ly
—=p— (@) =cst
2P L, ¢s) (111.28)

This means that the g rotor current component is proportional to the torque which can

be then simplified as follows:

Tem = Kr lgr

(111.29)
consequently, the speed of the machine can be written as:
1
Wy =pllm=p (]—S) [Tem — Tioaal (111.30)
Supposedly that
Tioaa =0 (111.31)

We can then represent the closed-loop speed control as shown in the figure bellow:
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Figure Ill.7: closed_loop speed control

In a similar way, by developing the stator reactive power expression in the dq frame,

we obtain the following expression:

(Vqsids - Vdsiqs)

N W

s = (111.32)

o= Zalm (1)
* 2 Ly N Ly (111.33)




7 0 =K (i‘” - Z)_;l) (111.34)

We can then represent the closed-loop stator reactive power expression control as

shown in the figure bellow:

Regualtor Lol /Ry~ fdr_| Current ’?"_i® E ‘Qs
d loop A
i |

This part presents a proportional-integral controller (Pl controller) that is a control
loop feedback controller commonly used in the industry. Pl controller calculates the error
between a measured grander and a desired set point

111.2.2.1.3.3.1 Current control with PI regulators
The current control strategy described above is been studied in the case of PI
regulators (integral proportional). The Figure bellow shows the closed loop system regulated

by a PI regulator. [48]

Figure 111.9: Functional diagram of an PI regulator.

In our case the regulator’s values of A and B are:

A=o0lL,s+R, (111.35)

(111.36)




The opened loop transfer function is given as

FTBO—(k +ki)< ! )
P " s/\gL,s +R,

(111.37)
The closed loop transfer function is then expressed by
k; 1

ky, + =<5
FTBF = s k(aLrs +1RT)

1+ (kp + ?l(aLrs + RT)>

(111.38)
Skp + ki

" oLs?+ (R, + kp)s + k;

The figure below shows an equivalent second-order system of closed-loop current
control with PI regulators:
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Figure lll. 10: Equivalent second-order system of closed-loop current control with Pl regulators

We have chosen to set the response time of the system to this value

T

T= = 0.059

r

(111.39)
Which means that

(111.40)
Which leads us to the following results:




Kpig = Kpiq = 2wnol, — R, (111.41)

Kiid = Kiiq = (l)nZO'L-r - Rr
(111.42)
111.2.2.1.3.3.2 Power and Speed Control Loops

The power and speed control strategy described above is been studied in the case of

PI regulators (integral proportional). In this case the regulator’s values of A and B are:

A=]s
/ (111.43)
B=P (111.44)
The opened loop transfer function is given as
ki\ (P
FTBO = (kp + —) (—)
s/ \Js (111.45)
The closed loop transfer function is then expressed as follows:
k; (P
kp + <75 sk, + k;
FTBF = S IE Sl =3 p_ i
1+<""v+?l(_s)> Ls2 4 kps + k; (111.46)

The figure below shows an equivalent second-order system of closed-loop speed
control and a first order system of closed-loop reactive power control with PI regulators:
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Figure 111.11: Equivalent closed loop system of Q_s and w_m loops control with Pl regulators

We have chosen to set the response time of the system to this value

T = 0.05
(111.47)
Which means that
_ 1
“n=7 (111.48)
Which leads us to the following results:
2wy]
Kpy = ——
PN="p (111.49)
2
. wp)
Kiy =
TP (111.50)

111.2.2.1.3.4 RST CONTROL OF A DFIM

In this part we introduce the control of DFIM systems with an RST type regulator.

This regulation technique is carried out in order to improve the performance of the
control. An RST type regulator is a polynomial regulator which presents itself as an
interesting alternative to PID type regulators . It is also called regulator with two degrees of
freedom, because in addition to choosing the poles in closed loop the zeros are also selected.
The principle is based on the resolution of the Diophantine equation which leads to the
identification of the polynomials R, S and T, thus making it possible to largely limit the

=



problems of the regulation and to achieve excellent performance of compensation with a

very good robustness. [49]

The RST structure is based on decomposition according to three polynomials
R, S and T, the degree of which is fixed according to the degree of the transfer, tracking and
regulation functions in open loop. They are calculated from a pole placement strategy for
stable or unstable systems. The regulation loop representing this regulator can be described
by the figure bellow. [49]
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Figure 111.12: Structure of the RST regulator.

G (s) in our case is the opened loop rotor current control function given as:

A(GS) oLy s + R, (111.51)

While A and B can be also written by:

B(s) = b0
(111.52)
A(s) = a0+ al*s
(111.53)
The control signal is given by the following expression:
T(s) R(s)
) =50~ 55 Y (111.54)

&



In general, the purpose of the command is to impose a desired closed loop transfer

function between y (s) and ref (s).

Bd(s)
Ad(s)

y(s) = ref(s)

In our case given as:

Bd(s) = B(s) = 1

Ad(s)=1+s

While

Pa,; = exp(—pa *Te)

Te = 5.0000exp — 06

from the above equations ,the following equality is obtained :

y(s) B(s)T(s)
ref(s)  A(s)S(s) + B(s)R(s)

This gives as these equations:

A(s)S(s) + B(s)R(s) = Ad(s)

B(s)T(s) = Bd(s)

(111.55)

(111.56)

(111.57)

(111.58)

(111.59)

(111.60)

(111.61)

(111.62)




After multiplying and dividing the expression of the closed-loop transfer function by

B (s), we obtain:

A(5)S(s) + B(s)R(s) = B(s)Aq(s) (111.63)

And

T(s) = Bd(s) (111.64)

To determine R (s) and S (s), we must solve the previous Diophantine equation given

as:

A(5)S(s) + B(s)R(s) = B(s)Ad(s) (111.65)

This can be written as:

A(s)S(s) + B(s)R(s) = C(s) (111.66)

The polynomials R (s) and S (s) must verify the following conditions:
deg R(s) < degA(s) — degR(s) =degA(s)—1

deg S(s) = degA(s) » deg S(s) =degR(s) +1

deg C(s) = deg S(s) + deg R(s)

One way to solve the Diophantine equation is to write the Diaphontine equation in a

matrix form called the Sylvester matrix which is a square matrix defined as follows:

r:.: . ] H ) M (111.67)

It is noted that the zeros of the system to be adjusted G (s) are stable.

The model to be pursued is generally very simple, low order, generally guaranteeing

the desired characteristics in closed loop given as:

-



Bd(s)
Ad(s)

y(s) =

The arbitrary polynomial C (s) is specified by the pole placement method.

As following:

C(s) = 824+ ¢is = (Pag —a, +ag)s? + a;s

Which leads us to the following results:

R =0.9972
S =1s+ 0
T =1

111.2.2.1.3.5 The LMI-Based-LQR control

(111.68)
(111.69)
(111.70)
(111.71)
(111.72)

This part presents LQR control based on the LMI calculation method of grid-

connected wind turbines with doubly-fed induction generators (DFIG) in which only the

rotor-side converter control is considered.

The structure of the LQR based on LMI control system is shown in the figure bellow.
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Figure 111.13: the LMI based LQR control system

In our case the state space system’s values of A, B, C and D are:

A =-16.95
B =64

C =91.33
D=0

111.2.2.1.3.5.1 LQR control

The linear—quadratic regulator (LQR) is a highly used feedback controller which,
controls and optimizes the feedback gains in order to ensure a stable closed-loop system and

an optimum performance. [50]

the state-feedback law equality for a continuous time system is given as

u =-Kx
(11.73)
Where K is given by:
K =R 1(BTs 4+ NT).
(11.74)
The quadratic cost function minimized by the state-feedback law is written as
J(w) = .[ (xTQx + uTRu + 2xTNu) dt
0 (111.75)

Where the system is defined as




x = Ax + Bu

(111.76)

In addition to that the S solution is found by solving the continuous time algebraic

Riccati equation given as:

ATS + SA—(SB+ N)R'(BTs+NT) + 0 =0

(1.77)
While
Q =Q-NRTNT (111.78)
And
A=A—-BRNT
(111.79)

111.2.2.1.3.5.2 The LMI control

The Linear matrix inequalities (LMI) are defined as a set of matrix linear variables
Used to solve a convex optimization problem with LMI constraints. The LMIs are used in
several application such as robust stability, optimal LQG control, estimation, and many
others, in our case we will be using it to calculate the gain Kr of the LQR controller. The

LMI expression has the following form: [51]

n
F(x) =Fy+x.F, + -+ x,F, = F, +le-Fl- >0
i=0

(111.80)

In the case of nonlinear matrix inequalities a change of variables can be used to

transform these nonlinear inequalities into suitable LMI forms. As it is the casein the
State feedback LQR controller

The objective is to determine a matrix F and a positive definite matrix P that solve

the following equation:
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(A + BF)TP + P(A + BF) < 0,

(111.81)
Or
ATP + PA + FTBTP + PBF < 0
(111.82)
By multiplying either side of the above equation by Q = P~ we obtain:
AT + AQ + QFTBT + BFQ < 0.
¢ ¢+a ¢ (111.83)

In order to do the linearization the above equation, we define a second new variable

L = FQ which gives us

QAT + AQ + LTBT + BL < 0.
(111.84)

By solving this LMI, the F and P matrix can be given from the following equation

F =LQ!
(111.85)
P=Q!
(111.86)
. In our case and after all calculation we obtained the following results:
0 = [1.09 + 070 * 1.5408
(111.87)
P =1.0e + 08 *[0.0206 2.0738]
(111.88)

R = 4.4348e + 08




(111.89)

The LQR control gain can be calculated as follows:

K, = B« P x inv(R) (111.90)

This leads us to the following result:

K, = 0.2969
(111.91)

1I1.2.2.1.4 Grid side converter control

This part presents a PI controller of a Grid side converter that is defined as an IGBT-
based three-phase two-level voltage source converter which operates through a controlled

pulse width modulation in the aim of maintaining a constant DC link voltage [52]

The dynamic model of the grid side converter in dg-reference frame is written as:

dig, .
Lg W = Vdg - Rgldg - Vdc + ngqug (|||92)
digg . :
QW: Vag — Rglqg = Vac — wglgiqg (111.93)

The active and reactive power associated with the grid side converter in the dqg-

reference frame, are given as:

3
_ . ; 111.94
Pg—E(Vdg*‘dg +ng*lqg) ( )

g *lag — Vag *iqq)

&

I
N| W
~
SN

(111.95)




To control the grid side converter we use vector control scheme. In which the rotating

reference frame dg-axis will be rotated along the grid voltage which gives:

Vag = Vg
Vag = 0

The power equations become as follows:
3 .
Py =5 (Vag * iag )

Qg:‘z(vdg*iqg)

(11.96)
(111.97)
(111.98)
(11.99)

The grid converter control controls the dq currents loops and the DC voltage loops as

shown in the figure bellow:

abc to dq abe
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&

Figure 111.14: Grid Converter Control Scheme
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The grid dg voltage equations are given as :

Vdg(ref) = Vdg + Rpigr — (0 — wy) [iqur + iqsLm] (111.100)

ng (ref) = ng + Ryigr + (@ — w)igrLy + igslm] (111.101)

Where V44, Vgg » Q and P are found from the current errors through standard Pl

controllers and the reference current iy, can be found from the reference torque as follows:

TeLs
PsLlm (111.102)

idr -

With the crosses coupling terms between the d axis and g axis given as:

(@ = @)|igrlr + igslm] (111.103)

(w — w)ligrLy + igslm] (111.104)

We can then represent the closed-loop DC voltage control as shown in the figure

bellow:

Figure I11.15: the closed-loop DC voltage control

For the DC voltage control we used pi tune matlab tool and we obtained the

following results:
kp_v = —1000
ki_ v =—-300000

And the closed-loop reactive power control as shown in the figure bellow:




Qe*

Figure lll.16: the closed-loop reactive power control

In our case we have chosen to set the response time of the system to this value

g (111.105)

Which means that

Wpg = 60 * 2 % pi = 376.9911

(111.106)
Which leads us to the following results:
Kpig = Kpig = 2wn,0L, — R, = 56.8489
o e T e T e (111.107)
Ki;y = Ki;, = w,?0L, = 56.8489
T e T e T (111.108)

I IIL.3 Solar system control ‘

because of its characteristics; solar panel systems are controllable using power
electronics and advanced control strategies such as P&O and Fuzzy logic based MPPT
control, the control strategy is based on adjusting the duty ratio of the boost converter, the
system to be controlled in this part includes a solar array, DC/DC converter, resistive

load and a control unit as it is shown in the figure bellow:
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Figure 11l.17: the considered stand-alone PV system

B 111.3.1 MPPT in PVsystems

As we have seen in chapter 2 the PV system is characterized by its V-P
curve(shown in the figure bellow) in which the solar module operates with the
maximum efficiency and produces the maximum power output at a maximum point that
is called the maximum power point (MPP). A MPPT controller is designed to obtain an
operating point close to this MPP where a tracking algorithms is used that checks the
compares the output to the previous values and chooses the best power that PV module

can produce to supply it to the load. [54]

& Pmag (dp/dv = 0)

Power
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Figure 111.18: Power-voltage characteristic of a PV module

1I1.3.1.1 Perturb-and-observe (p&0 method)

Perturb-and-observe (P&O) method is one of the common MPPT control methods as
its name indicates the principle of this controller is to provoke perturbation by increasing or
decreasing the PWM duty cycle and observing the effect on the output PV power.




Where the present values of PV voltage V(k) and current I(k) are measured ,the
present power P(k) is calculated then Compared with the previous power P(k-1). If the
power increases, keep the next voltage change in the same direction as the previous change.
Otherwise, change the voltage in the opposite direction as the previous one. this can be

detailed as follows [54]:
- When Z—: > 0, the voltage is increased, this is done through D(k) = D(k — 1) + C
( C : incrementation step),
- When Z—; < 0, the voltage is decreased through D(k) = D(k — 1) — C

. The figure bellow shows the flow chart of the P&O method.
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Figure 111.19: the flow chart of the P&0O method

II1.3.1.2 MPPT by the fuzzy logic approach




A fuzzy control systemis anon-linear control method based on fuzzy logic. It
consists of the input variables that are in general mapped by sets of membership
functions (fuzzification), a processing stage(Fuzzy inference), and an output stage which is
smooth despite a wide range of input variations (defuzzication) nonmembership is

smooth as it is shown in the figure bellow [55]:

Fuzzy Rule
Base

Fuzzy

Fuzzification ) Inference

- D e fuzzification

Figure 111.20: The basic structure of fuzzy logic controller

The output variable is the pulse width modulation (PWM) signal called D, which
is transmitted to the boost DC/DC converter to drive the load. After the rules have been
applied, the center of area as the defuzzication method is used to find the actual value of
(D) as a crisp output [56].

The range of the power is and their linguistic variables are considered as negative
big (NB), negative s mall (NS), zero (ZE), positive s mall (PS) and positive big (PB)
where aschange of voltage range is and its linguistic variables are selected as negative
big (NB), negative small (NS), zero (ZE), positive small (PS) and positive big (PB). The
output variable is the PWM signal driver whose range is and its linguistic variables are
chosen as negative big (NB), negative small (NS), zero (ZE), positive small (PS) and
positive big (PB).

the fuzzy input variables chosen are the variations of the solar cell power output
(APp\y/ ) ,where their linguistic variables are selected as negative big (NB), negative
medium (NM), negative small (NS), zero (ZE), positive small (PS) , positive medium
(PM) and positive big (PB). And variations of voltage ( AVpy/ ),where their linguistic
variables are selected as negative big (NB), negative small (NS), zero (ZE), positive

small (PS) and positive big (PB).The output variable is the PWM signal where its
linguistic variables are given as negative big (NB), negative medium (NM), negative
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small (NS), zero (ZE), positive small (PS) , positive medium (PM) and positive big
(PB).The table bellow shows the fuzzy rules of our algorithm.

AP(")/AV(k) NB |NM | NS | zE | Ps PM PB
NB | PB | PB [ PM | NM | NM NB NB
Ns | PB [ PM | Ps | Ns | Ns NM NB
ZE | NB | NM [ NS | zE | Ps PM PB
Ps | NB | NM | Ns | Ps | Ps PM PB
PB | NB | NB |NM | PM | PM PB PB

Figure 111.21: Fuzzy rules

Figure below shows the membership of the inputs and outputs.

| | | | | | |
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input variable *voltage"
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input variable "power”
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NB NM NS ZE PS Pl PB
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Figure 111.22: Membership functions: (a) Membership function for changes of voltage; (b) Membership function for
changes of power; (c) Membership function for increment of duty ratio command

I II1.4 Conclusion

This chapter has allowed us to develop the hybrid wind solar system controller .first
the synthesis of three linear regulators for the control of the DFIM has been studied. A
Proportional-Integral regulator which served as a reference for comparison, a polynomial
RST regulator based on the theory of robust pole placement and an LQR regulator based on
the LMI method. The purpose of these regulators is to control the exchange of active and
reactive power between the stator of the machine and the network by modifying the
amplitude and the frequency of the rotor voltages. We used the indirect control method
where the rotor currents are measured and used to estimate the powers compared to the

references.

Then two controllers are developed for the MPP tracking and minimizing the error
between the operating power and the reference maximum power which is variable according
to the load and of the weather conditions. An intelligent method of maximum power point
tracking (MPPT) using fuzzy logic control for stand-alone was used then a conventional

perturbation and observation (P&O) technique.

&



Chapter 1V:

Fault tolerant control




IV Chapter 1V: fault tolerant control

I IV.1 Introduction

The performance of the system can be easily interrupted by possible faults and
failures occurring because there is no fault-free system. Therefore, looking for fault-tolerant
controller designs with early fault detection, isolation and successful controller
reconfiguration would be very beneficial the system control. This chapter provides a brief
introduction of power system faults, fault tolerant control (FTC) and fault detection and
isolation (FDI) and defined basic definitions and classifications concepts. Starting with some
definitions and describing different types of faults and failures that can occur in actuators,

sensors or transmission line in wind system, and in the boost converter for the solar system.

I 1V.2 FAULT-TOLERANT CONTROL

In this part we will be seeing a brief review of fault-tolerant concepts including basic
definitions, classifications, causes and consequences. The main objective of the FAULT-
TOLERANT CONTROL is to maintain the control aiming even when an occasional fault
occurs. the FAULT-TOLERANT CONTROL are essentials and necessary in any system
regulation because there is no fault-free system and all types of dynamic systems can be
undergone to various faults which could be caused by actuators, sensor or component

failures. A fault tolerant control system scheme is shown in the figure bellow

~
Component
Faults
Actuator Sensor
Faults ﬁ Faults
Reference ;
—‘ Controller Actuators Sensors

S TTTTEEE Model

Information

Figure IV.1: Fault tolerant control system scheme




I IV.3 Types of Faults in Electrical Power Systems

Electrical power system faults occur because of the failure of the circuit equipment,
insulation and conducting path which results short circuit and open circuit of conductors.
The electrical fault conditions can be classified into open and short circuit faults which can
be symmetrical or unsymmetrical faults. [57]

I IV.3.1 Symmetrical faults

Symmetrical short circuit faults also called as balanced fault are defined as the fault
that occurs in symmetrical fault currents. Where all the three-phase faults are short circuited
with or without involving the ground .These faults rarely occur in practice in the range of 2
to 5% of the total system faults. But they can cause high damage to the equipments but the

system remains in balanced condition.

I 1V.3.2 unsymmetrical faults

Unsymmetrical short circuit faults also called unbalanced faults defined as the fault
that occurs in unsymmetrical fault currents in the system. Where only one or two of the three
phases get short-circuited with or without involving the ground .it is necessary to analyze
these kind of faults in order to determine the size of a circuit breaker for largest short circuit
current. In comparaison to symmetrical faults, unsymmetrical faults are more difficult to

analyze [57]

B 1v.3.3 Short Circuit Faults

short circuit fault is defined as an unusual connection of very low impedance
between two points of different potential that happens either between two phases of wires or
between a phase of wire and ground. The bigger short circuit is, the more heat is produced
and burns are caused. It can also cause failure of one or more components of the circuit for

instance generators, Transformers, converters others that operate at given voltage level. [58]

‘ 1V.3.3.1 Causes OF SHORT CIRCUITS

Short circuit faults can occur either because of breakdown of transmission lines or
equipment, aging of insulation, deterioration of insulation in generator, transformer and other
electrical equipments, improper installations and inadequate design, which can be classified
as Internal effects .or overloading of equipments, insulation failure due to lighting surges

and mechanical damage by public, which can be classified as external effects [59].

|1V.3.3.2 Effects OF SHORT CIRCUITS

= It can lead to fire and explosion

= |t can lead to overheat equipments

e



= |t can lead to the restriction of the power flow

= It also present a great risk to human life and the economy.As was the case
on 28 September 2016 where almost the entire state of South Australia
suffered a widespread outage that plunged 1.7 million people into darkness
for several days. Or on 4 January 2018, ashort circuit caused by faulty
wiring triggered an arc flash and ignited a fire that gutted a shopping mall in

the southern province of Davao in the Philippines, killing 38 people.
In order to keep the grid safe and operating a short circuit fault analysis must be
provided in which the amount of short circuit current from a system in calculated, then

compared with the interrupting rate of the devices that protect sections of the grid. [60]

I 1V.3.4 Open circuit:

Open circuit fault also called as series faults is defined as a break or interruption in

the current flow path in a circuit.

It occurs because of the failure of one or more conductors, cables , lines, or circuit
breaking .it can also occurs because of the fuse or conductor melting in one or more phases.
[61]

‘ 1V.3.4.1 Causes of the Open Circuit Faults

= Broken conductor that occurs when one or more phases of conductor break.
[62]
= Malfunctioning of circuit breaker or isolators in one or more phases. [62]
= unbalanced current flows [62]
‘ 1V.3.4.2 Effects of the Open Circuit Faults

single and two phase open conditions can produce the unbalance of the power system
voltages and currents that causes great damage to the equipments, which can interrupt the
operation of the system, that could become a danger to the persons, animals and environment
Although open circuit faults can be tolerated for longer periods they needs be removed as

soon as possible to avoid big damage. [62]

I 1V.3.5 Transmission Line fault

A transmission line is the most important part of power. Therefore it is necessary to
protect transmission lines, that are defined as a system of conductors that transfers electrical

signals from one place to another . transmission line can be expose for failure. Some of

|
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which, are because of short circuit and open circuit faults. This can happen in one phase, two

or three phases.The figure bellow shows the single transmission line fault diagram. [63]

‘ Transmission Line

Source 1 | - | Source 2

Fault

Figure IV. 2: transmission line fault

I I1V.3.6 BOOST CONVERTER FAULT

The boost converters are defined as an electronic device that increase and boost the

input voltage.

For an optimum performance converters must have zero lossless .But that is
impossible, boost converters can be expose for failure. Some of which, are because of short
circuit and open circuit faults. This can happen in the switch, diode, inductor, capacitor or

load.

I 1V.3.7 Different Type of Faults

Fault tolerance as it was defined earlier is the continuous operation of the system even if its

components fail. The three basic notions for fail are fault, failure, and error where [65]:

‘ 1V.3.7.1 Failure

It is defined as an irrecoverable event, where the system is unable to do the service
required. Note that a failure in a sub-system can be considered as a fault in the global
system. Failures are classified by their domain as failures on values and/or timing failures;
by their perception by the user; and by their consequences on the environment.

|1V.3.7.2 Fault

it is defined as a recoverable event, where a component of the system gets defected
which leads to a deviation of parameters from the nominal situation. Faults could
be latent then effective then cause failure. In a general aspect there are three different types

of faults as shown in Figure bellow.

g
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Figure IV.3: Different types of faults

1V.3.7.2.1 Sensor faults

They are defined as substantial faults that occur on sensor readings, but

don’t impact the system properties.

1V.3.7.2.2 Actuator faults

They are substantial faults that occur on actuator, but don’t impact the
system properties. It only affects the controller performance.

1V.3.7.2.3 Plant (system) faults

They are substantial faults that occur on the system, which impact its properties.

Faults can be also classified by their nature as: accidental or intentional. By their
origin as: physical, human, internal, external, conception, operational. And by their

persistence as: transient or permanent.

\ 1V.3.7.3 Error

Is an action that shows when a fault occurs in order to treat errors. redundancy is

necessary to be used in which two main forms exist physical and analytical redundancies.

1V.3.7.3.1 Physical redundancy:

Also known as hardware redundancy is defined as a technique that
consists on disposing in parallel of identical subsystems or components to diminish the
probability of their overall failure. Redundant actuators will allow continuing to act on a
process while redundant sensors will allow detecting the failure of one of them and adopting

the correct signal. [43]

1V.3.7.3.2 Analytical redundancy:

Also known as software redundancy is defined as the use of a mathematical model of
the controlled system to displays analytical relationships between different physical

parameters. It is mainly used for fault detection and identification. A software system is

&



considered redundant when it performs the same functionality through the execution of

different elements. [43]

I IV.3.8 Structure of Fault Tolerant Control

Fault Tolerant Control system consists of fault detection and identification module, a
reconfigurable control module designed to activate fault free redundant components and a
flight control law reconfiguration module to adapt the control law to the new control

situation, as shown in the figure bellow. [43]
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Figure IV.4: Structure of Fault Tolerant Control

I 1V.3.9 Fault Detection and Identification

Fault Detection and Identification is defined as detecting the fault and allowing the
activation of automatic protections and reconfiguration mechanisms resulting in fault
tolerance in the objective of keeping the system safe. It is composed of three main activities:
[43]

‘ 1V.3.9.1 Detection

A fault is detected in the system when a nominal model of the fault free system

exists, a fault will be characterized by comparing the nominal system with the actual system.

‘ 1V.3.9.2 Location

A fault is located in the system when the origin of the fault is traced. In general an
original fault may generate a sequence of failures in a system and these cascading failures

may mask their real cause.

‘ 1V.3.9.3 Identification




A fault is identified ed in the system when the time of the fault occurring, the
duration and the amplitude is determined

I 1V.3.10 Fault tolerant performance

The main technical performance criteria for fault detection and identification are

detectability , insolability, sensibility and robustness.

‘ 1V.3.10.1The detectability

It is defined as the ability to detect the presence of a failure in the process. It is

closely related to the notion of fault indicators (residuals).

| 1V.3.10.2The isolability

It is defined as the ability to directly trace back the origin of the fault. The degree of
fault isolation is related to the structure of the generated residuals and to the detection

technique.

| 1V.3.10.3 The sensitivity

It is defined as the ability to detect faults of certain amplitude. It depends not only on
the structure of the residuals but also of the relationship between the measuring noise and the
fault.

‘ 1V.3.10.4The robustness

It is defined as the ability to detect faults regardless of modeling errors.
It relies on analytical redundancy which allows probabilistic tests to decide about the

presence of a fault or not.

I 1V.3.11 Building in Fault Tolerance

Building in Fault Tolerance have the meaning of creating fault tolerance that keeps
the system going when a fault occurs and eliminate as possible the failure of the system.

‘ 1V.3.11.1Redundancy

The redundancy is a concept of equipping the system with extra components which
are redundant in the aim of not being required to power the system when one of the primary

components is functioning abnormally.

Unfortunately in practice this is usually too expensive. For that reason only the most

important component of the system and the less expensive one will be made redundant.

| IV.3.11.2Diversity

The diversity is the concept of getting an electricity supply from another source
entirely — most likely a backup electricity generator which kicks in automatically in case of a

main power failure. it is used when it is not be possible to provide redundancy .note that the

|



diverse option may not be as efficient as the primary option, which means it can be used

temporary until the primary option can be restored.

‘ 1V.3.11.3Replication

Replication is the concept of running multiple identical versions of a system or
subsystem, and checking that their functioning always results in identical results. If results
differ then some procedure is called up to decide which system is faulty.

I 1V.3.12 Elements of Fault Tolerant Systems

Fault-tolerant systems use backup components that automatically take the place of failed

components, ensuring no loss or break in the service. These include: [67]

‘ 1V.3.12.1Hardware systems

Hardware systemsare defined as systems that are backed up by identical or equivalent
systems. By eliminating single points of failure, hardware fault tolerance in the form of

redundancy can make any component or system far safer and more reliable.

To provide fault tolerance, the fault tolerant computer system or fault tolerant data
storage system may use various elements. This includes replication for the CPU, redundancy
for the PSU and RAM, hard drives configured in some form of RAID array which involves
both redundancy and replication, and diversity of power supply with the provision of a

backup generator.

Fault tolerant networking may be provided by redundant network interface cards
(NICs), and/or a variety of diverse networking options such as a wired LAN NIC and a

wireless LAN adapter.

‘ 1V.3.12.2Software systems

Software systems are defined as systems that are backed up by other software instances. It
can be designed to be fault tolerant so that it can continue to operate even when it encounters
an error, exception, or invalid input as long as it has been designed to handle such errors

rather than defaulting to reporting an error and halting.

In particular, networking protocols such as TCP/IP have been developed expressly to
enable the creation of fault tolerant networks. TCP/IP can continue to function in an
environment where individual network links or nodes may become unavailable
unexpectedly. It can adapt to the varying conditions in order to get packets to their

destinations via whatever routes are available whenever possible.




Software systems can also use replication to provide fault tolerance: a critically
important database can be continuously replicated to another server, so that if the server
hosting the primary database goes down then operations can instantly be redirected to the

replica database.

Alternatively, some services, notably web servers, can be placed behind a load
balancer so that multiple servers all provide the same service. If one server develops a fault
then the load balancer simply sends all web requests to the other ones until the faulty one is

repaired.

‘ 1V.3.12.3Power sources

Power sources are defined as systems that are made fault tolerant using alternative sources. As
mentioned earlier, many fault tolerant systems include multiple PSUs to provide redundancy
in case of a PSU failure. And since it is usually not possible to obtain redundant main power
supplies, most organizations rely in diversity in the form of power from an alternative
source. This is typically a generator that starts up automatically in the event of a main power
failure to ensure that hardware, storage, HVAC and other systems have the power they
require. Redundant power sources can help avoid a system fault if alternative sources can

take over automatically during power failures, ensuring no loss of service.

I 1V.3.13 Factors to Consider in Fault Tolerance

T 1V.3.13.1Cost

Fault tolerance control systems are considered to be very costly, the reason why is
that it requires multiple versions of the same components, extra equipment such as

generators and the hardware parts.

‘ 1V.3.13.2Quality Degradation

Due to the high cost of fault tolerance, lower cost and inferior quality redundant

components are much used. This can lead to an increase in support and maintenance costs.

‘ 1V.3.13.3Testing and Fault Detection Difficulties

Testing fault and detecting is not that easy, in fact it is considered to be hard to spot
faults because it could be latent which doesn’t lead to the failure of the system.That means
that more resources is often required to test and monitor the health of a system built for fault

tolerance. [68]
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I 1V.3.14 Conclusion

This chapter has presented a brief introduction to the fields of the fault tolerant
control. It has included basic definitions and classifications of terms mostly used in fault
tolerant control such as faults and failures. This chapter also briefly discussed the possible
types of faults and failures of the transmission line and the boost chopper that can occur in
the hybrid wind solar systems, also redundancy and its importance to the fault tolerant

control has been discussed.
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V Chapter V: Simulation Results and Conclusion

I V.1 Introduction

In order to obtain the closest possible results of the experimental device, simulations
are used in this chapter using MATLAB/SIMULINK platform. First for the wind system
part, a comparison of three regulators (PI, RST and LQR) is developed in terms of pursuit of
trajectory, sensitivity to disturbances and robustness with respect to parameter variations,
taking into consideration rotor side and grid side converter control. A series of tests are also

carried out when the transmission line fault occurs on the wind turbine system.

Then for the solar system part, the fuzzy logic (FL) based MPPT controller is
simulated and compared with the conventional perturbation and observation (P&O) based
MPPT controller. A series of tests are also carried out when the open or short circuit fault
occurs on the boost converter of the solar system.

I V.2 Wind turbine system control

In this part a complete control model of a wind turbine system has been developed
and implemented in MATLAB/SIMULINK platform. This model includes the mechanical
control system part, consisting of pitch angle and mechanical torque controllers. And the
electrical control system part, consisting of a DFIM rotor side controller and a grid side
controller which are connected with each other via a back to back converter, an output low-
pass filter (RC) to interface with the grid is also implanted. The performance of the model
and its dynamic response has been then evaluated. Figure below shows the complete model
implemented in SIMULINK. It is connected to a programmable voltage source that in our

case represents the grid through a step-up transformer.
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Figure V.1: SIMULINK complete control model of a wind turbine system

B v.2.1  Mechanical torque control
The output of the turbine is the mechanical torque which it is applied to the generator

to produce an electrical power .Thus the Simulink model used in this part is based on the
steady-state power characteristics of the turbine. The three inputs are the generator speed, the
pitch angle in degrees and the wind speed in m/s. The Simulink block of the turbine shown

bellow is found in the Simscape library

Figure V.57: Simscape Wind turbine
block

By looking under the mask the model is illustrated in the following figure.
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Figure V.3: Simulink control model of mechanical torque of the wind turbine

I V.2.2 Pitch angle control

Adjusting the pitch angle of the blades provides an effective means of limiting
turbine performance in strong wind speeds. The actuator model that consists of a mechanical
and a hydraulic system describes the dynamic behavior between a pitch demand from the
pitch controller and the measurement of a pitch angle [1.The dynamics of the blades are non-
linear with saturation limits on both pitch angle and pitch rate. The error between the
generator rotor speed and its set point is sent to the controller to produce a reference value

for the pitch angle. Simulink model of the pitch angle control is shown bellow

pitch_gain  O-pitch_max  Rate Limiter

=

PITCH CONTROL

Figure V.4: Simulink model of the pitch angle control

I V.2.3 DFIM control

The model of the DFIM control used in this part is designed to capture optimum
power from the wind at its low speed through a rotor side and a grid side control. Firstly a
vector speed and current control of the DFIG using PI, RST and LMI controllers. The results
shown are obtained from simulation in Matlab/Simulink platform which shows the

effectiveness of the strategy proposed.
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V.2.3.1 Grid side control

The figure bellow shows the grid voltage oriented vector control simulation results.

The DC link voltage used is around 900 Volts.
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Figure V.5: Grid side control simulation results

The figures above shows the DC link voltage when implementing the grid voltage
oriented vector control scheme. Here the by proper control of converter the oscillations are

very low and measurement follows the set point.

V.2.3.2 Rotor side control

In this part we represented the closed-loop current and speed control model and
simulation with three types of controllers: PI, RST and LMI.

V.2.3.2.1 Picontroller

The figure bellow shows the Pi vector control simulation results. Generator speed
reference used is around 141.4269 (wm).
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Figure V.6: Rotor side Pl control simulation results

V.2.3.2.2 Rst controller

The figure bellow shows the RST vector control simulation results. Generator speed
reference used is around 141.4269 (wm).
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Figure V.7: Rotor side RST control simulation results

V.2.3.2.3 LMI based LQR controller

The figure bellow shows the LMI based LQR vector control simulation results.

Generator speed reference used is around 141.4269 (wm).
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Figure V.8: Rotor side LQR control simulation results

V.2.3.2.4 Comparison

Figures above show the superiority and the good regularity of power signals of the
LQR regulator which minimizes the amplitude of the oscillations. Note, however, that the
RST and PI regulators are very sensitive to even small variations in the adjustment. This is
why, in the context of this test, the performance of these regulators can be considered

equivalent.

I V.3 Solar system control

99




In this part a complete control model of a solar system has been developed and
implemented in MATLAB/SIMULINK platform. This model includes a P&O and Fuzzy
logic based MPPT control, the control strategy is based on adjusting the duty ratio of the
boost converter, the system to be controlled in this part includes a solar array, DC/DC

converter, resistive load and a control unit.
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Figure V.9: SIMULINK complete control model of a solar system

I V.3.1 P&O MPPT CONTROLLER

Figure bellow shows the simulation results of PV output power, voltage and current
for the MPPT P&O control. This control tracks the maximum power point with a variable

irradiation and a fixed temperature around 25 degrees.
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Figure V.10: the simulation results of PV output power P&O control

I V.3.2 FUZZY LOGIC CONTROLLER

Figure bellow shows the simulation results of PV output power, voltage and current

for the MPPT FUZZY logic control. This control tracks the maximum power point with a

variable irradiation and a fixed temperature around 25 degrees.
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Figure V.11: the simulation results of PV output power FUUZY logic control
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I V.3.3 Comparison

Figures above show the simulation results of the PV generator output power,
operating voltage, operating current, and the efficiency using a boost converter. By
comparing Fuzzy Logic based MPPT and conventional P&O MPPT. It has been clearly
noticed continues oscillation of operation point for the FL technique. Whereas the oscillation
is not observed in P&O based MPPT technique, where signals of power, voltage, current,

and efficiency remain almost constant

I V.3.4 Fault tolerant control of wind system

This part presents the performance of the wind system model and its dynamic
response in the occurring of a fault in the transmission line where the faulty phases are
selected. Three selections are studied in this suction, one phase to the ground, two phases to
the ground and three phases to the ground. Simulation results are shown for these faults next.
All faults are applied between 1.5 to 2 sec in Mat-lab/Simulink and simulation runs for total

of 4 sec.

. ‘q e ! i
- L)

El
>
- K + °—| I * K AfJo—a|a - grid control
MACHINE CONTROL . AP N A A 4 8lo—ala P
H @ 8 |—e—slg b—a R Y B | T _
R u_| I clo—slc b
J—n C l>—|_.= ,_r -
=+

I
WIND TURBINE 8

< fault iime d—@

Fault
FAULT TIMING

Figure V.12: the wind system model with a fault in the transmission line

‘ V.3.4.1 Single Phase to Ground (L-G) Fault

The faulty phases of the transmission line block parameters, has been selected as
phase A to the ground. With a fault resistance of 0.0010hm,a ground resistance of 0.010hm,
a snubber resistance of 1e60hm and an infinite snubber capacitance.

V.3.4.1.1 Pi controller
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The figure bellow shows the Pi vector control simulation results with a one phase to
the ground transmission line fault.
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Figure V.13: the Pi vector control simulation results with a one phase to the ground transmission line fault

V.3.4.1.2 Rst controller

The figure bellow shows the RST vector control simulation results with a one phase

to the ground transmission line fault.
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Figure V.14: the RST vector control simulation results with a one phase to the ground transmission line fault

V.3.4.1.3 Lmi based Iqr controller

The figure bellow shows the LMI based LQR vector control simulation results with a

one phase to the ground transmission line fault.
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Figure V.15: the LMI based LQR vector control simulation results with a one phase to the ground transmission line fault.
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V.3.4.1.4 Comparison

In comparison with the Pl and RST controllers, figures above show the superiority
and the good regularity of power signals of the LQR regulator in the case of one phase to the

ground transmission line fault which is barely noticeable.

V.3.4.2 Two Phases to Ground (L-L-G) Fault

The faulty phases of the transmission line block parameters, has been selected as
phases A and B to the ground. With a fault resistance of 0.0010hm,a ground resistance of

0.010hm, a snubber resistance of 1e60hm and an infinite snubber capacitance.

V.3.4.2.1 Picontroller

The figure bellow shows the Pi vector control simulation results with two phases to

the ground transmission line fault.

Figure V.16: the Pi vector control simulation results with two phases to the ground transmission line fault

V.3.4.2.2 Rst controller

The figure bellow shows the RST vector control simulation results with two phases to

the ground transmission line fault.
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Figure V.17: the RST vector control simulation results with two phases to the ground transmission line fault

V.3.4.2.3 LMI based LQR controller

The figure bellow shows the LMI based LQR vector control simulation results with

two phases to the ground transmission line fault.
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Figure V.18: the LMI based LQR vector control simulation results with two phases to the ground transmission line fault.
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V.3.4.2.4 Comparison

In comparison with the LQR and RST controllers, figures above show the superiority
and the good regularity of power signals of the Pl regulator in the case of two phases to the

ground transmission line fault which minimizes the amplitude of the oscillations.

V.3.4.3 Three-Phase (L-L-L) Faullt.

The faulty phases of the transmission line block parameters, has been selected as
phases A, B and C to the ground. With a fault resistance of 0.0010hm,a ground resistance of

0.010hm, a snubber resistance of 1e60hm and an infinite snubber capacitance.

V.3.4.3.1 Picontroller

The figure bellow shows the Pi vector control simulation results with three phases to

the ground transmission line fault.
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Figure V.19: the Pi vector control simulation results with three phases to the ground transmission line fault.

V.3.4.3.2 RST controller

The figure bellow shows the RST vector control simulation results with three phases

to the ground transmission line fault.
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Figure V.20: the RST vector control simulation results with three phases to the ground transmission line fault

V.3.4.3.3 LMI based LQR controller

The figure bellow shows the LMI based LQR vector control simulation results with

three phases to the ground transmission line fault.
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Figure V.21: the LMI based LQR vector control simulation results with three phases to the ground transmission line fault.
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V.3.4.3.4 Comparison

In comparison with the RST and P1 controllers, figures above show the superiority
and the good regularity of power signals of the LQR regulator in the case of three phases to

the ground transmission line fault which minimizes the amplitude of the oscillations.

I V.3.5 Fault tolerant control of solar system

This part presents the performance of the solar system model and its dynamic
response in the occurring of a fault in the boost converter where different open and short
circuit faults are tested on the converters and results were obtained based on the converters
performance. The faults studied in this suction occur on diode, inductor, capacitor and the
switch. Simulation results are shown for these faults next. All faults are applied between 0.5

to 1 sec in Mat-lab/Simulink and simulation runs for total of 1.5 sec.

V.3.5.1 Inductor short circuit fault

The figure bellow shows the faulty boost converter model, where the fault has been
selected as a short circuit fault across the inductor. . With a breaker resistance of 0.010hm,a

snubber resistance of 1e60hm and an infinite snubber capacitance.
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FigureV.22: short circuit fault across the inductor

V.3.5.1.1 P & O controller

The figure bellow shows the P & O control simulation results with a short circuit

fault across the inductor.
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Figure V.23: the P & O control simulation results with a short circuit fault across the inductor

V.3.5.1.2 Fuzzy logic controller

The figure bellow shows the FUZZY logic control simulation results with a

short circuit fault across the inductor.
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Figure V.24: the FUZZY logic control simulation results with a short circuit fault across the inductor

‘ V.3.5.2 Diode Open circuit

The figure bellow shows the faulty boost converter model, where the fault has been

selected as an open circuit fault across the diode.
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Figure V.25: open circuit fault across the diode.

V.3.5.2.1 P & O controller

The figure bellow shows the P & O control simulation results with an open circuit
fault across the diode.
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Figure V.26: the P & O control simulation results with an open circuit fault across the diode.

V.3.5.2.2 Fuzzy logic controller

The figure bellow shows the FUZZY logic control simulation results with an open

circuit fault across the diode.

15
51
0 / !
af
ol
S gl Iy
o
c X 4
QD 4
2 o
! {&°
o
A2 b
4
16
|
18
3 L
0 05 1 1.5 0 05 1 15
Time (s) Time (s)

112



Voltage (v)
LI M L.

3
T

°

~Current(A)

-40 -

Time (s)

Time (s)

Figure V.27: the FUZZY logic control simulation results with an open circuit fault across the diode

‘ V.3.5.3 Switch Open Circuit

The figure bellow shows the faulty boost converter model, where the fault has been

selected as an open circuit fault across the switch.
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Figure V.28: open circuit fault across the switch.
V.3.5.3.1 P & O controller
The figure bellow shows the P & O control simulation results with an open

circuit fault across the switch.
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Figure V.29: the P & O control simulation results with an open circuit fault across the switch
V.3.5.3.2 Fuzzy logic controller

The figure bellow shows the FUZZY logic control simulation results with

an

open circuit fault across the switch.
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Figure V.30: the FUZZY logic control simulation results with an open circuit fault across the switch

‘ V.3.5.4 Switch Short Circuit Fault

The figure bellow shows the faulty boost converter model, where the fault has been
selected as a short circuit fault across the switch. . With a breaker resistance of 0.010hm,a
snubber resistance of 1e60hm and an infinite snubber capacitance.
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Figure V.31: short circuit fault across the switch

V.3.5.4.1 P & O controller

The figure bellow shows the P & O control simulation results with a short circuit
fault across the switch.
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Figure V.32: the P & O control simulation results with a short circuit fault across the switch

The figure bellow shows the FUZZY logic control simulation results with a short

circuit fault across the switch.
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Figure V.33: the FUZZY logic control simulation results with a short circuit fault across the switch

‘ V.3.5.5 Capacitor Open Circuit Fault

The figure bellow shows the faulty boost converter model, where the fault has

been selected as an open circuit fault across the capacitor.

[ —
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Figure V.34: open circuit fault across the capacitor

V.3.5.5.1 P & O controller

The figure bellow shows the P & O logic control simulation results with an open

circuit fault across the capacitor.
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Figure V.35: the P & O logic control simulation results with an open circuit fault across the capacitor.

V.3.5.5.2 Fuzzy logic controller

The figure bellow shows the FUZZY logic control simulation results with an open

circuit fault across the capacitor.
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Figure V.36: the FUZZY logic control simulation results with an open circuit fault across the capacitor

V.3.5.5.3 Comparison

By comparing Fuzzy Logic based MPPT and conventional P&O MPPT when all kind
of faults (short or open circuit) occurs on the boost converter. It has been clearly noticed
continues oscillation of operation point for the FL technique. Whereas the oscillation is not
observed in P&O based MPPT technique, where signals of power, voltage, current, and
efficiency remain almost constant. The P&O Controller provided a better response than a

conventional FL controller in terms of the maximum power tracking performance.

I V.3.6 Conclusion

In this chapter, first for the wind system part ,three regulators (Pl, RST and LQR)
have been developed and compared. The differences sensitive between the regulators are
not very explicit but measurements are more regular in the case of the LQR regulator and
have smaller overshoots.

Then for the solar system part, Fuzzy logic (FL) and P&O based maximum power
point tracking (MPPT) controllers have been developed , presented and implemented in
Matlab-Simulink environment to identify the MPP, subsequently regulate the PV array to
operate at that particular operating voltage. The P&O Controller provided a better response

than a conventional FL controller in terms of the maximum power tracking performance.
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General conclusion

The issues addressed in this thesis have enabled us to deeply study the hybrid wind
solar systems and briefly the fault tolerant as well as the simulation which was the closest to

the reality.

The first chapter presented the fundamental concepts of hybrid energy systems,
where it has been concluded that they are the most efficient way for electrical power
generation, more specifically hybrid wind-solar energy system, because they are both highly
predictable and follow recognizable patterns which make it easy to control power output
:when they are combined together they provide more electricity during more hours, as well

as ensure production during both summer and winter hours of peak electricity usage.

The second chapter presented a detailed modeling of a hybrid system based on PV
and Wind energy. The chapter systematically outlined an electrical characteristic modeling
of a DFIG unit for wind turbine designing. And an electrical characteristic of a solar cell for
Solar Photovoltaic System design. It was also an introduction to the third chapter where it
has allowed us to develop the hybrid wind solar system controller .first the synthesis of three
linear regulators for the control of the DFIM has been studied. A Proportional-Integral
regulator which served as a reference for comparison, a polynomial RST regulator based on
the theory of robust pole placement and an LQR regulator based on the LMI method. Then
two controllers are developed for the MPP tracking and minimizing the error between the
operating power and the reference maximum power which is variable according to the load
and of the weather conditions. An intelligent method of maximum power point tracking
(MPPT) using fuzzy logic control for stand-alone was used then a conventional perturbation
and observation (P&O) technique.

The fourth chapter has presented a brief introduction to the fields of the fault tolerant
control. It has included basic definitions and classifications of terms mostly used in fault
tolerant control such as faults and failures. The importance of redundancy to the fault

tolerant control has been also discussed.

In the last chapter three regulators (Pl, RST and LQR) have been developed and
compared for the wind system part. The LQR controller provided a better response where the
differences sensitive between the regulators are not very explicit but measurements are more

regular in the case of the LQR regulator and have smaller overshoots. Then for the solar

120



system part, Fuzzy logic (FL) and P&O based maximum power point tracking (MPPT)
controllers have been developed to identify the MPP, subsequently regulate the PV array to
operate at that particular operating voltage. The P&O Controller provided a better response

than a conventional FL controller in terms of the maximum power tracking performance.
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Appendix

| VI DFIG parameters

Rotor parameters side

o Stator frequency 50 (Hz)

o Rated stator power 2e6 (W)
o Rated rotational  speed
(rev/min)

Rated stator voltage 690 (V)
Rated stator current 1760 (A)
Rated torque 12732 (N.m)
Pole pair 2

Stator/rotor turns ratio 1/3
Rated rotor voltage (non-reached)
2070 (V)

1500

o Maximum slip 1/3

o Stator resistance 2.6e-3 (ohm)

o Leakage inductance (stator and
rotor) 0.087e-3 (H)

o Magnetizing / Mutual inductance
2.5e-3 (H)

. Rotor resistance refered to stator
2.9e-3 (ohm)

Mechanical Parameters

. Inertia force 127 kg m2

. Friction Pair le-2

Grid parameters side

o Bus capacitor 80e-3(C)
o Grid resistance 20e-6(ohm)
o Grid inductance 400e-6 (H)

|V| | Wind turbine parameters

o Nominal mechanical output power
1.5e6 (W)

o Base power of the electrical
generator 1.5e6/0.9 (VA)

o Base wind speed 12 (m/s)

o Maximum power at base wind

speed (pu of nominal mechanical power)
0.73

o Base rotational speed (p.u. of base
generator speed) 1.2

| VIII Boost converter parameters

o Converter inductance 2e-3 (H)
o Converter capacitor 100e-6 (C)

o Load resistance 20 (Ohms)

|IX Boost converter switch parameters

o Device on-state resistance (Ohms)
0.001

Snubber resistance 500 (Ohms)
Snubber capacitance 250e-9 (F)

Forward voltages 0.8 (V)
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