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Abstract

This thesis aims to propose a new control system of dual input dual output DC-DC
converter by proposing the advanced fuzzy PID control system. The fuzzy PID
controller is a type of intelligent control system being practically applying fuzzy
logic theory. Compared with conventional control system, a properly designed
fuzzy PID control system is more accurate, sensitive to input, robust to noise, large
bandwidth, faster speed and constant oscillation. Therefore, the analysis of
improved control system for dual input dual output DC-DC converter, comparison

with conventional PID controller, and evaluation are the main focus of this thesis.

The improved control system for dual input dual output DC-DC converter is based
on the PID control method and fuzzy logic theory. By the combination of
conventional PID controller and fuzzy control theory, the advanced controller with
human intelligence is produced. Fuzzy PID control method uses the present error
E and EC, combined with the dynamic characteristics of controlled object and
practical experience. According to the requirements and target functions, three

parameters of PID controller are tuned online by fuzzy rules inference.

Simulation using MATLAB and SIMULINK and implementation with STM32f407
are presented. The optimization of improved control system for dual input dual

output DC-DC converter is also studied.



Acknowledgment

There are many people whom I am very thankful to during my Master study in the
past one year. They have significantly helped me in numerous ways that have

enabled this thesis to be presented.

First and foremost, I wish to sincerely thank my supervisor, Associate Professor
Ibrahim Al-Bahadly, for giving me the most valuable guidance throughout the
course of my study. His deep insights and enthusiasm for research in Advanced
Controllers on DC-DC Converter has been truly helpful and encouraging. In
addition, his limitless source of wisdom and idea has helped me immensely for

completing the degree on time.

Secondly, special thanks should go to my colleague, Zubair REHMAN for his help
in numerous occasions, particularly for the hardware testing and theoretical analysis.
The academic discussions I had with him have made my study very productive and
interesting, and his effective suggestions help me find and solve the problems

effectively.

Thirdly, I am also very grateful to my friend, Weizhong SHI for his companionship
in the journey of my academic career. He encouraged and helped me to go through

the toughest time of my project.

Finally, I would like to thank my fiancé, Tong CHE, for his love and caring help.
Without his mental support, none of my academic accomplishments would ever
been possible. Most importantly, sincere gratitude goes to my mother, Xin LI, for
her unconditional love and support, which will be forever remembered deeply in

my heart.



Contents

LAST OF FIUIES ..ttt ettt sttt ettt et e sbeesaeesaeeenneens 6
LISE OF TaDIES ...t sttt ettt et 11
ADDTEVIATION LAST ..ttt ettt ettt et ettt et e se st e e eseeneenneas 12
Chapter 1 Introduction .................ccoooiiiiiiiiiiiiieeeee e 14
1.1 Research Back@round ............ccveeviiiiiiiiiiiiieeeeesee et 14
1.2 APPLICALION....ciiitieiieciieciie ettt ettt v e e tb e e b e et e e steesbaestbeesseesbeesseesseeseeenas 15
1.3 Research MethodOlOgY ......ccvvevieiiiriiiiiiciecie ettt 16
1.4 Objectives Of the TRESIS....cccuiiciieciiiiieciiicieee et 17
1.5 Thesis OrganizZation ...........cccveeveeveeieesriereesreesreesseeseessesreeseesseesseesseesssesssensns 18
Chapter 2 Literature Review...............ccccoiiiiiiiiiiiiiiiee e 20
2.1 Multi-input Non-isolated DC-DC CONVEILETS........cccvrrveereeieerieerieesieesireseeenenes 21
2.1.1 Dual Input-Single Output DC-DC COnVerters...........ccvevveerreereervesrenenennns 21
2.1.2 Single Input-Dual Output DC-DC CONVerters..........ccovereereereereeerieaneens 29
2.13 Multi Input-Multi Output DC-DC Converters..........ccceeeeveeeeveeenveeecneeenen. 31

2.2 Multi-input Isolated DC-DC CONVEITELS ....ccvevevuvieeiiieiireeiie e eiee e evee e 34

2.3 Feedback Control System and Proportional-Integral-Derivative Controllers....34

2.4 Advanced PID Controllers..........ccoiiiiiiiiiiiiiiieeeeee e 39
2.4.1 Increment PID algorithm .........cccooveieiiiiiiiiiiiieceecee e 39
2.4.2 Integral-separation PID algorithm ............c.cccveviieviiiiiiiicieeeceeeeeee 40
2.4.3 Integral anti-windup PID algorithm..........c.ccceeviiviiniiiiiiiieeeeeeeeee, 40
2.4.4 Gradient PID al@orithm..........ccceeiiiiiiiieiieiieecceecee e 41
2.4.5 Single-input Fuzzy PID algorithm.............ccceevveeiienieniinieiiecieeeeeeiens 41
2.4.6 Fuzzy Logic Control SYStemM .......ccceevieiiieiieiieieeieesie e e eieesreesiaesene e 42

Chapter 3 Theoretical Analysis of Improved Controller on Multi-input
LO01) 117 o () USSP PPROPPRR 48

3.1 Hardware Circuit ANaLYSIS......c.eceeerierieiieiieeieesieesieesieesresnesneesseesseesssesssesenas 48

3.2 Control Method ANAlYSIS.......cccvevuierieriiriiiiieiieieesiee e seeesreere e esseesenesesesenas 53
3.2.1 PID CONLIOILET. ...ttt 58
322 Fuzzy Logic ANALYSIS ....ecvviiiiieiieiiieie ettt sene e 59



3.2.3 Fuzzy PID Control SYStem .........cccvvevvieriieiienienieeieeieereessee e snesneeeeenns 61

33 Small Signal MOdelNg ........ccveviiriiiiieiieieeseesee sttt sae e saeerreens 67
3.3.1 State-space Average Method ...........ccccveviieciieiienienie e 67
332 Large-signal Model..........ccovieiiiiiieiieiieieeeeese e 70
333 Linearization and Small Signal AC Equivalent Circuit...........ccccvevveennnnnn. 74
334 Transfer FUNCHON...........ccoociiiiiiiiiiiiicc e 76
335 The Model of PWM Modulator ...........ccccooiiiiiiiiiiiiiiiiiiiiciceces 79
3.3.6 Feedback Controller DeSIign .........coecuieruieriieniiiiieieeieesee st 80

34 Compensator DESIN.....cc.eouieiiriiiiiiiieene ettt 82

Chapter 4 SImulation .................oocooiiiiiiiiii e 91

4.1  MATLAB and SIMULINK ......cccctiiiiiiiiiieieirieesieeieieei ettt 91

4.2 Conventional PID Controller Simulation............cccccevveriiiiiniienieniesie e 91

4.3 Fuzzy PID Controller Simulation ...........ccccuevierieeiieecieeiieieeseesee e eveeveeneens 104
4.2.1 Operation Models STmMUIation ..........c.cccvveviieriieriesiirie e sae e 121
422 Comparison and ANALYSIS ........ceeevierrieriierieiie e e e sneereeseereens 123

Chapter 5 Implementation ...............c.coccoviiiiiiiiiiiiiiiiiee e 126

5.1 Introduction of STM32f407 ........ccooiiiiiiiiiieeceeeeeeeeeee e 126

5.2 EXPerimental StEPS .......cccvevierierieiiieeie et ettt enns 137

53 Experimental RESUILS .........cccviiiiiiieiicicie et 139

Chapter 6 Evaluation ................cocooiiiiiiiiiiiiiice e 146
6.1 RESUIS ANALYSIS...uiiiieiieiieiieeie ettt ste st re ettt seaeseaeenbeenseens 146
6.2 COMPATISOM ..c.utiiiierireeiieeieeieesteesieeseteesteesseeseesseesseesssesnseanseenseenseesseesssessseessenns 149

Chapter 7 Conclusion and Future Possibilities ................................... 152

RETEICIICE ...ttt ettt ettt et et esbeeseaesnaeenseenseens 154

F N 0] 0153116 PSS UUURRRURRPIO 161



List of Figures

Chapter 1

Fig. 1. 1 Classification of pOWEr SUPPLIES........cceeuerieriirieieieierie et 14
Fig. 1. 2 Practical implementation of PID compensator with op-amp..........cccccceeevvrviriennennne. 17

Chapter 2

Fig. 2. 1 Structure of conventional hybrid pPOWeEr SYStem ..........c.ccvvereerierierienienieneeeeeienns 20
Fig. 2. 2 Structure of conventional hybrid pPOWer SYStem ..........cccvvevierierienieniecieeeeeeeeienn 22
Fig. 2. 3 Structure of dual-input dc/dc CONVETLEr .........ovviiieieieiieiieieeee e 22
Fig. 2. 4 Structure of innovative dual-input dc/dc CONVErter ..........occevererieierieneeieeeeee. 23
Fig. 2. 5 Waveform of Proposed dual-input dc/dc converter ...........occvevveeeereeneeneerieeieeeene 24
Fig. 2. 6 Structure of n-numbered input dc/dc CONVETLET .......vevvieiieiecieeieeeeeeeceeeee e, 25
Fig. 2. 7 Unidirectional multi-input buck-buck COnVerter .............cocvveveeriereerieerieereeie e 25
Fig. 2. 8 New DOOSt CONVETLET SIIUCTUIE ......vevieiieiieiierieteeieeteereereeseeseebeeseeseenseenseenseenns 26
Fig. 2. 9 Relationship between v, , v, , v, voltages and switch on-duty ratios ......................... 26
Fig. 2. 10 Circuit topology of high-efficiency multi-input converter ............ccceceevvververreennnne. 27
Fig. 2. 11 Characteristic waveforms in single-power-supply State ..........cccceevververeeneereennennn. 27
Fig. 2. 12 Characteristic waveforms in dual-power-supply State.........ccceeververeereereeneenneenn. 28
Fig. 2. 13 The PWM dc-dc boost converter with ZCT cell........cocvevienienienienieieieieee, 29
Fig. 2. 14 Topology of SIDO non-isolated DC-DC CONVEILET ........cccveerveerrieriieiieieereeieeneeenn 29
Fig. 2. 15 Circuit structure of SIDO CONVETLET ........evuverieriieiieriieniieiiesieesieeniee e see e ee e 30
Fig. 2. 16 DC-DC SIDO DUCK CONVEITET......c.uieiieiiieiieiieieeieete e eie e ereeseeae e ebe e ese e 31
Fig. 2. 17 DC-DC SIDO DOOSt CONVETLT .......veevieurieiieiieieeieeeeeteeseeseenseeseenseeseenseenseenseenne 31
Fig. 2. 18 DC-DC SIDO buck-DOOSt CONVETLET.......ccvieiieiieiieieereeieeie ettt eie e eie e 31
Fig. 2. 19 The power flow in a three-port CONVETLET .........ccueeriiriieieeieeieeieeiee e 32
Fig. 2. 20 Power flow of three-port converters when: (a) P, > P, (b) P, <P (c)P, =0 ...... 32
Fig. 2. 21 Topology of proposed multi-input multi-output buck-boost converter ................... 32
Fig. 2. 22 Topology of proposed multi-input multi-output buck-boost converter ................... 33
Fig. 2. 23 Structure of non-isolated three-port converter derived from combination of (a) DOC
and SISOC, (b) DIC and SISOC ......cc.coueiiiiiiiieiseieeeee et 33
Fig. 2. 24 Topology of non-isolated three-port CONVEIeT .........ccueveerierienienieieeieeieeie e 34
Fig. 2. 25 Structure of negative feedback control............ccccoviiiiiiiiiiiinieeeeeee 35
Fig. 2. 26 Voltage mode regulator for dc-dc CONVETLer ........cocveviiiiiiieiieieeeeeeeeee e 35
Fig. 2. 27 Current mode regulator for dc-dc CONVEIter ........cocvvviiiiiiierieiieiecieeeeeee 36
Fig. 2. 28 Waveform of the inducCtor.........c.coouiiiiiiiiiiieicteee e 37
Fig. 2. 29 Waveform of a case fori, (0) > 0 andd < Owith constant myandm, ................. 37



Fig. 2. 30 Structure of conventional PID controller............cccoevieviieiiieiiieiieieeieceeeeeeeeene 39

Fig. 2. 31 Diagram of fuzzy logic control method............cccoocviviiniiiienieieeeeeeeee, 43
Fig. 2. 32 The structure of the proposed fuzzy-neural PID controller.............cccoeeveeverrennnnnne. 45
Fig. 2. 33 The structure of the control system with the proposed fuzzy PID controller .......... 46
Fig. 2. 34 The structure of fuzzy self-adaptive PID controller ..........cccccevierienienienienieee, 46

Chapter 3

Fig. 3. 1 Structure of Dual-input Dual-output DC-DC Buck Converter.............c.ccoceeeervennenne. 48
Fig. 3. 2 Structure of Dual-input Dual-output DC-DC Buck Converter..........c..coccecuerverenncnne 50
Fig. 3. 3 Waveforms of dual-input mode ...........coceeoveriininiiiiniininiciccecceccneseeeeee e 51
Fig. 3. 4 Power flow analysis of Dual-input Dual-output DC-DC Buck Converter ................ 51
Fig. 3. 5 Equivalent circuit of Dual-input Dual-output DC-DC Buck Converter .................... 52
Fig. 3. 6 Waveforms of dual-output mode ..........ccccoveviiriniiiiiniininiciineccecce e 53
Fig. 3. 7 Equivalent circuit of SISO CONVEITET.......ccoccueriririiiiiiniinieieienieseeiteeene e 53
Fig. 3. 8 Diagram of Voltage Mode Control ..........ccccocevirieriiniininieniininincceeieneseeeeeneees 54
Fig. 3. 9 Diagram of Current Mode Control ..........ccccoeverierieniininiiecieninineceeienenceeeeneees 56
Fig. 3. 10 Diagram of Control SYStemM..........cceeuirieieieniinirieieieneneereeniesieeit e 57
Fig. 3. 11 Basic structure of feedback system for switching regulators............ccccccevevereenennne. 57
Fig. 3. 12 The diagram of a fuzzy controller with dynamics ...........c.ccoceevveninininiiencncncncnn. 61
Fig. 3. 13 The detail structure of a fuzzy block ........ccccoevvieeieiiininiiiiinccecce 62
Fig. 3. 14 The simulation diagram of fuzzy PID controller...........c.cccoveveiniininccninenecnenn 63
Fig. 3. 15 The Structure of Anti-wind up Fuzzy PID Controller ...........cccceverreievienerireeennne 66
Fig. 3. 16 The Structure of Anti-wind up Fuzzy PID Controller with Correction Circuit ....... 66
Fig. 3. 17 Buck converter and its ideal equivalent circuit (a) Circuit (b) Equivalent circuit when
the switch is ON. (c¢) Equivalent circuit when the switch is OFF. ...........cccccooeiiiininiiee, 71
Fig. 3. 18 Idealized current and voltage waveform of buck converter...........c..c.cccecenereeccnncnn. 72
Fig. 3. 19 Small signal ac equivalent CIrCUIt...........ccuecerirririeirininieiienenceese e 76
Fig. 3. 20 Buck DC/DC converter feedback control System............ccceeevvereirieieneneseeieeenn. 77
Fig. 3. 21 Linearized Buck DC/DC converter feedback control system diagram.................... 77
Fig. 3. 22 Close-loop control system diagram ..........cceeeeeeierierienieieiene et 80
Fig. 3. 23 Condition for INStADIIILY .....ceevieriiiiieieieiecte sttt 82
Fig. 3. 24 Phase margin and gain margin for stable System...........ccccevierienienienienieneeneenn, 83
Fig. 3. 25 Structure of lead PD COMPENSALOT .......ecuieriieiieiiieiieiieiieieesie ettt 85
Fig. 3. 26 Phase margin and gain margin of PD compensator network .............cccccceeverreenennn. 85
Fig. 3. 27 T(s) crosses 0 dB at -40 dB/decade ..........ccoeoeeriieiiienieiieieieeeeeee e 86
Fig. 3. 28 Structure of lag PI cOMPENSALOT .........ccviieieiieiiieiiesiieieeteeie et 86
Fig. 3. 29 Phase margin and gain margin of PI compensator network............ccccceevververeennne. 87
Fig. 3. 30 T(s) crosses 0 dB at -40 dB/decade ..........ceeveeriieiieiieiieieieeeeeee e 87
Fig. 3. 31 Structure of PID COMPENSALOL .....ccuieiiiiieiieieeie ettt 88
Fig. 3. 32 Compensated loop gain T(s) with lead-lag PID compensator network ................... 90



Chapter 4

Fig. 4. 1 Diagram of PID control method ............cccooviirieiieniiiieiceeeeeeeee e 91
Fig. 4. 2 Hardware circuit MOdelliNg ........cc.evviiriiriiiieeieciieseesiteeeeeeee et 94
Fig. 4. 3 Single-input single-output SIMUlAtion............cccverierierienieiierieeeeee e 95
Fig. 4. 4 Dual-input single output SIMUIAtION ......cc.eevvieriieriieiieiieiieeee e 96
Fig. 4. 5 Dual-input with battery Simulation.............cccoevierierienienieiereeee e 97
Fig. 4. 6 Parameters applied fOr Dattery........cccoevviiiiiiiiiicieceseeeeeee e 99
Fig. 4. 7 Parameters used for conventional PID control simulation ............cccccecerveveeienennene 100

Fig. 4. 8 Output voltagev_ (0.5V / div, time scale: 2 ms / div) of single-input single-output

out

Fig. 4. 10 Output voltagev_ (0.5V / div, time scale: 1 ms / div) of dual-input dual-output

out

MOAE WIth DALETY ...oouiiiiiieiici et sttt seeens 102
Fig. 4. 11 Drive signal v, 0.2V / div , time scale: 0.1 45 / div') for power switch........... 102
Fig. 4. 12 Battery voltage v, 2 mV / div, time scale: 0.1 445 / diV ) .ccccocovvvvvvvrnriinnnnnee. 103
Fig. 4. 13 Battery currenti, . (0.5 A/ div, time scale: 0.2 1S / div) ccooovvvvvvvviciiniinne. 103
Fig. 4. 14 Amplified stable output voltagev_ (2 mV/div, time scale: 0.2ms / div) ............ 104
Fig. 4. 15 Fuzzy PID controller diagram .............cceeeruiruieierienienieeieieie e eeeieie e nae e 105
Fig. 4. 16 Membership fUnCON.........cceiieieiiii et 106
Fig. 4. 17 The Bode plots of stable control SYStem...........coecverueririeieriesieieiee e 106
Fig. 4. 18 Fuzzy PID controller modeling for single-input mode............cccoeevveeireireirnnennnnns 108
Fig. 4. 19 Fuzzy PID controller modeling for dual-input mode............ccccevereririinieenenene 109
Fig. 4. 20 Membership function plots for @(A) .......ccooveerrirreineiireeee e 110
Fig. 4. 21 Membership function plots for CU ..............ccoovvvverereeeeeeeeeeeeeeeeeeeeeeeeeeeen 110
Fig. 4. 22 Membership function plots for A@(K) ......ccooeerrerineiniiniineeseeseeee 111
Fig. 4. 23 Membership function editor for the single input mode corresponding relationship and
PATAINELETS ...t et ettt et ee et e et e et e et e ettt e eaeeesabeeenbeeenseeenseeensbeeseeanseeanseaanseeenseeenseeeanseeenses 111
Fig. 4. 24 Basic rules of fuzzy PID controller for single input mode converter .................... 112
Fig. 4. 25 Fuzzy rules viewer in MATLAB for single input mode ...........cccccveevveeiinciinnennnnne 112
Fig. 4. 26 Fuzzy rules 3D surface for single input mode of fuzzy PID controller................. 113
Fig. 4. 27 MATLAB Workspace of fuzzy inference system for single input mode................ 114
Fig. 4. 28 Membership function plots for €(A) ........cccvevemrirneiiniinicncneeeeeen, 115
Fig. 4. 29 Membership function plots for A@(K) ......c.coecevrerirciiniiniiicncesceeeeen, 115
Fig. 4. 30 Membership function plots for K| | .......ccooiiiiii 116



Fig. 4. 31 Membership function plots for K, ..o 116

Fig. 4. 32 Membership function plots for K, ..o, 117
Fig. 4. 33 Membership function editor for the dual input mode corresponding relationship and
PATAINEEETS 1.t ettt ettt et et e ettt ettt e ettt e eabeeeab e e eatee et b e emsbeeaneeanteeanbeeemteeeabeeenneeeanneeenees 117
Fig. 4. 34 Basic rules of fuzzy PID controller for dual input converter............ccccevvvervenee 118
Fig. 4. 35 Fuzzy rules viewer in MATLAB for dual input mode............cccceevvieeiieciinienennnnnne 118
Fig. 4. 36 Fuzzy rules 3D surface for dual input mode of fuzzy PID controller.................... 119
Fig. 4. 37 MATLAB Workspace of fuzzy inference system for dual input mode.................. 121

Fig. 4. 38 Two output voltages v

pipons PINK) and Vi o, (vellow) 21/ div, time scale: 1

ms / div) in single-input single-output MOdE...........cocveveveveuieiiieieieteecceeeee e 122

Fig. 4. 39 Two output voltages v, . (pink) and vy, pip,,,, (yellow)(2 V' / div, time scale: 1

ms / div) in dual-input single-output MOAE...........c.ceveveveverereieieeeeeeeeecceceeeeeeae e, 122
Fig. 4. 40 Two output voltages v,,,,,,,, (pink) and vy, o, (vellow) 2V / div , time scale: 1
ms / div) in dual-input with battery MOde ............ocoovrurueuiverererereieeeeeeee e 123
Fig. 4. 41 The range 0f AC(K) ....cvveveueuiiriieieiciieeeeieetetse ettt 124

Fig. 4. 42 Two output voltages v, . (pink) and v, yellow) (1 V' / div , time scale: 0.5

uzzyPIDout (
IS | AIV) 1eNA 10 SEADIE. ........ovveeececeeeeeeeeeeeeeeee et 124

Fig. 4. 43 Two stable output voltages v, (pink) and vy, . o, (vellow) (0.02 V' /div, time

SCALE: 0.05 7S / IV )t 125

Chapter 5

Fig. 5. 1 Diagram of 32-bit ARM Cortex M4 CPU ........cceviiiririeieieeeeeeee e 126
Fig. 5. 2 Basic structure of a five-volt tolerant I[/O port bit ...........ccecevevirieieneiisieieene 128
Fig. 5. 3 Structure of CLOCK tIEe ......ccuiiieieiiiiiii et 129
Fig. 5. 4 Structure of DMA CONIOLIET.......cc.ooiiieiiiiiciieiieee et 130
Fig. 5. 5 Single ADC block dia@rami........ccceeevieriieciieiieiieieeie ettt seeeseeesveesaeenseens 133
Fig. 5. 6 USART blOCK dIa@Iam .......c..ccveeiieiieiiiiieieeie ettt ettt srae e s 135
Fig. 5. 7 General purpose timer block diagram.............ccceeverierienienienieniieieeie e 136
Fig. 5. 8 The connected hardware including converter and controller..............cc.ccvvvvereennn. 138
Fig. 5. 9 The STM32 internal operation dia@ram...........c.ccveeveeriierieerieesieeieeeeeeeereeeeseeesenens 139
Fig. 5. 10 Output voltage (yellow) and duty cycle (green) in dual input mode controlled by
fUZZY PID With 7TV INPUL....eoiiiiiiiiieie ettt ettt et et ae e e nbe e 143
Fig. 5. 11 Output voltage (yellow) and duty cycle (green) in dual input mode controlled by
conventional PID With 7V INPUL .....cc.oooiiiiiiiiicie et 143

Fig. 5. 12 Output voltage (yellow) and duty cycle (green) in dual input mode controlled by

9



fUZZy PID With OV INPUL....coctiiiiiiieii ettt ettt e ese e 144
Fig. 5. 13 Output voltage (yellow) and duty cycle (green) in dual input mode controlled by
conventional PID With 6V INPUL ......c..eciiiiiiiiiiiicie et 144
Fig. 5. 14 Output voltage (yellow) and duty cycle (green) in dual input mode controlled by
fUZZy PID With 2V INPUL....eoiiiiiiiii ettt sttt ettt e 145
Fig. 5. 15 Output voltage (yellow) and duty cycle (green) in dual input mode controlled by
conventional PID With 2V INPUL ......c.oooiiiiiiiiiiie e 145

Chapter 6

Fig. 6. 1 Output voltage (yellow) and duty cycle (green) in dual input mode with fuzzy PID

COMITOILET ...ttt ettt sttt et 146
Fig. 6. 2 Output voltage (yellow) and duty cycle (green) in dual input mode with conventional
PID CONIOLIET ..ottt st 147
Fig. 6. 3 Duty cycle rising edge (green) and corresponding output voltage (yellow) of
conventional PID system with 6V the input voltage............ccoeeeeviieiiiiiiieiiiiiicieee e 148
Fig. 6. 4 Duty cycle failing edge (green) and corresponding output voltage (yellow) of
conventional PID system with 6V the input voltage............ccoevieviieiieiieiiiiiiicee e 148
Fig. 6. 5 Aspects to evaluate a control SYStEIM .......cccecuevviririerienininiieienenceieeneseeeieere e 150

Fig. 6. 6 Rising edge of duty cycle controlled by fuzzy PID (left) and conventional PID (right)
with 6V input and 3.5V TefeTeNCE........cciiiiiriiiiieiieeee e 150
Fig. 6. 7 Failing edge of duty cycle controlled by fuzzy PID (left) and conventional PID (right)
with 6V input and 3.5V refeINCE.........eeiueriiriiiieieieee e 150
Fig. 6. 8 Rising edge of duty cycle controlled by fuzzy PID (left) and conventional PID (right)
with 7V input and 3.5V refeIreNCE........eevueiiiiiiieieierie et ee s 151
Fig. 6. 9 Failing edge of duty cycle controlled by fuzzy PID (left) and conventional PID (right)
with 7V input and 3.5V 1eferenCe.........ccuiiiiriiiiieiiciece e 151
Fig. 6. 10 Rising edge of duty cycle controlled by fuzzy PID (left) and conventional PID (right)
with 5V input and 2.0V referenCe.........ccuoviiiiiiieiice et 151
Fig. 6. 11 Failing edge of duty cycle controlled by fuzzy PID (left) and conventional PID (right)
with SV input and 2.0V refeIreNCE.........eeuiriiriiriieieiecie ettt 151

10



List of Tables

TABLE I THREE DIFFERENT POWER STATUS COMBINATION CASES.........cccceue. 24
TABLE II COMPARISON AMONG TUNING PARAMETERS OF CONVENTIONAL PID
CONTROLLER .....coiiiiiitietnt ettt sttt st sneeaeesnennens 39
TABLE III THE RELATIONSHIP AMONG PARAMETERS OF FUZZY BLOCK ............. 65
TABLE IV THE PARAMETERS USED FOR SIMULATION.........ccceoiniiiniiiininieieieens 98
TABLE V FUZZY INFERENCE SYSTEM FOR ADAPTIVE OUTPUT...........cccceevenene. 113
TABLE VI THE FUZZY RULES FOR PROPORTIONAL GAIN ......ccccccoiiiiiiiniiieienn, 119
TABLE VII THE FUZZY RULES FOR INTEGRAL GAIN .......cccccooiiiiiiiiiiiiinccieee 120
TABLE VII THE FUZZY RULES FOR DERIVATIVE GAIN .........ccccooiiiniiiiniiiicne 120
TABLE IX THE EXPERIMENTAL RESULTS OF SETTING REFERENCE VOLTAGE IS
LoV ettt 140
TABLE X THE EXPERIMENTAL RESULTS OF SETTING REFERENCE VOLTAGE IS
2L0V ettt e 140
TABLE XI THE EXPERIMENTAL RESULTS OF SETTING REFERENCE VOLTAGE IS
2BV e e e et 141
TABLE XII THE EXPERIMENTAL RESULTS OF SETTING REFERENCE VOLTAGE IS
2V et 141
TABLE XIII THE EXPERIMENTAL RESULTS OF SETTING REFERENCE VOLTAGE IS
2TV e 141
TABLE X1V THE EXPERIMENTAL RESULTS OF SETTING REFERENCE VOLTAGE IS
BV e e 142
TABLE XV THE EXPERIMENTAL RESULTS OF SETTING REFERENCE VOLTAGE IS
B OV e s 142
TABLE XVI THE EXPERIMENTAL RESULTS OF SETTING REFERENCE VOLTAGE IS
FLOV e 142

11



Abbreviation List

PV photovoltaic

PID proportional—integral-derivative controller
FPGA  field-programmable gate array

DCS distributed control systems

PLCs  programmable logic controllers

VSLI  very large scale integrated

PWM  pulse-width-modulated

ARM  advanced RISC machine

MCU  microprocessor control unit

ZVS zero voltage switching

DCM discontinuous conduction mode

ZCT zero current transition
ZCS zero-current-switching
EMI electromagnetic interference

SIDO  single-inductor dual-output

DISO  dual input-single output

MIMO  multi input-multi output

SISOC  single-input single-output converter

DOC dual-output converter

DIC dual-input converter

MI multi input



SQP

CCM

GPIO

LSIRC

LSE

DMA

ADC

USART

sequential quadratic programming
continuous conduction mode
general-purpose 1/0s

low-speed internal RC

low-speed external

direct memory access
analog to digital conversion

universal synchronous asynchronous receiver transmitter

13





