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Abstract

With atenyear average annual growth ratel® percent, wind energy has been the largest
source of new electricityeneratiorfor the pastdecadeTypically, an offshore wind farm has
a medium voltagac(MV ac) grid that collects power from individual wind turbines. Since the
output voltage of a wind turbine is too ldie., typically 4007 690V) to be connected to the
MVac grid (i.e, 2017 40 kV), a heavy linefrequencytransformer is used to stepp the
indi vi dual utput voltaigente thes MVolevello eliminate the neetbr bulky MVac
transformers, researchers are gravitating towards the idea of replacing geghti/with a
medium voltage d¢MV dc) grid, so that MV stequp transformers are replacbg MV step

up power electronic converters that operate at the medium frequencywigimgeuch lower
size and weight

This dissertation proposes a class of modular-gpefpansformerlessMV SiC-based power
converters with sofswitching capability for wad energy conversion systems with B/

grid. This dissertation consists of two parts: the first part focuses on the development of two
novel groups of stepp isolateddc-dc MV converters that utilize various steyp resonant
circuits and sofswitched hgh voltage gain rectifier modules. An integrated magnetic design
approach is also presented to combine several magnetic components together in the modular
high voltage gain rectifiers. The second part of this dissertation focuses on the development
of several threephaseac-dc stepup converters with integrated active power factor correction.

In particular, abridgelessnput ac-dc rectifier is also proposed to combine with the devised
stepup transformerlessic-dc converters (presented in the first pad form the thregohase
soft-switchedacdc stepup voltage conversion unit. In each of the presented modulaugtep
converter configurations, variable frequency control is used to regulate the dotmitage

of each converter module. The operatprinciples and characteristics of each presented
converter are provided in detailThe feasibility and performance of all the power converter
concepts presented in this dissertation are verified through simutaBaits on megaatts

(MW) designexamples, as well as experimental results onl&i€ed laboratorgcale proof

of-concept prototypes



to my parents,
my lovely wife, Farngz

andmy sister



Acknowledgment

There are nappropriatavords to convey my deep gratitude and respesty supervisorpDr.
John Lam His invaluable guidancegencouragementind strong technical insightwere
instrumentalin completing this work. | appreciate dlls contributionsof time, ideas, and

financial supporto make my Ph.D. experience productive aidsating

| also wish to express my thanks to thembers of thdissertatiorexaminng committeeDr.
Ali Hooshyar Dr. Hany FaragDr. S. Ali KhajehoddinDr. Sebastian Magierowskand Dr.

Paul G. O'Brienl am grateful foitheir valuable advicand feedback.

| would like to offer my thanks to all graduate students inRbeer Electronics Laboratory
for Sustainable Energy ReseardPE(SER for many productive discussions over the past

few years.

| deeply thank my parentsr giving me strengthlove, andsupportto reach for the stars and
chase my dream®Vords cannotexpress how grateful | am to my mother and fathetHer
countlesssacrificesthey have made for méwithout you, | would not be the person | am
today.My sister, Maryam, alsdeseves my wholehearted thanks. Without her supptwtse,

and encouragement, | would not be able to pursue my studies in the PhD level and begin this

journey.Also, | expressny gratitude to my parenta-law for theirunconditional support.

Above all | owe thanks to a very special person, my wife, Farf@azher continued and
unfailing love, support,and understandinduring my pursuit of Ph.Ddegree that made the
completion of thesis possibl&hank you for youunwavering beliefn meto get throughhe
tough times. To have a woman of such infinite talent and dynamigut her own
professional career on hold to be with,raad support mas my most precious possession.

owe you everything.



Table of Contents

ADSIIACT ot e e e e e e L.
(D=0 [T (o o IR P PP PPPPPPRI i
o L0111 T=To o g =T o SO S \Y
JLIE= Lo (SN @] o] (T o 5 SO i
LiSt Of TADIES ... oot re et eeeeeee e e e e e e e e e e s smmmreeeaseesnennensnnn s M
LISt Of FIQUIES.....oeeeeeeeee et e e e e eee e e s s e e e e e e e e e e e eeeeeaastnnneaeeeaeeeeseessennnnnnd X
(IS 0 Y o] o] £V = U o 1SR XVi
(@ gF=T o] (= g A [ 01 o To [T 1] o PRSPPI 1
1.1 Wind Farm ConfigurationS..............uuuuiiiiii i eersn s e e e e e e e aeaes 3
1.1.1 Parallel AC Configuration with HVac TranSmiSSiOn.............ccccvvvvvrieemnnnnns 3
1.1.2 Parallel AC Configuration with HVdc Transmission.............cccceeeeeivieeeennnns 4
1.1.3 Series DC Configuration with HVdc Transmission..............ccccevvvvieeeeeeeeenn. 5
1.1.4 Parallel DC Configuration with HVdc Transmission...............cccuvvvvieemnnnnne 7
1.2 Technical Challenges and Possible SolutianS.............ooooeeiiieeeiiiiiiiiieeeeeeeeee 8.
1.3 Semiconductor Devices AdVaNCEMENL .........cuviiiiiiieeiieeeiiieeeeeee e e simmee s 11
1.4 Power Converters for Medium Voltage DC (MVAC).......cccvvviviiiiiiiiieaniiiieeenn. 14
1.4.1 Existing MV StepUp DC-DC CONVEIEL...........cccevviieeeeiiiiiinneeeeeeeeeeeeeieiaannns 15
1.4.2 GeneratoiSide AGDC CONVEIEL........coeeeeiiiiiiiieeee e eneeees 26
1.5 RESEAICH ODJECHVES. .....uuiiiiiiiiiiiiiie s 28
1.6 Dissertation OULIINE...........uuuuuieiiiiie e e e e s eneeree e s s s e e e e e e e e e e e e eeeeeanees 29
Chapter 2 Proposed DEDC Converters with Modular Resonant Circuits and Hgxin
o 1 =T £ UEERPPP 33
2.1  Resonant Converter TOPOIOGY......uuuiieiiiiiiiie e ceeee e e e e e eeeer e e e e eaaaaaas 34
22 DC-DC Converters with Modular Resonant CirCUILS...........ueiirieneeeeeecins 36
2.2.1 Multistring Configuration of Semiconductor Devices............ccccuvveveeieennnee 38
2.2.2 Proposed Topology witEL StepUp Resonant CirCuits............cccevvvvvnnnnnne. 40
2.2.3 Converter Operating PrinCiples........cooooiiiiiiiiiiiceeei e 41

Vv



2.2.4 Analysis of Each Converter Module wi@L Resonant Circulit..................... 44
2.3 Proposed DEDC Converters with Modular Resonant Circuits and Hgdin

o 1] =T SRR 53
2.3.2 Different Topologies Employing Modular Resonant Circuits and Higin
RECHTIET .ttt 56

2.4 StepUp Resonant Converter with Internally Coupled High Volt&gen Module$9
2.4.1 Circuit Desciption of the Proposed Converter................uuvvvveicccnreeeennnnnnns 60
2.4.2 Operating Principles of the Proposed StgpConverter...........cccoeeeeeeeeeeeee. 62
2.4.3 Theoretical Analysis of the Proposed Converter (Per Module)................ 64
2.4.4 Converter MOOEIING..........uuuueiiiiiiie et cere e e e e s areersa e a e e e e e e aaaeeeend 32
2.4.5  SIMUlation RESUITS........cooiiiiiiiiieeee e 86
2.4.6  CONIOIEr DESIG.. ...ttt ieeeittii ettt e e e e e e e e smmr e e e e e e e e e e e e e e e 89
2.4.7 Experimental Results and Design Procedures........ccccevvveeeeeceeciiceeeeeennn. 93

2.5 Chapter SUMMALY........viiiiiiiiiies e et s e e e e e e e e e e e e eeeesas s s e e e e e e e e eaeeeeeeeeesannnas 106

Chapter 3 Proposed DEDC Converters with Single Isolation Magnetic and Coupled High
GAIN RECHTIBIS. ...ttt et s e e e bbb bbb eeeeees 108

3.1 StepUp Converter Module Configutian with 1:1:1 Transformet.................... 109
3.1.1 Circuit Description of the Proposed CONVErter.........cccccvvveeiiiieeceieeneeenn. 110
3.1.2 Operating Principles of the Proposed StgpConverter.............cccovvvveveennn 115
3.1.3  ConVerter ANAIYSIS.....cccceiie i e e eeeeeie e eeees et nnne e 118
3.1.4 Simulation, Experimental Results and Performance..................ccceveeee... 128

3.2 StepUp Converter Module Configuration with a 1:1 TwRatio Multi-Winding

I = 1153 {0 14 1 146

3.2.1 Circuit Descriptions and Operating Principles of the Proposed Converte46

3.2.2 Proposed Converter ANAIYSIS..........uuuiiiiiiie e aeeen s 152
3.2.3  POWEr LOSS ANAIYSIS...cciiiiiiiiiiiiiieii e e 159
3.2.4 Simulation, Experimental Results and Performance.................ccceeeeen... 164
3.3 Chapter SUMMALY.......oviiiiiiiiieee e et s e e e e e e e e e e e eeeer e e s e e e e e e e e e e aeeeeeeeeesannnas 176
Chapter 4 Proposed Thre®hase AGDC High VoltageGain Converters................... 178
4.1 SingleStage PFC with HGR Approach.........cccccooviiiiiiiiccc i 179
4.1.1 Circuit Description of the Proposed Converter...........ooovvvvvviiicceiieeeeeeennns 182
4.1.2 SteadyState Analysis of the Proposed CirCuit..........ccccccvvveiiiieeciinnnnnnn. 187
4.1.3 Simulation, Experimental Results and Performance............ccccc.covveeee.... 194
4.1.4 Maximum Power Point Tracking (MPPT).......coooviiiiiiiiiiieee e, 214
4.2 Bridgeless PFC with HGR APProach............iiiiiiieesiieeee e 219

Vi



4.2.1 Circuit Description of the Proposed Converte.................eeeiiiicceeeeevennnns 219

4.2.2 Operating Principles of the Proposed StgpConverter.............cccoevvveveennn 222
4.2.3 Proposed Converter ANAlYSIS.......ccooeeeieeeiiieiiieeei e eene e 227
4.2.4 Experimental and Simulation Results................ccccomniiiiiiiiie 240

G T O g = 1o 1 (= U 0 4= T o 263
(@ gF=T o] (= g ST O] o o] 113 1] o < PO 264
S0 R o T 1] 018 11 o] o F= 3PP 265
5.2 FULUIE WOIKS....ciiiiiiie oot e e e e e aner e eee e 268
RETEIENCES ... et e e e ettt e e e e e e e e e e aeeas 269
Appendix A PrintedCircuit Board (PCB) LayOutsS............uuueeiiiiiiiiieeeiiiiiiee e A-1
Appendix B MVdc Grid Protection for the Proposed Converter..............ccccovvvveee. B-4
Appendix C List of PUDBIICAtIONS...............ooiiiiiiieeee e C-6
C.1 Refer@d JOUMMal PAPEIS.........uuuiiiiiiiiiiiiiieeeiiiiie ettt C-6
C.2 Refereed Conference PapersS.........cccoiiiiiiiiiiieeee e C-7

vii



List of Tables

Tablel.1i List of Commercial Type 3 and Type 4 Megawatt Wind Turbines................. 2
Table1l.Zr Summary of Transformers Specificatians.............ccccceeeiiiicccveeviiiicieeee e 10
Table1.3' A Comparison Between 1.2kV and 1.7kV SiC Hadidge Modules [43]......... 13
Tablel.4r Summary of Boosting Tahniques irMVdc StepUp Converters...................... 25
Table2.1i Comparison of Different Resonant TOpologies..............euvvvvviicceeeeeeeennnnnnnns 35
Table2.2i Comparison of Different Voltage Multiplier Rectifiers..............cccccvvvviieennnns 56
Table2.3 Circuit Components (Péiodule) in Simulation and the Experimental Proto8fpe
Table3.1i Voltage and Current Sharing of Different EBIIC Modular Systems.............. 114
Table3.2 Specifications and Components Used in the Simulation and the LabeGataley
L (0] 01/ 0 PP 129
Table3.3I Properties of Magnetic Properties...........ccoovvviiviiieeee e 132

Table3.4i Specifications of the High Frequency Transformer Utilized in the Proposed
(00 01V T (PP 132

Table3.5 Specifications of the Coupled Inductor utilized in the Proposed Convertel 32

Table3.6/ Specifications and Components Used in the Simulation and the LabeGataley
[ 0110 1Y/ 01PN 168

Table3.7 Line Frequency and High Frequency Transformers Size Comparison......169
Table3.8 High Frequency Transformer Specifications Utilized in the Proposed Coriviter
Table3.9 Comparison of Existing Stedp DC-DC Resonant Converters with the Proposed

(@70 01V =] 4 (=] =PSRRI 176
Table4.1i Components Part Numbers and Values in the 1.5MW design.................. 196
Table4.2 Specifications and Components for the Prototype..........ccccoeeviivieeereeeeennnnn. 204
Table4.3/ Specifications an@omponents for the Proaff-Concept Prototype.............. 243
Table4.4i Specifications and Components for the Simulated 1 MW Wind TurbineeCanv
.................................................................................................................................... 259

viii



List of Figures

Figurel.1li Global cumulative installed wind capacity...............uuuviiiiiccmeeeeeeieiiiiiee e 1
Figurel.2i Parallelacwith HVac based onshore wind farm configuration.....................4.
Figurel.3 Parallelacwith HVdc based offshore wind farm configuration..................... 5.
Figurel.4i Seriesdcwith HVdc based offshore wind farm configuration....................... 6.
Figurel.5 Paralleldc with HVdc based offshore wind farm configuratian......................7.
Figurel.6/ Housing of power transformer in wind turbine................ccooiiicerieieeeviiiinnnnn 9
Figurel.7i Summary of Si, SiC, and GaN relevant materials properties..................... 12
Figurel.8 Summary of Si, SiC and Gabhsed applications statl#2] ..................ccccueee 14
Figure1l.9 Basic switched CapaCitQr............cceiiieii i e e e cceeicice e eeee e 16
Figurel.10' ZCS resonanswitched capacitor CONVerter................oovvvvvivieemeeeeeeeeeeeiiinnnns 16
Figurel.117i Conventional resonant converter StruCtUIe...............uuvvvvvieeminevennrineneeeeeee 18
Figurel.12 Voltage gain characteristics of thasic resonant circuits.................cc....oveee 19
Figure1.13 Active bridge CONVEIMEL..........uuuiiiiie i eeee e 21
Figurel.14 High power medium frequency tranSforMerS..........vvvvvvviiiiiieemeeeeeeieeeeeenn 21
Figurel.15 Multiple-module cascaded boost configuration...............ccooeeeveeeeiiinnnnnnnn. 24
Figurel.16 Multiple-module hybrid CONVerter............ccoooiiiiiiiiieeee e 24
Figurel.17 General structure of dic multilevel modular converter (MMC)................. 24
Figurel.18 (a) five-level multilevel modular diode clamped converter ; (b)-fineel
multilevel modular capacitor clampedyfhg capacitor) converter...........cccoevvvvvvvvieeen... 25
Figure1l.19 Threephase a@c active rectifier.............cccuuiiiiiiiiimeeiiiieeeee e 26
Figurel.20 Threephaseacdc diode rectifier + boost converter..............cceeeeevveeeeennn. 27
Figurel.21i Cascaded Hbridge backio-back converter for wind turbines with medium
freqQUENCY traNSTOIMMEE. ....ceiiiiiiieiiee e 28
Figure2.1i Voltage gain characteristics of most practical resonant circuits................. 35
Figure2.Zi Proposed modular MV steyp dc-dc converter structure.............cccevvvvvvvieenns 37
Figure2.3' One module of proposed MV stegp dc-dC CONVerter.........coovveeeeeieiiiiiiiccennn. 37

Figure2.4i Modular stepup converters, relying on resonant circuits to stpfhe voltage.38
Figure2.5 Proposed miltistring connection of geiconductor devices...............c.evvveeeee.. 39

iX



Figure2.6 Operating states of the proposedltistring connection of semiconductor devices

..................................................................................................................................... 39
Figure2.7i Proposed converter with two modules of resonant Circuit......................e... 40
Figure2.8 Key operating waveforms of the converter............cccovvviiieer e 41
Figure2.9 Equivalent circuit in each operating stage within a switching periad.........43
Figure2.10" Equivalent circuit of one of the modules in the proposed converter........44
Figure2.11 Per unitrmsvalue of the fundamental resonant currerta0.5.................... 46
Figure2.12 Voltage gain plot of the proposed st@p converter...........ccooveeeeeeeeeveeeeeennn. 48
Figure2.13 Phase plot of thEL reSonant CIFCUIL..............eeviiiiiiiiiieeniiiieeeeeeeee e 48
Figure2.14i Per unitrmsvalue of the fundamental switching currenta0.5.................... 49
Figure2.15 Normalizedturn-OFFcurrent of all the switches d=0.5.............ccccceeeeenn.n. 51
Figure2.16 Equivalent circuit of the high frequency rectifier............cccvvvvviiieeciiiinnnne. 52
Figure2.17 Operating waveforms of the high frequency rectifier................ccvvveeee. 53
Figure2.18 Well-known halfwave voltage multiplier rectifiers..............ccccoeeeeiiiieeeennn. 55
Figure2.19 Well-known fullwave voltage multiplier rectifierS........cccccceeeviiiiiiicccneenn. 55

Figure2.20' Proposed modular MV steyp dc-dc converter with higkfrequency higkgain
=70 11 1=T £ U U PP TPTPRTRPPRN 57

Figure2.21i Multiple circuit configuratios based on the proposed converter structure58

Figure2.22 Performance region of the proposed converter.............ccccovvvvieeeee e 58
Figure2.23 Modular structure of the proposed stgptransformerlesgdc-dc stepup

(o701 YT (= AP PP UPPPTP 61
Figure2.24i Proposedic-dc stepup converter configuration with magneticaihtegrated
voltage doublers (Per MOAULE) ..........ouiiiiii it 61
Figure2.25 Key operating waveforms of the converter (per module)............cccceeeenn.. 64
Figure2.2G6 Operating stages of the proposed converter within a switching periad....65
Figure2.27 The steady state equivalent circuit of the proposed topology.................. 66
Figure2.28 Converter voltage gain as a functiomgfandkfor Q=3...............cccceeiiinnne 71
Figure2.29 Converter voltage gain as a functiomgffor k=0.5..............ccccceiiiiiiiinnnnn 71
Figure2.30° Normalizedturn-OFF current ofS,; andSy (11 andl,) as a function of duty cycle
DnandKfor ¥,=2 andQ=4........oouiii et e 73
Figure2.317i Normalizedturn-OFF current ofS,; andS;; (12 andl3) as a function of duty cycle
DnandKfor ¥,=2 andQ=4........oouiii e 73
Figure2.32 Control block diagram for balancing resonant currents in each converter module
Figure2.33 Key operating stages of the auxiliary circuit in the proposed converter (one
MOAUlE IIUSTrAtEA).......ceeiiiiiieieeii e ee e e e e eeeseneeeeeeeeeesod 1



Figure2.34 Key operating waveforms of the auxiliary circuit in the proposed convertér

Figure2.35 Normalizedturn-OFF current ofS,; andSy; (12 andl3) with the auxiliary circuit
as a function of duty cycle, andk for ¥,=2, Q=4 andm=7.........cccccceerrirrrrrrrrrmeneeerrennn. 78

Figure2.3G Voltage balancing technique with auxiliary circuit in the proposed converter
(With oNnly 0NE MOAUIE)......ueeii e reee e e eneees 79

Figure2.37 Operating waveform and stages with the auxiliary voltage balancing circ0t
Figure2.38 (a) Structural diagram of the coupled inductor, (b) a picture of the implemented

COUPIEA INAUCTQL.......ce e e eeea bbb e e e e e e e e s emmmr e e e e e e e e e e eeaeeeas 81

Figure2.39 Equivalent circuit of th€CLL resonant converter for modelling................... 83

Figure2.40 Simulation results fofull-load condition.................ouuiiiiiiccceii e 39

Figure2.41 The output voltage response against-foass filter clHOFF frequency variations

(B50HZ, 100HZ, 150HZ)......uuuuiiiiiiiiiiiiiiiiceeetieee ettt e e e e e e e e e e e s s st e e e e e e e e e e s s s nens s e e nnnes 90

Figure242 Bode pl ot with varT)owsi M Ttime RIlontstamgaf gri
Vi = 1KV @t TUIFIOA). .. cceiiee e e e emnrn s 91

Figure243 Bode pl ot with various fApole pViacementso
LKV At FUIFIOAA). ... mmne e 92

Figure244 Bode pl ot with vaK)oous fibai RI vatMesf ér . &
= 1KV AL FUIFHIOAA) ...ttt 92

Figure2.45 Closedloop Bode plot performance with different loading (i.e., power)

coNditioNS (WIthVi = LKV)...eeeeeiiiiiiiiee et eeee e nnne s 93

Figure2.4G6 (a) Experimental platform (b) prototype picture..........ccccuvvvvmmmrieemcivrnnnnnnnns 96

Figure2.47 Experimental waveforms at rated power condition with 99.3% measured
effiCiIENCY PEF MOUUIE.........eeiieee e eee e nane e e e e eees 99

Figure2.48 Experimental waveforms at 20% reduction in the coupled inductagge. (101
Figure2.49 Experimental waveforms at 20% increase in the resonant capaciGnge 102
Figure2.50° Balanced voltage across the capacitors in the switch network-&iddll

condition; (a) across the dink capacitors; (b) across snubber capacitors................... 103
Figure2.511 Balanced voltage across the output capacitors............cccccevvvieeeeeeeeeneeenee. 103
Figure2.52 Dynamic response with the step change in the.load....................ccce. 104
Figure2.53 Dynamic response witthe step the input voltage............ccccceeeviiiiieeennnnnns 105
Figure2.5417 Measured efficiency of the experimental prototype and simulation results for
IffErentPOWET [EVEL... ...t e e e e e e e e e e e e s e e e e e e as 106
Figure3.1i Proposed MV couplestloltagequadruplers based stegp converter with 1:1:1
L= 115101 1 = S 111
Figure3.2' Modular structure of the proposed CONVerter.............coovvvvviicceieeeeeeeeeiinnn. 112
Figure3.3' Modular control scheme for the proposed converter.............ccoeeevveeeeeenens 114
Figure3.4i Key operating waveforms of the converter éore module........................... 117

Xi



Figure3.5 Operating stagesf the proposed converter within a switching period (illustrated

WIth ONE MOAUIE)..... i e e e emnnr e e as 118
Figure3.6' The equivalent circuit of the pposed topPoIOgY.........uvvvivieiiiiiiiiiieeniiieeeeee. 120
Figure3.7i Converter voltage gain as a functiomgfandk for Q=4 ..........cccccoeeeeeeeeene. 124
Figure3.8' Converter voltage gain as a functiomgfandQ for k=0.5...................ceee. 124
Figure3.9" Normalizedturn-OFFcurrent ofS;; andSy; (11 andly) as a function of duty cycle
(o (o] A 10T [t T PO PRSPPIt 126
Figure3.10' Normalizedturn-OFFcurrent of$;; andSs; (12 andls) as a function of duty cycle
3 PP SRPR 126
Figure3.11i A picture of HF threavinding 1:1:1 transformer (weight 1.3kG, height: 70mm,
(o[ F= T g g L] (=] o 17 21 o) TSP 133
Figure3.12 (a) Structure of the coupled inductor (b) a picture of experimental coupled
150 18 o o] PP PUPPURR 133
Figure3.13 Per module switching waveforms at fidlad simulation...................ccccee.e 135
Figure3.14 Voltge-quadrupler diodes waveforms at fidad simulation........................ 136
Figure3.15 Threewinding HF transformer voltages at fllad simulation................... 136
Figure3.16 Total dc output voltage, input voltage and the balanced input voltages to the
(V{0] ez Lo = Yo [UE= o [0 o] 1= ¢S 137
Figure3.17 A picture of modulataboratory scale experimental prototype.................. 139
Figure3.18 Measured switching waveforms in one module atlhdd.......................... 139
Figure3.19 Measured voltagguadrupler diodes waveforms at fidad......................... 140
Figure3.20° Measured output voltages of the HF isolating transformer..................... 140
Figure3.21i Measured input and output power atflolhd condition pemodule.............. 141

Figure3.22 Measured switching waveforms in one module at reduced load condition (20%
(o) = 1=T0 [ o011V =T o PP PP PP P TP PPPUPPPPPPPN 142

Figure3.23 Measured input and output power in one module at reduced load condition (20%
(o) = 1=T0 [ o011V o PP PP PP PUPUPPPPPPPN 143

Figure3.24i (a) Dynamic response with the step change in the input voltage; (b) switching
waveforms at;=500V; (c) switching waveforms &=600V.............cccceeeeiieiiiiccecinnnnnn. 144

Figure3.25 The secondary and tertiary currents of the transformer with the step change in
the input voltage, (a) &=500V, (b) atvi=600V ...........oomririiiiiii i 144

Figure3.26 Thermal images of the key components in the prototype abfdl condition,
(a) SIC MOSFETSs, (b) SiC Shk#y Diodes, and (c) Higfrequency isolating transform&45

Figure3.27 Measured efficiency for different power levels in 4AMW windbine simulation

AN 3. 7KW PIOTOTYPE ...ttt e e ettt ettt e e et e e e e e e e e e e e e smmeaeeeeaeeas 145
Figure3.28 Proposed stepp converter module using magneticalyegrated steqip
resonant circuits and integrated curréed voltage doublers.............ccccooviiiiiiice, 148

Figure3.29 Modular MV stepup convertestructure with th@roposed circuit module.148

Xii



Figure3.30 Operating waveforms of the proposed converter (only one module)......149

Figure3.31 Operating stages of the proposed converter module..................ccceeeee 152
Figure3.32 Equivalent circuit of one module in the proposed converter.................. 153
Figure3.33 Normalizedrmsresonant voltage:) as a function of duty ratiDy............. 157
Figure3.34 Voltage gain of the proposed converdsra function ok and¥ .................. 157
Figure3.35 Voltage gain of the proposed circiii, under various quality fact@p,........ 158
Figure3.3G6 Modular control scheme with TMS320F28335 DSP controller............... 159
Figure3.37 Switching waveforms and output voltage at4otd simulation.................. 165
Figure3.38 Output diode waveforms at felbad simulation..................ceevviiiieeeiiinnnee. 165
Figure3.39 Voltage variation for dferent duty ratioDp) ......coooveeeeiiiiiiiiiiiiiieeee e 166
Figure3.40 Comparative photo of (a) 25kHz HF transformer utilized in the proposed

converter, and (B§0/60Hz LF transformer [84]..........ccccuuiiiiiiiiiiieeeiiiiiiieeeeee e 169
Figure3.41 (a) Experimental saip and (b) prototype piCture............cccceeeeieeesieccrnnnnnns 170
Figure3.42 Input and output voltages of the voltage doublers in one module.......... 171
Figure3.43 Measured switching waveforms in one module............ccccoooviiiccceneeeeenn. 172
Figure3.44i Measured resonant currents of one module..........ccoooevviiicceciiiiicieeeee e, 172
Figure3.45 Measured current and voltages of two rectifier diades.................ccceeee. 173
Figure3.46 Measured input voltages of HF multiphase transformet......................... 173
Figure3.47 Measured output voltage and iN@ARVOItages..........covvvveeeiiiiiiiiccceeeeeee, 174
Figure3.48 Loss breakdown of the key components in the protatype...................... 174
Figure3.49 Measured efficiency for different power level.............ccccoiiiieeerciiiinnee. 175

Figure4.1i Type 4 WECS with B diode bridge rectifier and 3L boost converter in CCN31

Figure4.Zi Type 4 WECS with 3 diode bridge rectifier and 3L boost converter operating in
DCM with boost inductor is shifted to the ac Side............ccceiiiiiiiecccic e 181

Figure4.3' Proposed modular MV steyp ac-dc stepup converter structure................. 183
Figure4.4i Operating waveforms of the proposed converter with only one module..184
Figure4.5 Operating stages of one module of the propesederter (with one module of

resonant circuit and voltage quadrupler).......cccooee e ieeciccc e 186
Figure4.6 Voltage gain of the proposed converter pedmie...............eevvvvviiiiiiiceennnen. 190
Figure4.7i Operating principles of the voltage quadrupler rectifier............cccccceeeeee. 192
Figure4.8" DC-link capacitor voltage balancing technique with an auxiliary circuit in the
proposed converter (for oNe MOAUIE).............ooiiiiiiiiiieei e 193
Figure4.9 Crosssectional view of the high frequency transformer............................ 197
Figure4.1Q Control block diagram............cooiviiiiiiiiiieeee e 199
Figure4.11i Switching waveforms at radepower condition (per module)..................... 200

Xiii



Figure4.12 Switching waveforms at reduced loeahdition at an input voltage of 35Qy

(PEF MOAUIE)......ceeeeeeeeeee e et e e e e e e e e e emee e e e s e e e e e e e e aeeeeeeesannesaaeaeaaaeeeeeeennnnes 201
Figure4.13 Closed loop Bode Plot (per module performance): (top) at pateer, (bottom)
(] o101V o] 1= To [=To o] o ST (o JRCToT 0\ 201
Figure4.14 Dynamic performance &f, when input voltage changes.......................... 202
Figure4.15 EfficienCy PerformManCe...........uuuuiiiiiiii e eeeeeee e 202
Figure4.16 3.5kW, 6.2kV output laboratory scale experimental protatype............... 206
Figure4.17 Measured input voltages and output load VOIRAGE (........coovvvveviiiiiiieenn. 207
Figure4.18 Measured switching waveforms (one module).............oouvviviiicccneeeeeennns 207
Figure4.19 Turn-OFFtransition of the switches (in one module)..................ovvviieeee.. 208
Figure4.20° Measured output diode current and voltage..............cooooviiicce e 208
Figure4.21i Measured resonant curtsnn all modules and input voltage of one resonant
70T [ =TT PR PPPPPPRI 209
Figure4.22 Measured input currents at rated POWEL............oovviiiiiiiccee e 209
Figure4.23 Switching waveforms (one module) at reduced load condition.............. 210
Figure4.24 Input currents at reded load condition (at 2KW.)............eeviieiiiiisicccrnnnnns 210
Figure4.25 DynamicC reSPONSE My .....ccooiuiiiiiiiiiiiiiieeieeeiiiitttre e e s eeer e e e e e e eeeas 211
Figure4.2G6 Loss breakdown of the key components in the protatype.............cc....... 211
Figure4.27 Thermal performance of the SiC s$ghies in one module........................... 212

Figure4.28 Top left: thermal performance of the HF transformer; top right: thermal
performance of the series resonant inductor; bottom: thermal perfornfahesir@ut rectifier

0 [0 0 [= SR PUPPRPR PP 212
Figure4.29 Power loss breakdown B andSs1.....coooeeeeeiviiiiiiiiieeee e 213
Figure4.30° Power loss breakdown Bl; andSy1........cooooiiiiiiiiiiiiiiieeee e 213
Figure4.317i Power loss breakdown in all the HF magnetics in the resonant circuit modules
.................................................................................................................................... 214
Figure4.32 Measured efficiency and input power factar...............ccooovivieeeeeeeeee e, 214

Figure4.33 Distributed energy storage configuration for each wind turbine MPRPT...216
Figure4.34i Powerspeed characteristics results of the simulated wind turbine at different

wind speeds as a function @ity ratiQ..............ccooevriiiiiin e 216
Figure4.35 Regulated dc output voltages at different duty ratios in the simulated wind
RS} L= 1 PP 217
Figure4.36 Input currents in 1.5MW simulation @f=12m/s..........ccccceevviieeeeeeeiceniecennnn. 218

Figure4.37 SwitchS; currents at different duty ratios in the simulated wind system.218

Figure4.38 Block diagram of the proposed singiage stequp PFC rectifier systems with
5] ¢= L () 0 T = ox 1 o o 1T 220

Figure4.39 Proposed threphaseacdc converter with novel bridgeleg®mostrectifier....221

Xiv



Figure4.4Q Proposedcdc converter with new bridgeless rectifier (single phase).....222

Figure4.41 Operating waveforms of phaaef the proposed circuit...................cc....... 225
Figure4.42 Operating stages within a switching period............ccccooviiiiccc, 226
Figure4.43 Voltage gain characteristics of the proposed boost convertduasten of
normalized INPUL CUMTEIL..........ooeieieiiii et eerr e e e e e e e e e e e e e e e e aneneeeas 230
Figure4.44i AC line current of the DCM boost rectifier example, when the converter
operats in CCM at the peak of input voltage............cccoeviiiiiieeee e 231
Figure4.45 Voltage gain of the proposed converter per phased#@s........................ 239
Figure4.4G6 2kW, 4kV output laboratory scale experimental prototype..................... 245
Figure4.47 Input voltages, input current and output load voltagg i 2kW simulation245
Figure4.48 Measured threphase input voltages and output load voltagg.(.............. 246
Figure4.49 Measured output load voltagé,f MPPIe.........ceeveieiieiiiiiiiiiieemeeeeen 246
Figure4.50° Measured threphase input currents at the rated power...................vvveeee 247
Figure4.5171 Measured power factor &ill-load condition................oooeeiiiiiiceen e 247
Figure4.52 Simulated sinusoidal input a@nt and boost inductor current................... 248
Figure4.53 Measured sinusoidal input current and boost inductor current in phase249
Figure4.54 Switching waveforms in 2kW simulation.................cccccouvimmmnninniciiiinnnee, 250
Figure4.55 Measured switching waveforms (phage...............ccccvviiiiiieeeiiiiiiiiiiieee, 251
Figure4.56 Three phase resant currents in 2kW simulatian...............ccccoeeeeiieeennnnns 252
Figure4.57 Measured three phase resonant currents in 2kW protatype.................. 253
Figure4.58 Simulated primary voltages of higtirequency transformers...................... 254
Figure4.59 Measured primary voltages of higlequency transformers...................... 254
Figure4.60 Simulated diode waveforms in higrequency higkgain rectifier................ 255
Figure4.61i Measured diode waveforms in hifflequency higlkgain rectifier................. 255
Figure4.62 Simulated diode waveforms in bridgeless frent rectifier......................... 256
Figure4.63i Measured diode waveforms in bridgeless frendl rectifier........................ 256
Figure4.64 Measured threphase input currents at reduced leaddition..................... 257
Figure4.65 Measured per phase input voltage, input current and power factor at reduced
[o=To l'odo] o 11 To] o PP PPPPRRP 257
Figure4.66 Measured switching waveforms (phadet reduced load conditian.......... 258
Figure4.67 Input voltages, output load voltage, and input currents in 1 MW simula&9
Figure4.68 Switching waveforms in 1 MW Simulation............ccccccoeeiiiiiccceeeeeeeeee, 261
Figure4.69 Balan®d threegphase resonant currents in 1 MW simulation................... 262

Figure4.70 diode waveforms in higlfrequency higkgain rectifier in 1 MW simulation..262

XV



List of Abbreviations

AC

APWM

BCM

CAGR

CCM

DAB

DC

DCM

DFIG

DSP

EDF

EMF

EMI

FHA

GaN

GWEC

HFT

HGR

HV

Alternating Current
Asymmetrical Pulsewidth Modulation
Boundary Conduction Mode
Compound Annual Growth Rate
Continuous Conduction Mode
Dual Active Bridge

Direct Current

Discontinuous Conduction Mode
Doubly-Fed Induction Generator
Digital-Signal Processing
Extended Describing Function
Electromotive Force
Electromagnetic Interference
First Harmonic Approximation
Gallium Nitride

Global Wind Energy Council
High Frequency Transformer
High Gain Rectifier

High Voltage

XVi



HVac High Voltage AC

HVdc High Voltage OC

ICS Input Current Sharing

IGBT InsulatedGate Bipolar Transistor

IPOP Input Parallel Output Parallel

IPOS Input Parallel Output Series

ISOP Input Series Output Parallel

ISOS Input Series Output Series

KCL Kirchhoffds Current Law
KVL Kirchhoff 's Voltage Law

LFT Low Frequency Transformer

LPF Low Pass Filter

LV Low Voltage

MFT Medium Frequency Transformer
MOSFET Metal Oxide Semiconductor Field Effect Transistor
MPPT Maximum Power Point Tracking

MV Medium Voltage

MVac Medium Voltage AC

MVdc Medium Voltage [T

OCS Output Current Sharing

ovs OutputVoltage Sharing

PFC Power Factor Correction

PI Proportional Integral

PID Proportional Integral Derivative

PMSG Permanent Magnet Synamous Generator

XVii



PWM Pulsewidth Modulation

RMS Root Mean Square

SC Switched Capacitor

SCIG SquirretCage Induction Generator
Si Silicon

SiC Silicon Carbide

SSA State Space Averaging

VCO Voltage Controlled Oscillator

VMR Voltage Multiplier Rectifier

WBG Wide-Bandgap

WECS Wind Energy Conversion Systems
WRIG Wound Rotor Inductiosenerator
WRSG Wound Rotor Synchronous Generator
ZCS Zero Current Switching

ZVS Zero Voltage Switching

XVili



Chapter 1 Introduction

The globalreliance on clean renewalpewer generatiors increasingThe share of renewables
in the growth ofelectricity generation capacity hagreased from about 25% in 20163% in
2018[1]. In particular, wind energy is one of the fastggtwing renewable energy sources in
the world. According tahe Global Wind Energy Council (GWEC), the total installed wind
power capacity worldwide reachesll9 GW in 2018with 568GW onshore and 2GW offshore
installations[2]. Figure 1.1 shows theglobal cumulative installed wind capacity from the ygar

2001 to 2018.
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Figure1.1i Global cumulative installed wind capacity



The performance of wind energy system can be greatly enhanced with theafs#-stale
power converter in Type IV turbineA list of some recent mulinegawatt commercial wind
turbines is given imablel.1[3]1[5]. The table shows that today, Type IV turbine with PMSG is
the dominant technology in the markktcan be also observed ththe most standardenerator

voltage level is 69¥ even for up to W wind turbines.

Tablel.1i List of Commercial Type 3 and Type 4 Megawatt Wind Turbines

Manufacturer, Generator Type, Hub Height
Model N p !
Country odel Number ower Rated Voltage Rotor Diameter
HaliadeX 12.0MW PMSG, 6.6kV 150m
220m
. 100m
Haliade 150 6.0MW PMSG, 900V o
GE Energy 85m
Len GE4.3113 41MW PMSG, 690V o
GE3.6S 3.0MW DFIG, 690V 80m
104m
GE2.5XL 2 5MW PMSG, 690V 75/85/100m
100m
SWT-8.0-154 8.0MW PMSG, 690V site-specific
154m
. SWT-7.0-154 7.0MW PMSG, 690V site-specific
Siemens 154m
Germany SWT-6.0-154 6.0MW PMSG, 690V 1153&
SWT-3.3130 3.3MW PMSG, 690V 85/110/120/1.35m
130m
E126/7580 7.58MW WRSG, 690V 135m
127m
135m
Erercon GmbH E126/6000 6.0MW WRSG, 690V oo
Germany E112/6000 6.0MW WRSG, 440V 124m
114m
E112/4500 4.5MW WRSG, 440V 120m
114m
V112 3.3MW PMSG, 650V 84/140m
112m
Vestas 100m
soestas V100 2 5MW PMSG, 690V oo
V80 2.0MW DFIG, 690V 60/100m
80m
Z2MW 100/110m
GW136 proo PMSG, 690V fp
Goldwind GW140/3000 3.0MW PMSG, 690V 100/120m
China 140m
GW70/1500 1.5MW PMSG, 690V ?gm




1.1 Wind Farm Configurations

A wind farm consists of tens or hundreds of wind turbines, which incréfaseroduced
electricity andminimizetherequiredlandarea Many configurations have been introducedhe
literature, but considering the cost, efficiency, reliabiltyd performance dhewind farm,only

a few of them have been implemented practicdtigrallel and seriepologiesare he most
practical and promising wind farm configuratiotimat are presented in this sectiowhile the

series connection increases the voltage and pmtiag,the parallel connection of wind turbines

offer more reliable and robust technology withcreasng the current and power capaci.

The current wind farmmainly usethe parallel connectiorin terms of the transmission systems,

the high voltageac (HVag systems are mainly used for low power wifadms, whichare
located close to the utility grid. For power ratings and distances greater than 400 MW and 60 km,

thehigh voltagedc (HVdc) transmission is the most preferable chd&de[7], [8].

1.1.1 Parallel AC Configuration with HV ac Transmission

The parallel agpower architecture adwind farm consists oh medium voltagac (MV acg grid

and H\ac transmissiorasshown inFigure 1.2 The most standard voltagangefor the current

wind turbine generatoris 4007 690V. This range of generator output voltageoo lowto be

directly conneadto the high voltage transmission lind$erefore each wind turbine consists of

a medium voltage (MVjransformertostepp t he t ur bthemedius votiage lgveit t o
(i.e., 111 34.5kV, with the most common collection point voltadesng 34.5 aad 33kV in North

America and Europe, respectivgl]). To form an MV ac collection system, the thrgghase



output terminals from the steyp transformers are connected in parallel. Thea®lé then
steped upto HVacin the range of 6245 kV by theHV transformer ina wind farm substation
[7], [8]. All types of wind turbines can be used to form this wind farm configuratdine step
up transformers ara common element in atheseconfigurations.The previous o8hore wind
farms located near to shore also upadallelac with HVac architectureThe advantages of this
configuration are simplicity and low initial cost fure wind farm substationHowever,it has a
few disadvantage#\s the power ratings of commercial wind turbines incrg¢@ketheac cables
connecting the turbine and the MV transforrmell have to carry more currerds the output
voltage of the turbine is lowhese cableare expensive and suffer substantial ameahpower
loss[10].
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Figurel.2i Parallelacwith HVacbased onshore wind farm configuration

1.1.2 Parallel AC Configuration with HV dc Transmission

Parallel acconfiguration ofawind farm with HWdc transmissions shown inFigure 1.3, This is
the mosttypical power architecture fatistantoffshore wind farms with high power capacit

Similar to the previous structure, it consistsaofMV ac grid thatis connected to a higlurns



ratio transformer to step up the voltage to &/ The HVacis then converted to Hi¢ through
acdc converters. The bulky HV transformer andcdc converter are located in an offshore
platform thatis connected to the onshore substation through atbenHWc cables[11]. This
technology is robust and reliablelowever, it requiresiigh maintenance and initial codthe
high numbeof the stages alstauses a considerable increase in weight and volwimeh leads

to higher installation codtl2]. A high-power density can be obtained by replacing the bulky
50/60 Hz transformers with higfrequency transformerd13]i[15]. But high-frequency
transformers withhigh turnsratio are difficult to design at high voltages and meg# power

levelsdue tothe high costof the ma@netic material, core ardielectric losse§l6], [17].
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Figurel.3i Parallelacwith HVdc based offshore wind farm configuration
1.1.3 SeriesDC Configuration with HV dc Transmission

Figure 1.4 shows theseries daonfiguration ofa wind farm with HWc transmissior{18], [19].

In this architecture,hie output dc voltages of the acdc converters are connected in series to
achievean HVdc level. An exampleof an offshore wind farm employinghis interconnection
approachis Nordsee Ost offshore wind farm in Germany, wh@&@ewind turbines with 5 kV

output voltage eaclareconnected in series to reach a transmiskigdc voltage of 300 k\f5].



As illustrated inFigure 1.4, the dc-ac converters and the offshore platform are not requined

this configuration Compare to the parallel connectigrthe length of cable is shortand the

number of converters is less, leadingatoimprovement in the efficiency,nd reduction in the

weight and cost. To isolate a wind turbine from tlde network during maintenance or down

times, a bypass switch is usually connected acrossidiiek of eachacdc converter.One
challengeof this structure ighat the variation in wind speed results fiactuationsin output

voltage and consequently output powbtoreover, if large numbers of wind turbines are
bypassed due to the unexpected problems, the entire wind farm may have to be shut down as the
transmissiordc voltage falls below the threshold linfi]. The insulation in the nacelle is also

arotherchallengas it 6s directl y[lconnected to HVdc | i
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Figurel.4i Seriesdcwith HVdcbased offshore wind farm configuration
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1.1.4 Parallel DC Configuration with HV dc Transmission

Figurel.5shows the power system configuration witmadium voltagelc (MVdc) grid, where
the MV transformers are replaced by MV stgpdc-dc converterg20]i [22]. The inermediate
dc-dc converter stepsip thedc voltage to (M\c) and the parallel connections of the output
MV dc voltages build the Mdc collection systemA central stepup dc-dc converter is then used
to stepup the MV to high voltage (e.g»300 kV) for high voltage dc (HVdc) power
transmission. The configuration of ¢ transmission and receivirgnd substation are similar

to the preious configuration.

By operating the MYc converter at medium frequency, theeight, and the size ok
converter isbecomingmuch smaller than the MV step transformerTherefore, lhe overall
system size and weight as well as the constructionrestallation cost of the wind turbine and

substatiorplatform reduce significantly, compaké parallelac configurations imrsectionsl.1.1

andl.1.2
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Figurel.5i Paralel dcwith HVdc based offshore wind farm configuration



Another reason to support the conceptasfMV dc grid is that the fishore wind farms are
increasingly being located further from sh¢23]. As an exampl e, Ger manos
farm, with a capacity of 486AW, is nearly 100 km out to sg24]; or Hornsea, the largest
offshore wind farm in the world, with the entire capacity of up ®W is planning to be located
120 km from shore in Englan@5]. This far dstance to the shore has made high vol@ge
(HVdc) a necessity in transporting offshore wind energy to customers on shore to eliminate

reactive power requirements andued cabling cost and complex[tyl], [26].

1.2 Technical Challenges and Possible Solutions

To integrate the wind turbine generators intm@diumvoltagegrid (e.g., 1134.5kV), a high
turnsratio transformer is commonly used to step up the voltage, as discussed in $ekctidre

power transformer operated at the frequency of 50/60 Hz is hkagg, and inefficient, and is
typically located either inside theacelle of the turbine oat the tower base as shown in
Figure 1.6. If located inside the nacellejhich is the case in offshore wind turbinése bulky
dry-type transformer increases the weight and volume of the nacelle and imposes a significant
mechanicaktress to the tower. For example, theight and volume of a 0.69/33/, 2.6 MVA

dry-type transformeiis typically in the range ofi8 t and 59 nr, respectively27]. In the latter
scenario,where a transformer is placegkar or within thetower basemultiple high current
threephaseac cables are required. These cables are expensive and they can suffer a substantial
amount of power loss thaeduces the overall efficienc@&roundmounted transformeris this

case,are typicallyliquid-filled and used for onshore wind farm applicatior&everal vendors



have been developing special transformerswiord energyapplicationsaiming to reduce the
size and weight with the consideratiof environmental concesn For instance, the SLIM
transformers developed bya®welsare compact in size andyeow no-load losse$28]. Unlike
the conventional liquidilled transformers that ussellulose and mineral QiISLIM transformers
usea high temperaturaramid insulon material called NOMEX ansilicone liquidwith a high
degree of fire safetyBut a high volume ofliquid in stepup transformes requires regular
monitoring and replacement. These challenges are atritic offshore and remote area
applications where the costs of installation and
regular maintenance are extremely hi@9].
Table1.2 compareshe specificationsof various
0.69/33 kV trandormers used inthe wind

industry[28], [30], [31].

One way to solve the aforementioned

drawbacks is to employa modular converter

system approach, where multiple low voltage

rating converter modules are connected in series

High Qurrent ACCables

to achieve the required MV outplit0], [32]. In

[5], [33], [17] different types of multilevel and

modular mulilevel converter configurations

have also been presented for this application.

However, due to the Ilarge amount offigurel.6i Housing of power transformer in wind turbine
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components, multilevel converters are relatively heavy, bulky and expensive. Mortbever,
efficiency deteriorates as the number of levels incredséilevel converters will be discussed

further in sectior1.4.1.4

Tablel.2i Summary of Transformers Specifications

Tra?;;‘;rmer Vendor ('mt/'zg Size (M)  Weight (kg) lg'sos"?ka\‘/f'/) I';‘S’!'(Okf‘/g) Liquid (kg)
Dry-type ABB 25 8.50 6,200 5.80 25.00 i
Liquid filed  ABB 2.00 5.70 4,530 3.20 21.00 870
SLIM Pauwels  2.30 4.00 5,040 2.60 22.50 900

As discussed in sectidh1.4 the use ofan MV dc grid has been presented as an alternative
and attractive power architecture so that mediotigh frequency MV convertersan beused
to replace the bulky low frequency MV transformers. As individual wind turbine size as well as
overall wind farm size increases, there is a corresponding increase in the cable lengths within the
wind farm collection grid, introducing more conductipower losses.The use of a Mdc grid
also offers the advantage of not requiring acyeactive power compensation within the grid
[34]. The growing inter turbine spacing, combined with the necessity of using dalid¥ to
shore makes use ohavVdc collection grid architecture moraiigable for aggregating wind
turbine energgompared tdhe traditional M\acalternative. The typical Mdc power converter
configurations, as shown Higure 1.5 consist of two stageghe frontendacdc stage and the
stepup dc-dc voltage conversion stage. The generator a@éc converter can be unidirectional
or bidirectional; as the synchronous generators does not need reactive power compensation. The

MV step-up dc-dc converter is a key component in offshore wind systemsavittiVV dc grid, as
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it needs to be highly efficient arlie able to provide high voltage gain to stgpthe turbine
output voltage. Several works on MV step dc-dc converter have been presented for this

application[12], [17], [22], [26], [35]) [40].

1.3 Semiconductor DeviceAdvancement

Since the invention of the bipolar junction transistor, Silicon-f&5ed power semiconductor
devices have gone through many generations of development in the past 50 years. However, they
have many limitations iterms of blocking voltage capability, operation temperature, conduction
and switching lossesnd switching frequendy1]. Due to the limited performanctie cooling
system,largerfilter and passive compents and series connections of Si semiconductors are
required in the power converterRecently, widebandgap (WBG) switching devices have
emerged with promising characteristics. In general, WBG refeetetdronic energy bandgaps
significantly larger thn one electron volt (eV)The term is mostly a way of distinguishing other
semiconductors frorilicon with 1.1eV. Silicon Carbide (SiC) an@allium Nitride (GaN) are

the mostwell known and commercially available wibandgap devices that can offer
exceptional characteristicsuch as lowturn-ON resistance, fast switching speed, high operating
temperature and high breakdown electric fieldrigure 1.7 highlights the keyelectrical
characteristics of Si, SiC, and GaN materials. According to this figure, GaN material presents
low ON-state loss, better high frequency, and high voltage catyabiiwever, compared to SiC,

its thermal conductivity is lower.
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Figurel.7i Summary of Si, SiC, and GaN relevant matsnebperties

A summary of Si, SiC and GaNasedapplicationsstatuswith different frequency rangand
rated power is shown iRigure 1.8 It can be observed that for medium voltage applications
such as wind turbines,IGBT devices are currently being used for 6@0to 6.5 kV with
operating frequenes of up to 10 kHz [42]. The highest voltage rating of the commercially
available IGBTs is 6.%V, which is suitable for 2.8&V or lower voltage converter system
with traditional twolevel convertes [29]. With further increase in voltage, other solutipsigch
as the eriesor cascadedonnections of IGBT®r usingSiC modules should be considered.
Although the eries connections of IGBTsanreduce the strgsof voltage across each switch,
the need for extranubber circuits for voltage balancing, control compleXay efficiency,and

high volumerestrict the performance of this approa®n the other side, SiC IGBTs and
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MOSFETs arggainingincreasingattention inhigh voltage high power applicationSiC power

devices with their higher voltages (>&%), higher switching frequencies, and higher operating

temperatures200°C) compared to their SIGBT counterpartshave had a major impact on

medium voltage application¥he use ohigh voltagerateddevicesmay increase the switching

and conduction losses of the convertdoreover, the price of power semiconductor devices

increases rapidly wittheir voltags andpower ratingsTherefore, reducing the stress of voltage

across each senunductor device offersusing lowrated WBG devices that improve

performance and reduce cos$table 1.3 shows a comparison between 1.2 kV and 1.7 kV SiC

half-bridge moduleslt can be seen that the price of the 1.7 kV SiC MOSFHEWastimeshigher

than the 1.XV module with the same rated current.

Tablel.3i A ComparisorBetween 1.2kV and 1.7kV SiBalf-bridgeModules[43]

Part Number Manufacturer ~ FET Type Ve 2 Reson)  Ciss Price
per unit
<
o Sic 612
Microsemi MOSFET 12kv 337A 11nmg 23nF
e CAD
2 N-Channel
APTSM120AM14CD3AG
~ ~ SIC 1,213
Cree/Wolfspeed MOSFET 1.7kv 325A 10mg 20nF C’AD
s 2 N-Channel
CAS300M17BM2

! Drain to source voltage

2 Current- continuousdrain (Iy) @ 25°C
% Input capacitance (&) (Max) @ Vds
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1.4 Power Converters for Medium Voltage DC (M\Wdc)

Typical power converters for the MW medium voltade (MVdc) consist of two stages: the
front-end ac-dc rectifier and thedc-dc stepup converter. The generator sidedc rectifier can

be unidirectional or bidirectionahs the synchronous generator does not need reactive power
compensation. The maximum power point tracking (MPPT) is implemented ditotiteend
rectifier stage ad thedc-dc grid side converter performs the output voltage (MV) regulation.
The key function of thelc-dc converter is to provide stagp voltage conversion. Different types

of MV stepup dc-dc converters are discussed in the following sections.
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1.4.1 Existing MV Step-Up DC-DC Converter

Various voltageboosing techniques indc-dc convertershave been presented in the literature
These stequp converters can be classified irtanajor techniquesswitched capacitobased
stepup convertersresonantconverters, highfrequencystepup transformes, and converters
with multi stage/level structurggl0]. In the following section, the general structures of these

techniques are illustrated édtheir majormeritsanddrawbacksarepresented.

1.4.1.1Switched CapacitorBased Convertes

Switched capacitofSC) is a weltknown boosting technique thhasbeen employed foMV dc

grid applicatios [12], [35], [44], [45] A basicswitched capacitor voltagdoubler isshown in

Figure 1.9. In the first phase, capacit@ is charged to the input voltage. In the second phase,
capacitorC, is placed in series with the input source, which ideally doubles the output voltage
level [46]. For higher voltage gains, thmsic switched capacitorn be connected in serjes
seriesparallel or ladder connection For instance, based on a ladder connection, a resonant
switched capacitor was presented [B5]. Figure 1.10 shows the circtiiconfiguration of the
switched capacitobased esonant converter that can step the voltage m+n+1 time3he
converter has the advantage of achieving zero current switth@fg) for all the semiconductor
devices. However, the magnitude of the transistor current is dependent on the number of cells
used in the topology. As the number of cells increases to provide the required output MV level,
the switches suffemore and moreonduction loss. Tik converter canchieve high voltage gain

and soft switching operation only when the duty rasidd.5 which decreases the degree of



1€

control freedom. As a result, the resonant switched capacitor presemiediterature does not
provide output voltage regulation at tiMVdc grid. Instead, the output voltage regulation is
performed by the cascadétV/dc stage. In order to regulate the output voltage against the load
variation, a low power buekoost converter has been suggested 1 which can be connected

in series with the switched capacitor converfglding anextra conversion stage for the purpose

of merely voltage regulatigioweverdoes ot seem to be an éfent method.

e T
b

Figurel.97 Basic switched capacitor

Cpo]_ Cpoz
ki ]
lin Dpll Dpl2 Dp2l Dp22
|
T
Lp1 L2
L~

L
7
0
Ll [

I
gII
1l

an__
4 KL ———
Dn12 Dnll Dn22 Dn21 L Dnm2 Dnml
Il Il Il

. i i

Cnol Cn02 Cnom

Figure1.10i ZCS resonargwitched capacitoconverter



17

1.4.1.2ResonantConverters

Because otheir softswitching capability, resonant converters are attractive for usévidc
systems with reduced switching power loggéli [51]. Different resonant circuit structures can
be usedo achie\e stepup voltage conversioA standarddc-dc resonant converter is illustrated
in Figure 1.11 The switch network generates squarevave voltage vgt) with a switching
frequency offs. This voltage is applied to the input terminals of a resonant tank netiatk
consists ofpassivecircuit componentssuch asnductors ) andcapacitors €). In some cases,
a resonant tank networvkll also include a transformer. h€ output of the resonant tank network
is then rectified into ac voltage or current by thdiode rectifier and a lowpassfilter (LPF)
circuit. By changing the switching frequency the resonant tank networthe magnitudes of

output voltage (or output current) can be controlled.

The three basic resonant circuits b€eseries resonant,C parallel resonant andCC seres
parallelresonant. The voltage gain plotstbése resonant circuits are etvn in Figure 1.12
Figure1.1Xa) showsthe voltagegain of LC seriesresonant convertaas a function ofelative
operating frequencyt{fo), wherefy is the corner frequency of thhesonant circuit and is given by
(1.D. It can be observetthatthe maximum voltage gaim series resonant convedas always
eqgual to ongregardles®f any changes ithe quality factor Q).

1
fo = m (1.1

The main disadvantagef LC seriesresonant convertgiis that the output voltage cannot be

regulatedat light load conditioa The voltage gain characteristic ah LC parallel resonant
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circuit is s.own inFigure 1.12b). Compared to the series resonant circuit, the parallel resonant
topology does notrequire a wide range of switching frequencies to maintain output voltage
regulation. Howeverhigh circulaing energy at light load conditisns the main drawback &
parallel resonant converter as it significantly reduces the light load efficiency. In addition, the
circulating current increases as the input voltage increases. Hence, this converteritaliiet su
for applications witha high input voltage rang®2]. To overcome the shortcomingsldt series

and parallelresonant circuitsresonant tank circuitsvith a third circuit element(either an
inducbr or a capacior) were presentefb3]i [55]. Among the 26 possible topologies, théC,

LLC, andCLL are the most weknown threeelement resonant convertdib]. Figure 1.12c)
shows the voltage gain of serparallel orLCC resonant converte@as a function otherelative
operating frequencyf{fp). This converter combinethe properties of botkeries and parallel
resonant covertersby absorbing their merits and mitigating their drawbacks. Howehet,CC
resonant converter is dominated parallel resonant frequency and subsequently presents the
same shortcomings. iggh circulating current in LCC resonant converters may lead to lower
converter efficiency and increase the current sttessddition LCC resonant convertecannot

achieve zero current switchifigCsS) on the rectifier network.

Switch Networ k | solated Resonant Networ k Diode Rectifier + LPF

0 | & wo % }‘{ kj %E# “

Figure1.11i Conventional resonant converter structure

+
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1.4.1.3High Frequency Step-Up Transformers

High frequency transformefHFT)-baseddc-dc converters are the subject of increasing
research interestue to their compactize and ability to providéigh voltage gainThere are
several types of ddc converters thaincorporatehigh frequency transformens their switching
network layoutsAn active-bridge stepup converter, as shown figure 1.13 is a very wel
known topologythat stegs up the input voltage by using a mediorhigh frequency stequp
transformer[17]. By operating thedc-dc converters witha medium frequency transformer
(MFT) in the range of a few kilblz, the overall sizeof the systemis reduced.However,
designinga medium frequency transformer at high power keweth high turnsratio has some
inherent limitations in terms of isolation and coupling effect. The high insuldtiger
requirement betweenhé LV and HV windings of a mediunto-high frequency stepp
transformer redu@magnetizing inductance andcreass leakage inductangce&omparedto a
conventional lowfrequencytransformer(LFT). This leakage energy is considered the main
drawback of utilizinghigh frequency transformerfs6]. Furthermore,the winding parasitic
capacitance cannot be ignored due to the large numibemafinthe secondary windingn high
voltage modular applications, the quit voltage sharing is sensitive to the parasitic parameters
of the stepup HFT. Moreover, in stequp applications, where the voltage amplitudes of the
primary side and secondary side do not match, the circulating current becomes much higher and
the efficiency reduces significantfp7]. Figure 1.14 shows some practically developed high

power MFTs.
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Figurel.13i Active bridgeconverter

Figure1.14i High power medium frequendyansformers
(a) 450 kw, 3.6/3.6kV, 5.6 kHz by UEN (b) 166 WV, 1/0.4kV, 20 kHzby ETHZ[58]; (c) 240kW, 0.6/09-
kV, 10 kHz by ABB.
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1.4.1.4Multi Stage/L evelConverters

One weltknown method for increasing the voltage gafra dc-dc converteris to employ several
stages of converter modulesnnected in various ways. This can be realizedhiptementing
several identical or different converter modules combineslith various voltageboosting

techniques. This method is thoroughly investigateld @j.

Cascading connectiaf converters is a simpkpprach for increasinghe voltage gainThe
multipleemodule cascaded boost configuration is showirigure 1.15. In this approach,hie
rectified wind turbine outputoltageis connected to the cascaded boost converters to step up the
voltage.The voltage stress on the first stage is relatively low, iamdn be operatedt high
frequeneées However, he voltage stress of thewitch and dioden the secondoost converter
are equal to the output voltagehe averageéiode currentlsoequalsto the load output current
[17]. The multiple module approaches take advantage of modularity, due to the ease of
interleavingtechniques For example,a multiple module series hybrid converter is shown in
Figure1.16 The device count in thisonverter idessthanthat of theactive bridge converter.

The educed active componenbunt is associated with meritsuch assimplifying the driver
circuits, and fewer snubbers antalancing network componentslowever, die tothe lower
voltage gain of this converter, aac transformer should be added before the rectifying stage.
Diode reverse recovery lossa®also adrawbackin these approaches duetkeinherent effect

of continuousconductionmode (CCM) operation of the boost conveftef].

Multilevel dc-dc converters are gaining attention in both industry and academia for their

capabilty in high-power high-voltage appications. A schematic of singlaput multilevel
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structure with several suinodules is shown iRigurel.17. There arevarioustypes of multilevel
converterssuch as diodelamped and flying capacitor converténatcan beusedin stepup dc-

dc convertersA five-level multilevel modular diodelamped convertes shown inFigure1.18

(a). However, diode-clamped convertersequire a large number of diodethat sufferthe
unbalancing issug39]. A five-level multilevel modularcapacitorclamped(flying capacito)
converter isalso shown inFigure 1.18 (b). This converteruses many capacitors connected in
series The total series capacitance is much smaller than that of a singl€hamefore, the total
volume of capacitors required is cquihigh[59]. Generalized multilevel converters can dso
used forstepup dc-dc conversios [60]; but theweight and volume of the entire system increase
dramatically aghe stepup ratio becomeshigh. In generalthe main advantages of multilevel
convertes are simplicity, modularity, and flexibility [40]. However, multilevel converters
usually require a complicated balancing control schémnenaintain the voltage leveland
because ofhe high component counthe efficiency deteriorates as the number of stages/levels

increases.

Tablel.4 provides a comparative summary of various voltdgeosting techniques in terms
of their major characteristicgiower level, cost, reliability, efficiency, power density, wejg

integration, and complexity0].



Figurel.15i Multiple-module cascaded boost configuration
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Tablel.4i Summary oBoostingTechniquesn MVdc Step-Up Converters

Voltage boosting

) Advantageous Disadvantageous
techniques
V Low cost and lightweight circuits. U Inrush current at stattp.
Switched capacitor |V Small size and high power density. U Sensitive to ESR of capacnors.
based converters V' Easy to be integrated. U Lack ofoutputvoltage regulation.
V Fastdynamicresponse. U Only discrete output voltage.
V Achieve softswitching. U Having a very high quality factor whe
V' Mediumto-high frequency operation very high voltage gain iequired.
Resonant converters V Small size and light weight U Current and voltage stress of the reson
V High efficiency. components at high gain.
U Isolation and coupling effect problems.
V Versatile in boost ability due tehe | U Negative effect of parasitic componen
High-frequency step tunable turnsatio of transformer. such as large voltage spike due tte
up transformers V Switches can be place in low volta{  leakage inductance.
side, helping to reduce conduction log U Complex design.
U Relatively bulky.
U Large amount of components.
Multi stage/level V' Modularstructure. U Relatively heavy, bulky and costly.
converters V' High power capability. U Efficiency deteriorates with number «
V Reliability.

stages
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1.4.2 Generator-Side AC-DC Converter

In type IV wind turbine, etive power flows unidirectionally from th@ermaneh magnet
synchronous genera®(PMSG/WRSG to the grid. So, for the frorend rectifying stage both
active rectifier and passive rectifier can be utiliggt]i [63]. A threephase e-dc active rectifier
is shown n Figure 1.19 While active rectifies provide power factor caection PFQ in the
input, diodebridge rectifiers offer low cost, led®otprint, light weight, simple configuration
with more reliability. However,with the lack of control system in passive rectifiedd?PT
operation or regulation dhedclink voltagecannot be performed.o address ik issue, a boost
converter can be employed as an intermeddtelc stage. This configuration is shown in
Figure 1.20 The boost convertezan (1) step up the unregulatddlink voltage (2) perform
maximum power point tracking and as a result enablesriable speed operation for the

PMSG/WRSG and(3) implement power factor correction.

S S S +
Gearbox
(optional)
| Cee
Eg@ T Vdc
:-""-5 S S S,
SCIG
mse KK A
WRSG
Wind Turbine (LV) _
VSC DC Link

Figurel.191 Threephaseacdc active rectifier



27

I-b Db

Gearbox
(optional)

. optional

PMSG D D:x Dszx

Wind Turbine (LV) _
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Figure1.20i Threephaseacdcdiode rectifier + boost converter

Another solution to eliminate theneavy low frequency transformer is to use medium
frequency transformers (MTFs) im cascadedbackto-back Hbridges structure This
configuration is shown ifrigure1.21 By operating th&lc-dc converters with medium frequency
transformes in the range of a few kiléiz, the overall size of theystemreducesHowever, the
converter requires isolatett sources, whictare generated bgn open winding generator. The
generator design is complex as it contains multiple sets ophase windings. Moreoveas
discussed in sectidh4.1.3 medium frequency transformeawith highturnsratio for high power
applicatiors in wind energy systemBave some inherent limitations in termg isolation and

coupling effect.
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Figurel.21i Cascaded Hbridge backio-back convertefor wind turbines with mediurfrequency transformer

1.5 Research Objectives

In summary, different types of power converter topologies capable of stepping up the voltage for
MV dc application have been reported. However, existing MV-sgeponverter systems suffer

from one or more of the following challenges:
- Theneed fora high-frequency stequp transformefwith highturnsratio)
- Restricted sft-switching conditioror hardswitching

- High voltage stresacross the power switches

- Complicated balancing techniquegtire modular converter structure
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- Low-to-medium frequency operation
- Multiple powerconversiorstages

The proposed research @med atdevelopng a novel class of higil efficient stepup
transformeless MV power converters to address all the aforementioned challenges. In

particular, be objectives of this thesis are:

1. To develop a new class of high frequency swfttcheddc-dc stepup converters that
utilize stepup resonant circuit modules with higiain high-frequency output rectifiers

2. To devdop a new integration techniguiat canbines the normal fronend acdc
converter stage with the newly devisg@dc stepup converter to form different types of
singlestage thregophaseac-dc stepup converters foMV dc power conversion systems.

3. To integrate various magnetic componeatsl further reduce the size and cost of the
overall power converter system.

4. To achieve sofswitching ando reduce the voltage stress of semiconductor devices to be
able to employlowerrated WBG semiconductor devices in all the devised converter

topologieswith high frequency operation in the range of tens of kHz.

1.6 Dissertation Outline

This disertation can be classifiedtanwo main partsChapter 2andChapter 3escribe various
types of the proposed stepp transformerlesdc-dc converter topologiesChapter 4oresents and
discusses a new class atdc stepup converter systemwith anintegrated active power factor

correction. In particular, the organization of this thesis is as follows:
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In Chapter 1 a review of different types of MV power architectures for wind energy
conversion systems was presented. In particular, the eméiyidg grid structure that utilizes
MV stepup dc-dc converer was discussed in detail. Different types of existing MV -giep
converters, including their advantages and design challenges have been addressed. Then,
different types of semiconductor devices, including the latest WBG switching devasesbeen
discussed in this chapter. Towards the end, the rese@tiiations of this thesis, as well as its

organization aréighlighted in this chapter.

In Chapter 2 a new tass of modular MV stepp dc-dc resonant converters that do not
require any higHrequency stequp transformers is proposed. In each converter module, the
proposed approach combinasstepup resonant circuit with at least one saftitched high
frequeng high-gain output rectifier module. When multiple highin output rectifier modules
are usedin each converter module, an integrated magnetic technique is presented to combine
several magnetic components redduce theoverall size of the power conversiamit. The
currentdriven structure of the higbain output rectifier guarantees smooth performance of the
high frequency rectifying diodeb1 addition, at the input inverter side of each converter module,

a multistring configuration of the switches redusd¢he voltage stress across each switch to half
of the input voltage. The feasibility of the proposedconvertersis then verified through

simulation results anelxperimentaivorks on proofof-concept prototypes.

In Chapter 3 two different stepup transformdessdc-dc resonant converter modules that
extend the works proposed @hapter Zare presented to further reduce the number of magnetic

components. Each of theproposed converter modules utilizes only one isolating magnetic
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component with coupled higmin highfrequencyrectifiers. In the first topology, twaoupled
high-gain rectifier modules are connected to the-sigpesonant circuit via a thregnding high
frequency transformer. As a result, the output voltage of eachghaighrectifier is balanced due
to the preence of the coupledductor. In the second topology, a new stgpconverter module
that consists of three resonant snbdules interconnecting witha unity turnsratio multiphase
transformer and coupled higain rectifier modules is presented. Thesprece of three resonant
circuit submodules connecting viaraultiphaseransformer is able to fully utilize all the switch
networks at the input inverter to transfer pow@ihe feasibilities ofboth converter topologies

are verified througlsimulation rsults andexperimentalvorks on proofof-concept prototypes.

In Chapter 4 a new class of modulaacdc stepup transformerlesshigh voltage gain
converters with integrated active power factor correction is presented. In the proposed approach,
the threephase boostrectifier is integratedwith the stepup resonant convertemodules
presented irChapter 2and Chapter 3o form varioussinglestageacdc stepup MV convertes.
Soft-switching operations are achieved in all the semiconductor devices to maintain high circuit

efficiency.

To reduce the number of diodes required for the feot rectifier, a new bridgeless-dc
rectifier is also proposed and it is combined with the-gsfe@c-dc converter modules presented
in previous chapters to form various modladgelessacdc threephase stejpip converters for
MV stepup conversion The performance of all developed thrpbase acdc converter
topologies isverified throughsimulation results anéxperimentalworks on proofof-concept

prototypes
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In Chapter 5the contributions of this thesis are summarized. It also suggests some future

works related to this thesis.
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Chapter 2 ProposedDC-DC Converters
with Modular R esonantCircuits and High-

Gain Rectifiers

To reduce the price and overall size of the power interfagenawable energy systethe
current research trend is to repldoee-frequency,heavy and largesize passive components

with much lighter power electronic systethat utilize high frequencsemiconductor devices

The first part of this chapter focuses on the development of augtépdc converter with a
unity turnsratio (1:1) mediumto-high frequency transformer to address the drawbacks of high
turnsratio high frequency transformey discussedn Chapter 1 The second part of this chapter
focuses on the development several highfrequencyvoltageboosting techniquesusing a
modular approach. In particular, the proposed converter configuratioruselboth modular
stepup resonant circuits and higrequency voltagenultiplier rectifier circuits to achieve step
up voltage conversion functiorkinally, to improve the volumeand number of magnetic
components, the third part of this chapter focuses on the developmemipled magnetics in

the proposed converter topologies.
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2.1 Resonant Converter Topology

Many resonant networkbave been proposed in literature, oaly a few of them have made
their way to the practicamplementationTo overcome the shortcomings Io€ series,parallel
and seriegparallel topologiesdiscussed in sectioft.4.1.2 this section investigates the most
practical and welknown tireeelement resonant converteshich areLLC and CLL resonant
circuits. LLC andCLL resonant circuitsshavn in Figure2.1(a) and p), arethe most promising
candidates in frosénd dc-dc applications with comparatively similar behavior and
shorcomings. Unlike LCC resonant circuitLLC and CLL resonantconverters can build a
currentdriven rectifier network with ZCS capability. Whilg.C offers lower circulating energy
and component stresS|L circuit reduces the size and volume of the converter with placing the
series inductorl(;) on the secondary de of the transformer.Figure 2.1 shows that higher
voltage gain can be achieved ®CLL resonant circuit under th@milar conditionthat L1=L.
On the other hand,LC circuits can incorporate botleakageand magnetizingiductancs of the
HF transformer ito the resonant netwofk3]. Table2.1 highlights the key features of the most

well-known resonant convertes3].

To achieve higlvoltage gain without using high turnsratio transformer, modular resonant
circuitsareutilized in the proposed converter. Althougdsonant circuits are able to provide high
voltage gain, they suffer the drawbaak having a very high quality factor when very high
voltage gain is required. It is known that having a high value of quality factor in the resonant

circuit subsequently imeass the current and voltage stress of the resonant circuit components.
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Hence,relying solely on resonant circuits to achieve very high voltage gain iruptgqower

converters is not Bng-termsolution.

Table2.1i Comparison oDifferent Resonani opologies

LC Series LC Parallel LCC LLC CLL
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Figure2.1i Voltage gain characteristics of most practical resonant circuits
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2.2 DC-DC Converters with Modular ResonantCircuits

The general block diagram of the propossadular MV dc-dc converter configuration is shm

in Figure 2.2 The proposed converter consists of a high frequency inverter with the power
switches arranged in multiple strings configuratimn reduce the voltage stress across the
switches and multipleresonant circuits with higlirequency rectifying stages to step up the
voltage, as shown iRigure2.3. Different topologies can be derived from the pregub structure.
Figure2.4 shows two different topologies that can be employed using the proposed str{@ture:
CL resonant convertewith voltagefed full-bridge rectifies, (b) LLC resonant convertewith
currentfed full-bridge rectifies. In this sectionCL resonant converter witholtagefed bridge

rectifier will be discussed.

The proposed converter has the following features: 1) the multistring arrangement of the
switches allows much lower voltage stress across each transistor; 2) the modulgy step
resonant circuits are able to achieve high voltage gain so that transfotimbrghiturnsratio is
not required; 3) zero voltage switchifgVS) turn-oN and zero current switchinyirn-OFF are
achieved in all the switches; 4) the outpX dclevel is controlled by variable frequency control
of the stepup converterb) unlike multlevel inverters, the output of the inveriarthe proposed
converter produces an asymmetrical squaaeeform that does not require voltage balancing
control and6) circulating energy in all the resonant circuit modules is minimized through-close

to-reonant operation for different load conditions.



37

M odule (1,m)

Module (1,1)
Np: N [
Cinn— SEpUD : ¥y output| +
Resonant H Filter
Circuit '
1l |
: : :Vo11
] |
Sep-up i Np: Ns.
Ciun== Resonant H # ?:lljlt F; g _
Circuit
o
1" Module(n,1) l
Np: Ny [
1 Step-up . . ar
Gz Resonant H # ?:Ult 1p 1
Circuit iiter ;

H
:Voln
|

Np: N
Septp || P Output
REETS ‘ ‘ Filter
Circuit —

Cion==

Figure2.2i Proposed modular MV steyp dc-dc converter structure

Inverter with multi- Modular step-up Isolated  High frequency
string connection resonant circuits rectifying stage

J == —
[ B A m
QD : : : : Vo
] L] all
:Cg| + Step up Np: N
Cio £ Ve|  Resonant * CI):LIJI'[ S;t —
_I _ Circuit
=C54 ] -

S
JTJ}L T N Np: N[ | |
Cii SET ¢ * Output l 0

Va1 Resonant X
S, Co Circuit Filter +

Figure2.3i One module oproposedV step-up dc-dc converter

‘M odule (1,2) | ;



38

lo
- _— —_—
8'151* Ca| + + +
L Cort
Ci - %
T et —
c +
Vi > = Voo
+> -
, e Vo
— Isal c + llresnl_ C |
S; S3:: Vi3 L(vvr‘ein\__{ r@/
-+
C|2== isa{ Con==
c + |V,
Scu%} 5= Vaw s
_| =

(b)

Figure2.4i Modular stepup converters, relying on resonaircuits to stepup the voltage.
(a) CL resonant converter thi voltagefed bridge rectifier(b) LLC resonant converter with currefed bridge

rectifier
2.2.1 Multistring Configuration of Semiconductor Devices

One of the objectivesf this thesis is to reduce the stress of voltage across each semiconductor
device to be able to employ lowsated WBG devices fomediumvoltage applications. The
proposed multistring connection of the semiconductor devices isrdlied inFigure 2.5. This

circuit consists of four switche§, &, S and S, which are controlled by two compensating
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gating signals. Switche$y( S;) and switchesS, S5) operate in caoplementary fashion. In state

| switches &, &) turn ON during the intervadTs, while in state IIswitches &, Ss) turn ON
during the interval X-d)Ts. This configuration can effectively reduce the voltage stress of the
devices by half.The operating principles of the proposed inverter with multistring connection of

semiconductor devices are showrigure2.6.

Figure2.51 Proposed miltistring connection of semiconductor devices

s CSljz \g* cﬁl
C| 1 Ci 1 _ 5
= + + = +
Vi C C.
VI 2 52:: VI SZJE} SZ::
O = ‘ O .
_ . _
w Ceo| S g Csi|
2 p— i —
Co| - ° Co + °
State I:dT; State 11:(1-d)Ts

Figure2.6i Operating states of the proposedltistring connection of semiconductor devices
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2.2.2 Proposed Topologywith CL Step-Up Resonant Circuits

The proposedconverter structure is derived by employing multiple modules of resonant
converters cascaded with high frequency rectifiers with an inductive output filter. In order to
reduce the voltage stress across the primary side power transistors, as in the tba&se in
conventional fullbridge or active bridge stegp converters, the proposed converter structure
consists of wutilizing fAmultiple st rkgugd7 of
shows the proposed MV step converter structure, which consists of a legwaf switch pairs
andtwo modules of stejup resonant circustwith theiroutput rectifying stage As discussed in

previous section.2.1), voltage stress across each switch is equid v V;.

Cil::

Figure2.7i Proposed converter witlvo modules of resonant circuit
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Figure2.8i Key operating waveforms of the converter
2.2.3 Converter Operating Principles

The operating principles of the proposed converter can be analyzed according to the operating
waveforms shown ifrigure2.8. The equivalent circuit at each stage within a switching pesiod

also shown irFigure 2.9. As mentioned earlier S, &) turnoN during the intervallT;, whereas

(S, ) turnoN during the interval (A)Ts. In the following analysis, the switches and diodes are

assumed to be ideal components.
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[to<t<t;]: The gate signals are appliedSpandS,. Due to the negative resonant current in both
resonant circuits, thantiparallel diodes ofS, and S, are forced to turroN. Meanwhik, the

voltageacrossS, andS; are clamped to capacitdCif andC;y) voltage, which is equal 6/2.

[ti<t<t;]: The gate signals are still applied $ and S;; the negative resonant currents in the

previous stage now become positinggkingS; andS, to beturnedoN under ZVScondition

[to<t<ts]: The gate signals that were appliedScandS; are now removed. Due to the snubber
capacitors Cy and Cy), the voltages acrosS and & rise slowly from zeroHence, voltage
slowly increassfrom zero after the gate signals are removed fBrendS;. As a results, and

S, areturnedoFFwith ZCS.

[ts<t<ty]: The gate signals that were appliedSiaand &, are removed prior to this stage and are
now applied tcS;, andSs.  Since the resonant current in both resomacuits are positive, the
antiparallel diodes o0&, andS; are forced to turoN. At the same time, the output voltages of

the resonant circuits reverse their polarities.

[ta<t<ts]: At t,, the positive resonant currents in the previous stage become negaSyvand&s

are turnecN under ZVS at,.

[ts<t<tg]: The gate signals that were appliedScandS; are now removed. Due the snubber
capacitors Cx andCg), the voltage acros$ andS; rises slowly from zero an@CSis achieved.

This stage ends when the gate signals are appli&darnd S, again.
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Figure2.9i Equivalent circuit in each operating stage within a switching period
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2.2.4 Analysis of Each Converter Module with CL Resonant Circuit

This section will provide an wlepth analysis of the proposed stgpdc-dc converter.To
simplify the analysis of the proposed circuit characteristiwdy one module with single
resonant circuit and rectifias consideregdas shown inFigure 2.1Q The input voltage to the
resonant circuit of modulk is described by2.1), whered represents the duty cyclef, is the

phase angle that is given [{2.2); and n represents tha&th harmonic Since the harmonics
content in the resonant circuits can be assumed to be negligible, fundamental approximation is

then used in the following calculations.

_ s 4,2V . g
Vsk‘k:LZ =Vd + alae e J1- cod2npd)sin(2onf.t +C7n)0- 2.1)
= +
L& sin(2ond) @
g, =tan’ (2pnd) 8 (2.2)
&1- cog(2ond)?
+
r Vds1
== -
+ =vd+52 ik,cir.ﬁk """"""" NpN Dir:iii Drok Lo +
Vi v L3 © g\,;k* CoT V2
— =
- = V:S3 T eeeeaee / Dz Dnidk _
p—t _ Tk
= Vd+s4 @

H Cmﬂ( Lok
o TeSK .
Ie & - *, Dk Dy +
+ Np: Ns [
[ ) O - —_
Va Lo {V;k CorT Vo2
_ _
N / Draz Drxik —
Tk

Figure2.10i Equivalent circuit of one of the modsla the proposed converter
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2.2.4.1ResonantCurrent Analysis (i)

The resonant currenty) in each module is derived from the componergin (2.1). Hence,ik

is given by(2.3), where Zi| is the magnitude of the input jp@dance of theesonant circuitt z is

the phae angle of the input impedance.

. Y . )
e = 21%,/1- cod2npd)sin(2onf.t+q, - fZi)B 2.3)
(1— W2)2 +€1Wr g
' 2 2.4
‘Zik‘k=l,2 = REqk éﬁgk : ( )

i (nf +Q7)

o

w

£, =tan’'g g tan‘léQk Q (2.5)
S SYiRP L |

(3

where Qx represents the quality factor of the resonant ciraditch is given by (2.6); Reqk
represents the equivalent load resistance at the output of resonant circuit knaddte is the
angular corner frequency of modtegiven by (2.7). Therelative angular operating frequency
(¥w) is given by(2.8), where¥s represents the angular operating frequency. The angular
resonant frequencys(es) of the CL resonant circuit can be determined by settingequalto

zero, which results in the relationship showrdrd). It can be observed fro(@.9) that whenQx

is high, ¥esk = o In other words, the resonanefuency is equal to the corner frequency.

Hence, the corner frequency equation will be used in the design example.

= I1qk

M/O Lmk

Q. (2.6)

_ 1
W0k|k:1,2,3or4_ L C (2.7)

mk ~“resk
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A
er|k:1,2 “w (2.8)
Ok
_ 1
M/resk|k:1’2 - M/Ok 1- a (29)
k

From (2.3), the peak value of the fundamental resonant current angngwesonant current

can be obtained as given (8/10 and(2.11), respectively.

I _J2v (1- coq2pd)

I (2.10)
“ 1% |Zik|

|,k:\iga§é o S(Z'Ond)% .11
pgaE (z.f 9

To explain the characteristics of the resonant current, only the fundamental component is
considered. Considering the input voltageand the equivalent ac resistarRgy as the base
values, a plot of normaliza@nsresonant current as a functionwffor variousQx with d=0.5 is

shown inFigure2.11

\ —a Q=1
-5 e b: Qk=2
\ ———C Qk=3
4 \ d: Q=4

g \ —_— Qk:5
3

.

'O

1 . ~-~_ ‘— \“
-‘1 -"‘----____ I . [I—
-r----d‘._-_-(----.

a I 1

| L L
0
1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
relative operating frequency ( wr)

Normalized RMS Resonant Current |

Figure2.11i Per unitrmsvalue of the fundamental resonant currert,a0.5
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2.2.4.2/oltage Gain

The voltage gain of eadBL resonant circuit betweeny andve is given by(2.12) as a function

of ¥, andQx.

Vork = 1
[Vt b \/% 182+é 1 gz (212)
& w8 EQ Y

The series capacitor in each resonant circuit moddlg blocks thedc component of
voltagevs, and hence, themsvalue of resonant voltagex acis given by(2.13.

cos(2npd) 213

_V, ga
skac ,Ué n

(e e ]

From(2.13), it can be observed that the maximums voltage occurs al=0.5, (2.14) shows

the maximum voltage gain @fx.dVi.

1/2
Vskac _ V2 e, 1 1
K __ea == (2.19
Vi p&Swn’d 2

The voltage gain of the curresburce rectifier, considering the series connection of the
rectifiers, is given by2.195. By multiplying the aforementioned voltage gains, the totad ga
the proposed converter witkF0.5 is given by2.17), wheremis the transformeturnsratio (m =
Ng/Np). A plot of (2.17) is shown inFigure2.12. It shows that high voltage gain can be achieved
betweenV, andV; by designing a relatively hig)x value in the resonant circuit. The phase
angle { z) equation given ir§2.5) is plotted inFigure2.13, where the operating region to achieve

high voltage gain and to maintain ZWM8n-ON for all theswitches is highlighted in red.
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Figure2.12i Voltagegain plot of the proposed steyp converter
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2.2.4.3RMS Switch Current

The rms current in the switches is illustrated (.18 and(2.19, wheret , is given by(2.5).
Since the harmonics components are negligible in the switching losses, only the fundamental
component is considered for the calculation ofriine switch current. Withd=0.5, (2.18 and

(2.19 are equal andreplotted inFigure2.14 as a function of,.

sin(20d)cos@’,, ) &
20

_ _ 1 9%r. 12 _ \/l ) a
Isvﬂ_lsw4_ ?m [Irl] dt_pZ\/(l COind))?"'

N ] & . sin2pd)cos@f,)d
Isw2 - ISV\B - -I-S mTS[Iresk] dt = pz|\/(l Coizpd))éﬂ dk 2p Q (2-19)

(2.18)
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7 e
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Figure2.14i Per unitrmsvalue of the fundamental switching currenta0.5
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2.2.4.4Turn-OFF Currentsof S;and S,

To turn ON S and S under ZVS, as shown iRigure 2.8, the resonant current should force
the antiparallel diodes to conduct prior to then-ON instantsof the switches. Hencé, andl4
must be positive.The turn-OFF currens of S and S, can be found byvaluatingthe resonant

current at = dTs and can be determined from

2 a\2v _ @
,=1,= & %‘/%,/1- cod2npd ism(and +q, - f, )8 (2.20)
n:l(; i -

2.2.4.5Turn-OFF Currentsof S, and S;

Similarly, theturn-OFF currents of switche$, andS; are obtained as shown (2.21). To attain

ZVS for S and S;, as shown irFigure 2.8, |, should be positiveThis allows current tdlow
throughthe inverse parasitic diode of the switch. Since the converter operates above resonance
and the quality facto®) is of relatively hgh value,S, andS, will always experience ZV&urn

ON for different loading conditiongrigure 2.15 shows the per uniiurn-OFF current of all the
switches as a function of relative operating frequendgzats. Fromthe figure, it is evident that

by operating the converter above resonamekanoosing a relatively high quality factQg, the

switches are able to experience ZVS.

l,=1,= a %,/1— coq2npd isin(qn -1y, )§ (2.2
n=1 i =
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2.2.4.680utput Filter Inductors Lo; and Loy

The high frequency rectifier at the output of each resonant circuit module consists@type
output filter. The inductor of the output filter plays an important role in determining the current
flowing through each of the high frequency rectifying diodégjure 2.16 shows the high
frequency rectifier and its equivalent circuit, where the input voNage assumed to be a clese
to-sinusoidal voltage source as given y22 asfundamental approximation was used in this
analysis. With a sufficiently large output capacit@], the output voltage\, ) can be
modeled as a constant voltadyesource. Figure2.17 shows the operating waveforms of the high
frequency rectifier, with the assumption thag is not large enough to filter all the harmonics.

The currenti(oy) is then given by2.23). FromFigure2.17, it is evident that the average value



52

of iLok Which is given by output curreigis given by(2.24). The high frequency diode currents,

such asp1 andiprke, can be observed frofigure2.17 that they are able to achieve ZG8n-

ON andOFF.
Voo = V2V, e SiN(t) (2.22)
1
ILok d\/_ or rmsSln )_ Vokd] (l/l/t) (2.23
Ok 3
‘73a_ Q
H\/_ or rms Sln Vokd] 8jq (2.24)
| =4C Ok % =
)%
Iok
—
+
+ . Cok = Vok Equivalent
Vgr load
I ok
— +
= Vok

(b)

Figure2.16i Equivalent circuit of the high frequency rectifier
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2.3 ProposedDC-DC Converters with Modular ResonantCircuits

and High-Gain Rectifiers

As discussecbarlier, stepup resonant converters rely on the high frequencygbegpansformers

or stepup resonant tank circujtsuch as theCL (section2.2) or LLC [64] to provide high
voltage gain by designing a proper quality factor for the resonant circuit. The topology proposed
in section2.2 demonstrates the case of using mod@laresonant converter with m@ntsource

type rectification LLC stepup resonant converter with a voltafgel rectifier[64] is also shown

in Figure2.4(b). Howeverboth converters rely only on resonant circuit modules to provide step
up voltage function. Hence, step resonant circuits suffer the drawback of highly sensitive

frequency control to regulate the output voltage whdmgh stepup ratio is required. Thi
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makes variable frequency control not very practical waleigh voltage steqp ratio isrequired
In order to solve the above drawbaakd to provide high voltage gain without using higins
ratio transformes, the proposed convert@resentéd in this sectionutilizes high-gain rectifiers

(also called voltage multipliey besides thetepup resonant circuits

2.3.1.1High-Gain Rectifiers

High-gain rectifiers (HGRsarean efficient voltage boosting technique that dae utilized at the
output stage ofa converter to rectify and stagp the ac or pulsating dc input. Since only
consising of different combination of diodes and capacitors, voltage multiplier rectifiers
(VMRs) are easy to implement with low cost and weight. In this subsection differeageolt
multiplier rectifiers are discussed and compared with each other. Basically, voltage multiplier
rectifiers can be classified into two categories: #alffe and fulwave. The most weknown
half-wave and fulwave voltage multipliers are shown iRigure 2.18 and Figure 2.19
respectivelyFigure2.18a) shows the weknown Greinacher voltage doubler rectiftaat can

be used at the output of transforaii@sed dicdc converter$65]. The main disadvantage of this
type of voltage multiplier rectifier is thligh voltagestress on the diodes arde output
capacitoy which is equal to the high output voltage. To improve the high voltage stress of the
components, the improved Greinackeitage doubler was introduced [i66]. This rectifier is
shown inFigure2.18b). The voltage stress of all the components is half of the output voltage
which facilitates the use of lower voltage rating components. Cockevafton (CW) is also
another wellknown voltage multiplier and is shown kgure 2.18c). The main advantage of

this rectifier is that it can be simply cascaded to boost the voltage in a high level.
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Full-wave voltage multipliers are also another wklbwn type of rectifiesthan can be used
at the output stage of transforri®sed convertergigure2.19(a) illustrates a fullvave voltage
doubler rectifier. In this rectidir, the stress of voltage across the diodes and capacitors is half of
the output voltage. The voltage multiplier Fagure 2.19b) is a voltage quadruplerrectifier,
formed by a stacked combination of two voltage doublers. The voltage quadrupler rectifier is
employed in modern steyp converters due to its balanced voltage stress on the capacitors and

diodes.

|||-
I

a) Greinacher Voltage Doubler b) Improved Greinacher Voltage Double
G,

+ D, D,

— C2
! | e | o Vo=V

c¢) Cockcroft_Wolton Voltage Doubler

Figure2.18i Well-known haltwave voltagemultiplier rectifiers

y £ Vi
Vi VO= 2V| o
B D2 I CZ | I—O_

a) Voltage Doubler Rectifier b) Voltage Quadrupler Rectifier

Figure2.19i Well-known fullwave voltage multiplier rectifiers
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The main advantages of fillave VMRs over the halwave is the reduced voltage stress on

output capacitors (half of the output voltage) and the balanced voltage stress on output capacitors

and diodesTable 2.2 summarizes the voltage stresses on the diodes and capacitors and the

component counts of various VMRSs.

Table2.2i Comparison oDifferentVoltage Multiplier Rectifiers

Rectifier

Output Output
Voltage Multiplier output Diode | Capacitor | Number | NumPer
£ Voltage ' of
Rectifier Voltage Voltage | of Diodes .
Vo capacitors
Stress Stress
Greinacher Voltage
o Doubler 2 Vin Vo Vo 2 2
>
S | Improved Greinacher
= p _
= VoltageDoubler 2 Vin Vo2 Vo/2 4 3
T
Cockcroft_Wolton
Voltage Doubler NVin Vo Vo n n
o Voltage Doubler _
§ Rectifier 2 Vin Vo Vo/2 2 5
E Voltage Quadrupler 4V, V2 V2 . .

2.3.2 Different TopologiesEmploying Modular ResonantCircuits and High-

Gain Rectifier

The structure othe proposed modular MV stegp dc-dc converter with higifrequency high

gain rectifier modules is shown Figure2.2Q Different topologies can be deriveég employing

different voltage multiplier rectifiers. Figure 2.21 shows different topologies that can be

employed using the proposed structuld-C stepup resonant modules cascaded with voltage

guadrupler moduleis shown inFigure2.21(a); thetopologyshownin Figure2.21(b) consists of

LLC stepup resonant modules and voltage doubler rectifying modules. However, both

topologies Figure2.21(a) and p)) require high current resonant industoA newCLL resonant
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converter cascaded with kage doubler modules is shown Figure 2.21(c). This topology
alleviates the current stress ahdinductor size problemas the resonant inductbgis placed on
the secondary side of the isolating transfornmiEmne performance regionf dhe proposed

converter compared to the other voltage boosting techniques is shéigure2.22
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Figure2.21i Multiple circuit configurations based on the proposed converter structure
(a) LLC stepupresonant convertemwith HF voltage quadruplergb) LLC Stepup resonant convertewith HF
voltagedoublers (c) CLL stepup resonant converter with voltage doubler
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Figure2.22i Performance region of the proposed converter
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2.4 StepUp Resonant Converter withinternally Coupled High

Voltage-Gain Modules

In this section a fully softswitched silicon carbide (SiC)based modular stegp resonant
converter with magnetically integrated zero current switching voltage doublers is proposed for
medium voltage dc (MVdc) conversion in wind energy systemghe proposed converter
configuration utilizes both modat stepup resonant circuits and magnetically integrated voltage

doublers to achieve the stap voltage conversion function.

Since the magnetic components are often the heaviest and bulkiest components in the
converters, coupled inductoese employed irthe proposed converter teduce the size and
weight of the power conversion systeBy magnetically integrating the voltage doublers in the
output rectifying stage, the output dc voltage balancing of all the converter modules can be
achieved much easiavithout usinga complicated balancing control scheme. Moreover, the
number of required magnetic components will alsoréduced compared to the individual

modul ebs approach with separate components.

The output voltage of each module of tdedc stepup nverter is regulated through
variable frequency control, whereas asymmetrical pulsewidth modulation (APWM) control is
utilized to balance all the resonant cuaitsein all the esonant circuitén each converter module.
Since APWM control is utilized ithe proposed design to balance all the resonant currents in
each module, a simple passive auxiliary circuit is included in each converter module to extend

soft-switching operation.
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2.4.1 Circuit Description of the Proposed Converter

The proposed modulaic-dc stepup converter configuration is shown kigure2.23 where the
input terminals areeonnected in parallel and the outpetminalsareconnected in ses, which

is a weltknown approach for high input current, higutput voltage applications. The proposed
converter moduleonsists of multiple stepp resonant circuit modules that are cascaded with
magneticallyintegratel currentfed voltage doublersn each of the proposed converter modules,
the inverter side consists ofultiple string of switches to reduce the voltage stress across each
switch to half of the input voltage. For théh module (shown ifrigure 2.24), switch pair G,

Sw) and switch pair%.,, S;3) operate in complementary fashion, with switch p8&if, (S) turn

ON during the intervaD, Ts, and switch pair&,,, Sis) turnoN during the interval1-Dy)Ts, where

D, is the duty ratio ands is the switching periadThe passive auxiliary circuit, as highlighted in
green, is used to assist switch p&p,(S:) to achieve zero voltage switchitgn-oN whenDy,

is controlled to a lower value. In general, the proposed topology alleviates the current stress and
inductor size problem seen B3], [64], as the series resonant inductbgg, Lsp, andLss (NOte

that Lsu, Lsp @and Lss Will be grouped ad.g, for the rest ofthis chapter are placedon the
secondary side dhe HF isolating transformer3his arrangemen¢énhanesthe overall circuit

efficiencyby reducinghe winding losses associateth L.
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2.4.2 Operating Principles ofthe Proposed Stepup Converter

To simplify the steadgtate analysis of the proposed converter, only one module is considered.
The operating principles of the proposed converter with one module can be dradgneding
to the operating waveforms shownRigure2.25. The key operating stages of the circuit within

a switching cycle are shown igure?2.26.

[to<t<ty]: Prior to this intervalCsy andCsp have been discharged to the resonant circuit and the
voltage across these capacitors heaached zero. At the beginning of this stag&, the gate
signals are applied t&; and S4. Due to the negative portion of the resonant curigat,
currentsigy; andisy are negative. Hence, ttantiparallel diodes ofS,; and S, are turned ON.
Meanwhile, the voltage acroSg andS,; are clamped to diink capacitos (Carp, Cars) VOltage,

which is half of the input voltagé/{2).

[ti<t<ty]: At t3, i,esu becomes positive and the negative current flowing thrahglantiparallel
diodes ofS,;; and Sy in the previous stage, now becammositive As a resultS,; and Sy are

turnedoN under zero voltageondition,implying zeroturn-ON losses foiS,; andSu.

[to<t<ts]: At the beginning of this interval all the switches amr. Cq; and Cqy are already
discharged into the resonant circuit. This allows using comparatively large snubber capacitors.
As a result, voltage acroSs andSy begin to rise slowly andearZCS turroFFis achieved for

Su andSn4 atto.
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[ta<t<ty]: At ts, the gate signals are applied3p andS3; andthe positiveesn flows through the
antiparallel diodes ofS,, and S,3. While voltages acrossS,; and S, remain atVi/2, the output

voltages of the resonant circuits reverse their polarities.

[ta<t<ts]: At t4, the positivesn IN the previous stage becosteegative, theantiparalleldiodes

of S, andS;3 stop conductingforcing theS,, andS3 to beturnedoN under ZVS.

[ts<t<tg]: At t5, the gating signalof S, and Sy3 are removed; an€y,,; and Cg3 Start to charge.
This allowsthe voltages acrossS,, and Sy to rise slowly, which means &lose to ZCS turoFF
is achieved forS,; and Si3. Due tothe negative current offesry, the snubber capacito@,; and

Csu begin to discharge intthe resonant circuit. This stage ends when the gate signals are

applied toS,; andS,, again.
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Figure2.25i Key operating waveforms of the converter (per module)
2.4.3 Theoretical Analysis ofthe Proposed Converter (Per Module)

The equivalent circuit of one module, shownHFigure 2.27, was used to complete the steady
state analysis of the proposed topolegth the following assumptions.

1) All the components, including semiconductor switches and diadesdeal

2) The delay btween the switches gating signialseglected

3) The effect of snubber capacitasneglected
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Cresnt lresn1

[ty<t<tg] [ts<t<tq]
Figure2.26i Operating stages of the proposed converter within a switching period (illustrated with one module)
The Fourier series representation of the input voltage to the resonant \Gjrisugiven by
(2.295. Due tothedc blocking function ofCiesn Only accomponents ofs (vgag) is applied to the

resonant circuit which is given K2.26), where D, represents the duty cycld; is the phase
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angle that iggiven by (2.27); fs is the operating switching frequency; andepresents théth

harmonics.
Vs =ViD, Wy (2.25)

2 & —————
Vs(ac) :Elég% 1 -COi 2]pDn) SII’( szst +r97 (2.26)

4 sin(20hD,) @

WW ' (227

Since each module consists of three-sddules of CLL resonant circug and voltage
multiplier rectifiels (VMRs), onethird of the output voltagem M) appeared in the equivalent
circuit shown inFigure2.27. Ry represents the equivalent load resistance at the output of the

resonant circuif2.28, and the ratio of resonant to magnetizing inductanke ls;/ Limn.

_ 2R
Rac = 3p? (2.28)
Zin CLL resonant network
ir&sn(h:i)(t) i “Cresn im(h:l)(t) |O
o 1 I >
] 1:
Vi Ct) D] - L H Rac ln [t] Von § %

! 2R
ac 3p2

"D bos _ YA
( (h v ° Zl) Vsn(h:l) (t) - T‘Sm( Wst + q(h:l))

Figure2.27i The steady state equivalent circuit of the proposed topology
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As the output power increasd®,. approaches zero. At fdlbad, the resonant frequency is
determined byCiesn and the equivalent inductaat.e, which is the parallel combination of

resonant and magnetizing inductances.

We, = ———— (2.29)

L.L Kk

—_sntmn L
eq L5n+ Lmn K+l ™ (2.30)

At no-load, Ry will be opencircuit, and the resonant frequency is definedChy,andLn,as

follows:

1
L.C

mn=resn

Wi =

(2.31)

The full-load and ndoad relative angular operating frequencies are presented (/32

andy, (2.33, respectively, where represents the angular operating frequency.

W, =— (2.32)
WFL
w k+1
W, =——=w, |[— (2.33)
Wy, k

The relative operating frequency at-load in(2.33 shows thaty,, is always higher tham.
Considering the fact that the circuit always operates at switching frequencies above resonance,

(2.33 implies that at fulload, the resonant frequengyis closer to the switching frequency.
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2.4.3.1Resonant Current

In the proposed circuithe resonant current {s) expressions given by(2.34), being derived
from theac component of the input voltage to the resonant cingyin (2.26), where Ziy| is the

magnitude of the input impedance of the resonant cjrand: z is the phase angle of the input

impedancg54].
o = \/_ &~ - cod2hpD,)sin(2phf t+g, - fz1)§ (2.39)
gholz,| 2
a’+hwQ@/k+a)f
Z| = R, Ja | - ] (2.35)
huw; \Thw (L+ /K + Q2
Y 1.6 . .8 Q Q
f, =tan %}Wl/rQ(ka +18- tan £—(1+1/k 8 (2.36)
To simplify the equations, the variatilés defined by(2.37)
2
-1- _(h'/lf) (2.37)

The relative angular operating frequency,) is given by(2.38, where ¥, represents the

angular resonant frequen(3.39, andQis the quality factor which is given 1§2.40).

w =%
S (2.39)

= 1
’ Lanresn (239)
Q= Rac (2.40
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From(2.34), thermsresonant current{sy) and the peak value of the fundamental resonant

current (resr.max) Can be determined frothe following equationsrespectively.

8o 3. o0
| =Vi¢é_aaé—cos(2pth)% (2.41)

(2.42)

The ratio of the coupled inductor magnetizing currgqtto i, can be given by

I g .
ﬁ:ké]_- ]
e

Irn

Qo
u
hw

Q2
=k, |1
1+ e (2.44)

(2.49 shows that increasing the switching frequency and decrelasing quality factor can

(2.43)

Imn

m

reduce the circulating current in the circuit, resulting in lower conduction loss. This equation can
be exanined with respect tk. It can be seen that Bspproaches zero (by havihg,Y D), the

circuit can be approximated as a seriesonant converter and the current through the parallel
branch (mn) becomes zero. Hence, circulating current and conduasgses$ will decrease as the
size ofLny, increases. Conversely, the efficiency suffers with a sipallas more current will

flow through the parallel branch.
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2.4.3.2Voltage Gain

The voltage gain of ead®LL resonant circuits given by(2.45 as a function of, kandQ.

Vin = W (2.45)
V,, ka+jwQ(l+ka) '

sn

2

V

m

Ven i Jka)? +(wQ(L+ka))?

w,

r

(2.46)

The maximunrmsvoltage ofVs, occurs aD,=0.5. Hence, the voltage conversion ratio of

the entire converter can be found based on the equivalent cirEigfure2.27.

V., :aVOng3 a1l §3 al ey §3 W inrey §3 %/sdh:l) g (247
Vi G Io - éarn = g/rn(h—l) - C snh=1) = C V| -
V 316,41 §, 4 2 0 323 3w’
onl = (R)3 &-0° = a 03 55 8= it (249)
v P+ (Re* Fl(ka) + (wQ+ka)) 9 e J(ka) + (WQU+ka))’

A plot of the voltage gain as a function of and k has been showm Figure 2.28 1t is
shown that each curve peaks at a different vallke Biis value ikqiicas and represents the point
wheret ;=0. To achieve ZVSthe operating frequency should always be above the resonant
frequency. This means th&t should be selected abougica. It also can be seen from
Figure2.28that higher voltage gain can be achieved by highén the other hand, according to
(19), increasingk can increase the circulating current. Therefore, there should be aotfade
between thevsoltagegain and the achieved efficiency. A plot (@48) for a constank (k=0.5)

and as a function of, for different loading conditiogis shown inFigure2.29
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The next step in designing the converter is to ensure that ZVS will be maintained for all load

conditions with a minimized circulating current. To do this,ttive-OFF currents of the switas

should be analyzed. For exampkbe turn-OFF currents ofswitches §,; and Sy provide

information whethef,, andS;3 are turnedN under zero voltage.
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2.4.3.3Turn-0OFF Currentsof S,1, S (11, 14)

Theturn-OFF current ofS; is the resonant currengspatt = Dy Ts, given by

2 a.av . o
L=1,=a %ﬂ,ll- co§12h,0Dn ism(thDn +q,- 1, )8 (2.49
thg p‘zm‘ -

To turn ON S, and Sz under zero voltage switching, as showrfFigure 2.26, the resonant
current should force the antiparallel diodes to conduct prior totuireoN instant of the
switches. Hencd; andl, must be positive. The normalizagdnoFF currens of S;; andSy (11
andl,) as a function of duty cycléd,) andk is shown inFigure2.3Q for ¥,=2 andQ=4. The
equivalent ac resistané®, thedc input voltageV;, and theangular resonant frequenay, are
chosen as the base valugbe figure illustrateghat ask increasesthe hardswitching region
occursfor a wider range of duty ratiD,. This figure also showthat the curves with highde

have the greatest magnitudes, resulting in higher conduction loss.

2.4.3.4Turn-0OFF Currentsof Sy, Sz (12, 1)

Similarly, theturn-OFF currents of switcheS,, andS,; are found by evaluating (10) &t0, given

as follows:
2 & \2v o
l,=l,=9g &—./1- co§(2h disin -7, )Q i
2 3 ha:.léahp‘zl‘ p (Qh Zi )9 (2 50)

The same reasoning can be appliedStp and Si3. To allow current flow through the
antiparallel diodes and achieving zero voltage switchingSerand Sy, |2 and I3 must be

positive. A plot of(2.50) for different sets of parametdiisandD,) is also shown ifrigure2.31
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It can be seen from this figure that with increadinthe soft-switching operation 0§,; andSy

is lost at high duty ratios.

nl’ Sn4 (Il’ |4) p-u.

Normalized Turn-off Current of S

14—
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Figure2.30i Normalizedturn-orr current ofS,; andS, (I; andly,) as a function of duty cycle, andk for
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2.4.3.%ResonantCurrent Balancing in Each Module

Due to the modular resonant circuit structure in the proposed converter, variations in the resonant
circuit components can lead to discrepancies in the resonant currents as \aahtaswin the

output voltages of the resonant circuits. To ensure that the resonant curgntse{e and

iresrg) @re balanced in each converter module, the control principle shokirgure 2.32is used,

where the errors among these currents are regulated through adjusting the duty ratio of the
switches with APWM control. A lowpass filter is used before the control signal is fech& t

PID compensator for the inner control loop. The outer voltage control loop will betased
regulae the outputdc voltage of each modulev{,). However, using APWM control method

will potentially affect the sofswitching operation obne switch pairin each module of the
proposed converterunder some operating conditions. Hence, a passive auxiliary circuit
highlighted in green irfFigure 2.23, is employed to ensure that ssfwitching operation over a

wide range of operating points is provided. Details about the operating principles of the

auxiliary circuit will be discussed next.
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Figure2.32i Control block diagram for balancing resonant currents in each converter module

2.4.3.6 Extended Soft-Switching Operation

Since APWM control is used to ensure all three resonant currents are balanced in each converter
module,oneswitch pair(i.e., Sy, Sy) in the inverter may lose ZV&irn-oN whenD,, is reduced.

The auxiliary circuit showmi Figure2.24 corsists of a network of four capacitors and a coupled
inductor Cam). The coupled inductor provides compensating current to maintain ZVS Syhen
andS;zin the inverter operates with much redud®g and the input capacitor€4u, Care, Cars,

Ca) split the dclink voltage. The two key operating states of the auxiliary circuit in one

converter module are shownhigure2.33.

The voltage across the auxiliary inductors and the current through d@heshown in
Figure2.34 From the voltage across the auxiliary capaci(ves andV.z), the voltage across
the auxiliary inductown,; is calculatedConsidering the inductor vetecond balance over one

switchingperiod OnTsVea1=(1-Dn)TVe2), andthe fact thatCy andCy, split the half of dc input
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voltage Vcat+Ve=Vi/2), the steady state voltage of the auxiliary capacitors can be given by
(2.51) and (2.52), respectively. Hence, the time variationwf, andi_,n can be obtained as

shown in(2.53) and(2.54), respectively.

Vea = (- Dn)\é (2.51)
Vv
V., =D 4
ca2 n 2 (2.52)
V. oz &1 g
Via=_- & @ sihp(l- D,)Jcod2ph.t- hp(1+D,)lg (259
P 1=135,.C +
. V. o al . . 0]
i ' & sinlhp(1- D,)]sin2oht.t- ho(1+D, )]0 (2.54)

Larl —

P Wam h:l,a3,.5,...gn o

(2.55) represents the peak valueigfy which occurs at=t, andt=ts when the switches are

turnedOFF (seeFigure2.25).

| 1 D.(1- D,
ILarIL_pk = L_ ﬁ/cazdt = #\/l (2.55
stan

arl (1- d)T /2
With introducingm thatrelatesLs to Ly @sm= Lan/ Ls, iLam C&N be normalized tits per unit
expression given bthe following equation:

— — Dn(l_ Dn)
ILaril_pk -5 cazdt - m

V (2.56)
L i (1- d)T,/2

: 1
a

Since the peak value of the auxiliary inductor occurs at twaRrjinstants and provides
extra lagging current, ZVS can be achieved over a wide range of operating points. The

calculation for [y, 14) and (3, 13) with the auxiliary circuit is represented by
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2 a.av ( D )Q6
=|, =qae—L \/ﬁ—) .
L=, 2_19 ‘Zin‘ 1- cod2hpD S|n(2phD +q, - ZI) m(hw;) O (2.57)
5 & 2y, . (- D)8
= &———-.1- cod2hpD,)sinlg, - 7,)+ =0 2.58
2185}1,0\1”\ (h Z) 2mthw) @ (2:58)

The normalizedurn-OFF currens of S; andSy (11 andly), and the ZVS region for the circuit
with the passive auxiliary circuit as a function of duty cyBleandk for ¥,=2, Q=4 andm=7
are shown inFigure 2.35 Compard to Figure 2.31, it can be seen that the circuit with the

auxiliary circuit is ake to achieve ZVS over a wider range of operating points and dutg.ratio

Curt 1 A """""""""""" ‘;isﬂ* Can1 1
R Ve iy,
. A
Cans J_ L Canz J— """""" 7:"-:':""22 | _L

’ H

] H
+ ' The . f ¢ The
Vi <> rest of Vi — L. The
T ] cireuit =/ | J' _______ im\L circuit

’ .

Iy / i

Canz ';' Caz==1t Sn3

ILan2 ; Ta:
Cans T ' S Cas l -
State 1.§,; andS, areON State 11.S, andS; areON
Figure2.33i Key operating stages of the auxiliary circuit in the proposed converter (one module illustrated)
Statel Statell
s.S.ON Sw2,SsON
DnTs (1-Dn)Ts i
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Figure2.34i Key operating waveforms of the auxiliary circuit in the proplosenverter
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cycleD, andk for ¥,=2, Q=4 andm=7.
2.4.3."Noltage Balancing Technique acrosiput Capacitors

In the proposed steyp converter, snubber capacitoGs{~Csw) play an important role in
reducing theurn-OFF switching loss in each switch by allowing the switch voltage to rise slowly
from zerq after the switch is turnedFr. Howe\er, in a practical circuit, variation in these
capacitancecan introduce voltage unbalance across input capacfigss | Cam), Which will
subsequently affect the switch voltages by introducing voltage unbalance among the switch
voltages. To ensurthat the voltage across each input capacitor is always balaachple
passive balancing circuit is used at the input of each resonant circuit meidlBown in
Figure2.36 The use of an auxiliary circuit to provide input capacitor voltage balancing has been
discussed for symmetrical hdifidge invertersin [67]. To apply similar techniquéo the

proposed converter, each auxiliary circuit consists of a capd&itpconnected in series to the
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primary side of each auxiliary winding so that a symmetrical voltage waveform with magnitude
of ¥2-V, is generated across the auxiliary windiRggure 2.37 shows the operating waveforms of
one auxiliary circuit. In the proposed design, tilmasratio of Taux is 1:1, such that théurn-ON
duratiors of D;; and Di, dependon theturn-ON instantof the antiparalleldiode across each
switch. Whenvaux_priiS POSItiVe Vaux_secdS also positive and this forc&s, to beturnedoN while

the resonant current flows through tngiparalleldiodes ofS; andS;. WhenVaux pri = Vaux_sedlS
negative, it force®;; to be turned ON. By doing this, the current flowing throud@am, Car)

and (Cars, Cars) Will be equal in magnitude but in opposite directiblence, the input capacitor

voltages will be ensured to be balanced.

Can4 = 314J

i

Tauxl
1: 1l
— +.§ || {. + 1lcy,
Vaux-pri Vaux-sec D
= = Cresnl lresn1 i +
L . i
| : rnl
I . + mli 11 < .Lsnl —=! ==Cim
1,Nn
—_— . ) I—mnl ‘ -----'. .
1 .
Ca 1 J: ml* Csni + : Vin1
D Shi T Ven H—
1 | _ ’
X L =% Lan
W ' =FCrm2
e T Isn? + J Drn2
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+ J _ Cr&nz ira;nz ‘ —pH
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Figure2.36i Voltage balancing technique with auxiliary circuit in the proposed converter (with oninodele)
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Figure2.37i Operating waveform and stages with the auxiliary voltage balaxaitgjt

2.4.3.8Design of the Coupled Inductor

Since the proposed converter utilizes coupled indsdtorbalance the current sharing of the
three highfrequency andigh-gain rectifiers, thisection will briefly describes the structure of
the coupled inductor. It has been highlighted in literature that in high power applications,

magnetic components account for a considerable proportion of the weight and sizerdiréhe
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system[68]. Thisis particularly critical in offshore wind turbines, where the volume and weight

of the system is of great importance. By using magnetic integration in the proposed converter,
the total volume of magnetic core and copper usage can be reduced, whictsulillinea
significant reduction in the system weight and vatumThe structural diagram of the three
coupled inductaris shown inFigure2.38a). The flux passes across the midleg, enabiimge
separate inductors to be integrated into a single dave.types of magnetic casehat can be
suitable for the proposed converter desage: ferrite N87 and nanocrystalline core material. To
reduce the skin effect and mitigate proximity effect, parallel fiighguencyLitz wire bundles

are also utilized for each winding. As a result, lower volumes of conductive material are

required.Figure2.38(b) shows a picture of the designed coupled inductor.

O
Irn1 —

—
. Omi—
2 | et >
Comp—
irng

>

rn3 =
Ommjm— >

(@)

(b)

Figure2.38i (a) Structural diagram of the coupled inductor, (b) a picture of the implemented coupled inductor
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2.4.4 Converter Modeling

To analyze the control algorithm, the srmatinal model and the contrtm-output transfer

functions are obtaineid this sectiorusingextended describing function (EDF)

Statespace averaging (SSA) techniques are-Wetiwn approaches in effective modeling of
switching circuits, but only when the variations of ac signals is much smaller than their quiescent
operating points. In the resamt converters, however, the sinusoidal variations are large in
magnitude and the coupling betweaa and dc state variables is nonlinear. Hence SSA and
circuit averaging methods cannot be applied fog tesonant converter modelifgd], [70].
Sampled data modeling can also provide an accurate model of power electronic circuits in which
a steady state trajectory can be obtained by solving -piesee linear state equatiori31].

However, its analytical expressions cannot provide physical insight behavior of the circuit.

In order to derive accurate large signal and small signal models of the resonant circuits, the
extended describing function (EDF) method, which candlamultistate variables, such as
resonant inductor currents, resonant capacitor voltages, and otheimneaidal variables has

been successfully adopted in some papers, inclydBig[72]i [74].

This sectionpresents an accurate analysis of the frequency characteristics dritige
frequencycontrol CLL resonant convertebased on EDF methodh& smallsignal model and
controkto-output transfer functions are obtained lnearizing each nonlineaelementin the

vicinity of the steady state operating point
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Figure2.39i Equivalent circuit of the€LL resonant convertdor modelling

The equivalent circuit of thELL resonant converter is shownkigure2.39 To simplify the
analysis, only one module of the resonant circuit has been considered in the madsling.
discussed in sectioR.4.3 the switch network generatessguare wavevoltage Vies (2.26) that

applies to the resonant circuitBased on the firsharmonic approximation (FHA) and the

assumption ofl=0.5, vies can be simplified as

)
Vi = 795in(hm/st) (259

2.4.4.1Nonlinear State Equationsand Harmonic Approximation

By applyingKVL and KCL to the circuit, shown ifigure 2.39 the nonlinear state equations

can be given by

di, signi, v, mv,  mv,
=- - + 2,
dt L, L, L, (280
vy _ Vies | Ver
g L L (2.6)
dVCI‘ m Lr I Lm

W = C C_ (2.62)
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Vo @
co co X (2.63)

dv, R )
= g'Lr|' u
d  (R+r)C, RU

whereiy, iLm, Vor, @aNdvg, are state variables. Under the assumption that the voltage and current

inside theCLL resonant network are quasnusoidal, the fundamental approximation method

can be applied tQ;, i m, Ver-

iLr (t) = iLrs(t)Sin(M/st) + ich (t) COS@/st) (2-64)
m(t) =iims(t) Sin(gt) +i, (1) cosfrt) (2.65)
Ver (1) = Vi (1) SIN(4E) + v, (1) COS f14t) (2.66)
The derivatives off.r, iLm, Ver, @ndve, are given by
o= s g sin(g) + U + i, fos) @67
T = Qo g o) + =+ 05 ) (269
dv. édv a . edv, a
= M/svcrc‘sm M/st te— ot M/Svch‘COS st 2.69
at & dt H()Sdt H(W) (2.69)

2.4.4.Z&xtended Describing Function(EDF), Perturbation and

Linearization
By employing the EDFmodelling technique stated in the literature, the nonlinear terms in

equationg2.60)i (2.63) can be approximated either by the fundamental harmonic terms ac the

terms, to yield:
Vies © Fi (V) sin(ust) (2.70)
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sign(i )V, © F, (i, Vo) SINL) + Fy(i ., Vi) COS L) @71)
lice| © Fylirssivie) 2.72)
I °F (ILms’ Lrs) (2_73)

whereF1~ Fs are extended describing functions (EDFs) that can be calculated by making Fourier

expansions of nonlinear terms, giMay

2\/9
Fl(Vg) =— (2.74)

p

. 4 [ . 4 i
F (I rs’vco) :_$Vco' F (I rc’Vco) :_$Vco
2 VL 0 iLrSZ +ich2 s\ 0 iLrSZ ichz (2.75)
2 2
I:4 (I Lrs? Ich) E - E ILrs + Ich (2.76)
. 2 . .

Fs (s 1) = ;Sln(lazj)(les mi) (2.77)

After finding the steady state solutions, the complete linearized -sigafll models can be

established by perturbing the system around operating peints;, +& and w, =w, +i. After

obtaining the equations, the small signal transfer function can be derived on the basis of the

statespace method.

- 19

jed—E= Ak+ Bl E: (ELrs’ Irc' ELms’ EL E ﬁ ﬁ
et E (BB )T | = (6, F (279
P = CE+ D b= (&, ikz,)" . £= (%, E)'

where
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wherea =1- K\, b=Qw,(a +k), k=1 andg_Zngm’Vrz_

Lr ILRac

Hence, the control to output transfer function can be expressed as

_ E () _ ) 1 .
G, (S) = =C(L:)(sl- A'B(2:
v (S) B9 o @) (sl- AB(2)) (2.80)

2.4.5 Simulation Results

To demonstrate the functionality of the proposed converterdVi@/swind turbine system with

an outputdc voltage of 28V was simulated in PSIM. The input voltage is selettede 1kV

to reflect the outputic voltage of the frorend acdc rectifier of a wind turbine (typically
between 400/ and690V). The simulated converter consists of four modules of the proposed
circuit. SIC MOSFET hétbridge modules from Semikrd®KM500MB120SQ areused. Note

that the design procedure of the proposed circuit will be given for the -pr@ohcept

experimental circuit, which will be discussed section 2.4.7. Figure 2.40 shows the key
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simulation resultait full-load condition. As illustrated iRigure2.4Q@), ZVSturn-oN and close
to ZCSturn-OFF are achievedrigure2.4Qb) shows the switching waveforms of one module of
the output voltage doubler, which demonstrates that @@8oN andturn-OFF are achieved for
all thediodes. Figure2.4(Q(c) shows the auxiliary inductor currené&ach auxiliary inductor (i.e.

Lan1) is 100uH. The efficiency afull-load condition is 98.8%.

[A] isnl isn2
5K
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(a) switching waveforms of the switches and output voltage
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(d) resonant currents in one converter module

Figure2.40i Simulation resuk forfull-load cordition

Figure 2.4Q0d) shows all three resonant currents within one module, where a component
tolerance of 20% has been introduced to obtain the results. It shows that all the resonant currents

are weltbalancedvithin one circuit modules.

2.4.6 Controller Design

The control block diagram of the circuit is showrFigure2.32 The output of the discrete
time Pl controller is fed to the voltagentrolled oscillator (VCO) to adjust the switching
frequency of the MV converter, using a TMS320F28335 Delfino Microcontrédiediscussed,
the smalsignal model and contrab-output transfer functions of the resonant circuit and high
gain rectifier modules are obtained by employing extended describing function (EDF). The

derived model is then used to design the controller.

The LPF used in the proposedntrollersystemdesign is asimple firstorder lowpass filter.

The transfer function is given below
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+1 (2.81)

wheref. represents the caFF frequencyandis chosen to be relatively low to ensure that the
high frequency components obtained from the error among the resonant currents are eliminated,
as a higher cudFF frequency can potentially affect the steadgte response. To best highlight

the selectiorof the cutOFF frequency, the output voltage response againstpass filter cut

OFF frequency variations (58lz, 100Hz, and 150Hz) are obtained. In this design, a-QHF
frequency of 150Hz was selectdeigure 2.41 shows the dynamic performance of thepo

voltage with different cuOFF frequengesfor a step change in the load. Note thadler different

variations off., the output voltageegulation is still functioning.
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\
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7K j

6.75K
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Figure2.41i The output voltage response against-fzass filter cuoFrFfrequency variations (50Hz, 100Hz,
150Hz)

Top traces: output voltage (with different erfrequencies for LPF)

Lower trace: output load current (ste@olge from fll-load to 50% load condition)
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In order to increase the lefrequency loop gain, eliminate steashate errgrand minimize
the response time of the converter with the variable frequency feedback controbfér, a

controller in the form 0f2.82) is used.

a+sT & 1

Pl =K
ng ST, éﬁ+ s* pole

(2.82)

This Pl compensator is thmodified type Il compensatowhereT, is the time constanK.is
the gain andpoleis the secnd pole of the Pl compensatdio highlight the performance of the
Pl compensator used in the propbsgesign, the closelbop bode plots for various values @f,

K¢ andpolewere obtained as showin Figure2.42, Figure2.43 andFigure2.44, respectively.t
can be observed that the obtained phase marginseali the stability criteria (The phase margin
values are given in each figure captioRijgure 2.45 shows the closetbop bode plot of the

design under different loading conditions. The minimum phase margin for this design is 59.4°.
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2.4.7 Experimental Results and DesigriProcedures

To further verify the performance of tipeoposed stepp converter topology, a 56V, 0.34.8
kV proof of concept prototype was built in the laboratory. The prototype consists of two

modul es. The design steps of t imthefollowng.er t er 6s

1) The equivalentoutput ac resistance can first be obtained shown inthe following

eqguation:
2 2
R 2s9
[o] o]

2) The switching frequency is assumed to be around KHZ To achieve a voltage gain of

eightfor each module, according Eagure2.28andFigure2.29 k andQ are chosen to be
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0.5 and 4 respectively. With respect to the gutatio D,, the maximum voltage gain
occurs atD,=0.5. Hence according t¢2.38, ¥, is calculated to be 0.84.g, is then

calculated accordingly frorf2.85

W, = 2o~ 133 10°rad / sec (2.84)
W,
- Re
L, =—2 = 267 28
Qw, e

3) Lsnis selected to be 305uH. Wikh= 0.5 Lyhisthen equal t® 1 0 € H twrnstratio ofa

1:1,Csis then obtained as shownthe following equation:

C.= ; =195nF (2.86)

) (2[10) ? Lsn

A list of the final circuit parameters of the prototype and the simulation are summarized in
Table 2.3. In the proofof-concept experimental prototype, SiC MOSFETsnobdel number:
SCT3030AL from ROHM Semsonductor and SiC Schottky fast recovedyjodes from
STMicroelectronics are used. A picture of the experimental prototype is shawguire 2.46
The key waveforms per module obtained from the prototype unddo&alicondition are shown
in Figure 2.47. As illustrated inFigure 2.47a) and (b), ZVSturn-oN and ZCSturn-OFF are
achieved for all the switcheFigure 2.47c) shows the voltage doubler didgdaevaveforms. It
can be observed that ZCS condition is achievédure 2.47d) shows all the resonant currents
and the inverter output voltage in one modulleistrating that all the resonant currents are

completely balanced. The output voltage pedute is shown irFigure2.47e). This plot also
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shows that the measured efficiency is 99.3% for modullso, the measured efficiencipr

module 2atfull-load condition is 99.1%

Table2.3i Circuit Components (Per Module) Simulationand the Experimental Prototype

Specifications

Simulation Prototype
Rated Power 5MW 5.6kW
Rectified dc Input Voltag®; 1kVpce 300Vpc
Output Medium Voltag&/, 28KkVpc 4.8kVpc
Number of Modules 4 2
Per Converter Module Output Voltayg, 7kVpe 2.4KkVpc
Circuit Components per Module
Simulation Prototype
SKM500MB120SC,
SiC MOSFETs SEMIKRON SiC SCT3030AL
Su~ Su 1200V, 541A (650V, 70A)
(three in parallel)
Snutzztzicizamtors MKOP.38§3(§5221i5\|]:FDI\:IZBi) 0.03914F, 300V
Input Capacitors 947D591K132DJRSN EZP-E50107MTA
Can~ Cams 590¢ F,pcl. 3 (100uF, 500V)
ResonanCapacitors B25835K2224K27 (TDK
Cresnn™ C:srﬁ 0.22c¢ FAC( 3). 200nF, 1kv
High Frequency Coupled Magnetics 600cH (1: 6100H (1:1)
L~ Linra
3050H 1:1
Couf'ef 'L”d“Ctor 300eH (1: N87 Ferite Co(re, PM )
sl -sr8 87/70 (TDK)
SiC HighFrequency Rectifier Diodes MSC03OSDA1.ZOB SiC STPSC15H12D
Dyu1 ~ Dy SiC Schottky Diode (1.2kV, 15A)
(1.2kV, 65A)
Output Capacitors B25856K2405K3 B32774D4106K,
Cin1~ Cme (4UF, 4K\he) (1leF, pd. 3
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Figure2.46i (a) Experimental platform (b) prototype picture
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Figure2.47i Experimental waveforms at rated power condition Wik3%measured efficiency per module

Figure2.48andFigure 2.49show tte performance of the proposed converter wherCihe
parameters change by 20% rated value. Results verify the performance of the proposed converter
with completely balanced current and voltatparing The balancing voltage across the switches
can verify the balanced voltage across diodink capacitors ath snubber capacitorft. can be
also observed frorall operating conditions of the simulation and experitaeresultsthat stress

of voltage across each switch is half of the-IM& voltage Vi/ 2).

Figure 2.50 illustrates thebalanced voltage across the capacitors in the switch network at
full-load condition.In regard to theoutput capacitors voltage sharingcan be observed from
Figure 2.51 that using coupled inductor can significantly reduce the unbalanced voltage degree

without any additional components and control effortse figure showshe voltages across the
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output capadors (/icrin and veron) are almost identicaFigure 2.52 and Figure 2.53 show the
perfaomance of theproposed convertewith the step changen the loadand input voltage,
respectively As can be seen, the variable frequency control circuit can maintain the output
voltage at 2.4kVFinally, Figure 2.54 shows the efficiency of the experimental prototype and

simulation results.
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Figure2.541 Measured efficiency of the experimental prototype and simulation résull#fferent power level

2.5 Chapter Summary

This chapter describes the proposed solutioMih dc-dc stepup converters in wind energy
applications. In the first two sections of this chapter, a novel-¢gh converter based on
modular resonant converters is proposdae $emiconductor devicesn obtain soft switching
with areducedvoltage stres¢half of thedc-link voltage) However, sincelte proposed converter
only relies onthe resonant circuits to steyp thevoltage,it suffers the drawback of haviray
highly sensitive frequency control to regulate the output voltageaddress this problemnaw
class ofSIC-MOSFETSs based, sefwitched modular stepp dc-dc resonant converteutilizing
magnetically coupled higbain output rectifier moduleshas beerpresentedIn addition, a
simple coupled auxiliary circuit that employs only passive circainponents has also been
added to each of the proposed converter madalextend ZVSurn-oN for all switches over a

wide range of operating conditien The output voltage wa®gulatedvia variable frequency



control, whereas all the resonant currenmithin one converter module were balanced with duty

ratio control.

To verify the performance of the proposed modular converter configuration, simulation
results have been provided on -8BV wind turbine system with an output voltage of 28.
Resultsdemonstrated that sedtvitching operation is guaranteed for all the active devices in the
converter circuiwith an overall efficiency 088.8% obtained dtll-load condition. The stability
and robustness of the control loop have also been verKiedly, experimental results on a
SiC-implemented modula®.34.8 kV, 5.6 kW prootof-conceptprototypehavebeen given to
further verify the theoretical concept and to highlight the features of the proposed circuit. The
final results confirmed that an efiency of at least 99% is obtained for each module in the
hardware prototype dtill-load condition. The dynamic performance of the converter prototype
has also been given to highlight the effectiveness of the control scheme, as well as-the soft

switchingoperation for different loading conditions.
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Chapter 3 Proposed DGDC Converters
with Single Isolation Magnetic and Coupled

High-Gain Rectifiers

In Chapter 2several stepip transformerlesdc-dc softswitched converter topologies basedson
high-gain output rectifier approach were presented MW dc applicatiors. The proposed
approach did not regye high turnsratio high frequency stepp transformersandwas able to
achievesoft-switching conditiondor all the switching devicesNith respect to MV converter
design modularcircuit configuration is commonly use&ince thaesonant circuit anthe high
gain rectifier module in each of the presermtedverter module were inteiconnected via &igh
frequency transformer, multiple unity turnsratio transformers were themequired in the

presented modular design approach.

In an effort to furthereduce the size and cost of the magnetic components used in the
devised converter configurations presentedCimapter 2 two different types of MVdc-dc
converter mdules, where eacwill utilize only a single magnetic structure with magnetically
coupled highgain rectifiersare presented in this chapter. SecBdhpresentshe first topology,

wherea stepup resonant circuit module connected ta doubly coupledoltagequadruplewia



a 1:1:1 threavinding transformer foMV dc conversion. Since the coupled voltaggadruplers
are able to achieve step voltage conversignhigh turnsratio stepup high frequency
transformers are not required in the proposed desilyite at the same time, the output voltage
of each voltageuadruplercan bewell-balancedvithout using complicated controlledue to the
use ofthe threewinding transformer All the primary side switches in the proposed converter

are still able to achieve ZVi8rn-oN and ZCSurn-OFF.

The second topology is presentedsaettion 3.2 To fully captue the power from all the
multistring inverter side switching circuits, a new stgpdc-dc converter module that utilizes
three resonant sutodule circuits interconnecting with unityrnsratio multiphasetransformer
and a doubly coupled voltage doubler modules is presented in s8cionin each toplogy
presented in this chapter (secti8rl and 3.2), a single magnetic core component is used to
transfer all the power from thaultistring inverter side to the output high frequency higgin
rectifiers. The detailed descriptions of
are presented in this chapter. The performanfdeoth dc-dc topologies are verified through

simulation results and experimental works on profs€oncept prototypes.

3.1 StepUp Converter Module Configuration with 1:1:1

Transformer

Magnetics are often the bulkiest components in the Igy&ljt One way to decrease the volume
and weight othe magnetics is to increase the switching frequency of the convertee, sizd of

the magnetic components is inversely proportional to the switching frequénegys discussed

eac
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in previous chapter thaincreasing the switching frequency leadsato increase irswitching
losses which in turn reduces the converter efficientejence, resonant conversens the most
promising sft-switching techniqug wereemployedin the proposedic-dc converters to reduce

the switching losses and electromagnetic interference (EMI).

3.1.1 Circuit Description of the Proposed Converter

The general block diagram of tHest proposeddc-dc stepup converter configuratiothat
utilizes only a single magnetic compondiriking the resonant circuit module and the coupled
high-gain rectifier modulesis shown in Figure 3.1 The proposed converter configuration
consists ofdc-link capacitors,a switch network,a CLL resonant circuit connected to coupled
high-gain rectifiers (HGR) through a threevinding transformerTo maximize the voltage gain

of the converter, two voltagguadruplers are usddr the high-gainrectifying stage. The switch
network comprisesnultistring connectionof switches to reduce the voltage stress across the
switches to half of thec-link voltage. This circuit consists of four switch&g,, $1, S31 andSy;
which are controlled by two compensating gating signals. Swit@ess;) and switches%,,

S31) operate in complementary fashion, with switctgs &;1) turnedoN during the intervaDTs,

and switches%1, S31) turned ON during the interval X-D)Ts. The isolatedCLL resonant circuit
consists ofa resonant capacitqiCy11), a coupled inductorl(;1) which has been isolated by a
unity turnsratio threewinding transbrmer {1;) with the magnetizing inductance bfy1. The
converter incorporates transformer nonidealities (i.e., leakage and magnetizing inductances) into
the basic operation of th€LL resonant circuit. The proposed circuit also besdfibm

implementinga dc-blocking capacitor (i.e., resonant capaci®ii) in series with therimary
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winding of theHF transformer to avoid core saturation. ZW@n-ON can be achieved for all the
switches by the energy stored in the magnetizing and@dupductors which flows through the
switches antiparallel diodes. Near Z&Bn-OFF can also be obtained by discharging the snubber
capacitos (Cs11~Cy1) across each switch prior to the rising edge of the gate signal. The proposed
circuit can maintain ¥S over a wide range of operating points while minimizing the
conductionloss penalty. By employing @LL resonant circuit, the proposed topology takes on
the inherent characteristics of a series resonant conveftei-laad introducing less circulating
current. And as the load decreases further, the converter exploits the characterigties of
parallel resonant converter to maintain ZVS for a wider range of operating points. Analysis of

the converter will be presented aralidated with experimental results.

) Multistring High-frequency
DCHink  connection of the Resonant Coupled Voltage
Capacitors  gitches Cap. Inductor  Quadruplers
= B < B =

CLL Resonant Circuit

.
) | h W
| — zi C oll
! —~ . J_ . Du 13 || +
| Si SV |
| Cu - djl . Crap oo s et :
! l - 1 =
| i +. \ P J_CM'
| . |n$lll 'sec11 Co=— & [}
v ! Snj L Vot L NI L < !
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I Cnl | R s | i i
| Ca + 1:1:1 B '
Sy IV -
" 1] T Vasar T S Lca)
1
1 Dis |
Module (1,1)

Figure3.11 Proposed MV coupletioltagequadruplers based step converter with 1:1:1 Transformer
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Figure3.2i Modular structure of the proposed converter

The proposed converter utilizes coupled indwstar the input of the high frequency

rectifying stages to form a currefgd highgain rectifier. The currerdriven structure of the

high-gain rectifies guarantees smooth performance of the diodes. Hence, the diode reverse

recovery losses are eliminated. By magnetieaitggrating the voltaggquadruplers in the output

rectifying stage, the outpuic voltage b&ncing of the two voltage multiplier modules can be

achieved much easier without usiagcomplicated balancing control scheme.

Moreover, the

number of required magnetic componeoés be reducedcompared tahe individual module

approach with separateomponents. In the proposed circuit, fbtidge voltagequadrupler

rectifiers are employed at the output stage of the converter. The main advantages of this full

wave voltage multiplier rectifier (VMR) over the halfave VMR is the reduced voltage stress
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on output capacitors (half of the output voltageith a balanced voltage stress on output

capacitors and diodé¢40].

The modular structure of the proposed converterhmve in Figure 3.2. The proposed
topology utilizes a combination of inpparalletoutputparallel (IPOP) and inpygarallel
outputseries (IPOS) system#ccording to[76], input parallel systems are superior to inpu
series systems. Assuming that the converter modules have identical topology and specifications,
for IPOP and IPOS systems, the modules are connected in parallel at the input side, and the input
voltages of the modules are thus equal. Therefore, we ne®dke the module output currents
equal for IPOP systemand the output moduloltages equal for IPOS systems. This means that
output current sharing (OCS) and output voltage sharing (OVS) should be ensured for IPOP and
IPOS systems, respectively. Forputseriesoutputparallel (ISOP) and inptgeriesoutput
series (ISOS) systems, since the modules are connected in series at the input side, we not only
have to ensure OCS and OVS for ISOP and ISOS systems, respectively, but also input voltage
sharing (I\S) for both ISOP and ISOS systems. In other words, both IVS and OCS are needed
for ISOP systems, and both IVS and OVS are needed for ISOS systems. In practice, as the
topologies of the modules are identical, the mismatches in the power stages, sughoagethe
devices, transformers, inductors, and capacitors, are not so large, so that the difference among
the module efficiencies is negligible. Thus, the module output currents or the module output
voltages will bealmostevenly shared for IPOP and IPOS syss$, respectively. In other words,
achieving input current sharing (ICS) implies OCS for IPOP systems and OVS for IPOS

systems. The sharing of voltages and currents for diffeledt modular systemareshown in
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Table 3.1 [76]. Hence, in the proposed modular topology with IPOP/IPOS structure, input

current control can guarantee a balanced voltage and current stemahgconsequently a

balanced power sharing for the entire system.

Table3.1i Voltage and Current Sharing of DifferddC-DC Modular Systems

IPOP IPOS ISOP ISOS
Input Voltage Sharing Equal by Equal by Required Required
(IVS) connection connection
Input Current Sharing . . Equal by Equal by
(ICS) Required Required connection connection
Output Voltage Sharing Equal by ICS implies Equal by Required
(OVS) connection OVS connection q
Output Current Sharing Lo Equal by . Equal by
(OCS) ICS implies OCS connection Required connection
¢§ Module (1,1) Vo
+ liz1 ‘ x Vgs21 qg Voltage Controlled Oscillator + — Vo1 +
Vgs31 &
V. VgsAl jg Frequency / Duty Ratio Vel )
[ Modulation ; L linn : VOT
p——— DSP Controller Iref
1 ‘Module(mnm) " Vo
i Vgsln
i ‘ I Vgsan Voltage Controlled Oscillator + — Yomn
Vgsan < & v
Vgsin - Freguency / Duty Ratio ref
Modulation - L limn

DSP Controller

Figure3.3i Modular control scheme for the proposed converter
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In the proposed converter there are two sets of control parameters, switching frequency and
duty ratio.In this work variable frequency control is selected to regulate the output voltage and
duty ratio can provide a current control through asymmetrical yulihh modulation (APWM)
to ensure balanced currerds the input of each module. The block diagram of the control

scheme is shown iRigure3.3.

3.1.2 Operating Principles ofthe Proposed Stepup Converter

The operating principles of the proposed converter can be analyzed according to the operating
waveforms shown ifrigure 3.4, whereD represents the dutgycle of S;; and &1, with $; and

S3; operate with a duty ratio of {0); andTs is the switching period. The key operating stages of

the proposed circuit within a switching cycle are analyzed as showigume 3.5, with the red

arrows indicang the flow of the currents.

[to<t<ty]: Prior to this intervalCq; andCy1, have been discharged to the resonant circuit and the
voltage across these capacitors have reached zero. At the beginning of this, Steeyeate
signals are applied t8;, S11. Due to the negative portion of the resonant curirgt, currents
is11 (@ndig;) are negative. Hence, thatiparalleldiodes ofS;; andS;; areturnedon. Meanwhile,
the voltage acros$;; and S3; are clamped to diink capacitor Cii1, Ciz1) Vvoltages, which are

half of the input voltage\{/2).

[ti<t<ty]: At t1, ireqw1 becomes positive and the negative current flowing through antiparallel
diodes ofS; and & in the previous stage, now become posjts@S;; and S, are turnedN

under zero voltageonditions This implies zeraurn-ON losses foiS;; andS;.
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[to<t<ts]: At the beginning of this interval all the switches amr. Cq1 and Cyy are already
discharged into the resonant circuit. This allows using comparatively large snubber capacitors.

As a result, voltage acroSg andSy begin to rise slowly andearZCS turroFFis achieved for
Si1andSy; atty.

[ts<t<ty]: atty, the gate signals are appliedSg andSs;, andthe positiveeq; flows through the
antiparalleldiodes 0fS;; andSs;. The wltageacrossS;; andS;; remain atVvi/2. At the same time,

theoutput voltages of the resonant circuits reverse their polarities.

[ta<t<ts]: atts, the positiva eq;in the previous stage become negative ahigparalleldiodes of

S1 andS; stop conductingSy, Ss; arethen turredoN under ZVS.

[ts<t<tg]: atts, the gating signal o1 andSs; (Vg1 andvyss) are removed anBs; andCgs; start
to charge. This allowthe voltage acros$y; and Ss; to riseslowly, allowing close to ZC8urn-
OFF transitionto be achieved fo&;; and S3;. Due tothe negativeresonantcurrent (ireq1), the
snubber capacitors arit};; andCg; begin to discharge intthe resonant circuit. This stage ends

when the gate signals are appliedtpand$,; again.
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Figure3.51 Operating stages of the proposed converter within a switching period (illustrated with one module)

3.1.3 Converter Analysis

Per module equivalent circuit, shown Figure 3.6, was $ed to complete the steady state
analysis of the proposed topology. The Fourier series representation of the input voltage to the

resonant circuitieq1 is given by(3.1), wherevies1ag represents thac component and is given



by (3.2); whereD represents the duty cycld; is the phase angle that is given (8y3); fs is the
operating switching frequency; ahdepresents thieth harmonics. Since the harmonics corgent
in the resonant circuits can be assumed to be negligible, fundamental approximation is used in

the following calculations.

Vies1 :Vi D+ Vresl](ac) (3.1

=N/ i codohD)si
VreSLI(ac) :a% 1- co 2hﬂ:) Sln(zpnfst+qh)

h=1

oo

(3.2)

O

L4 sin(2ohD) @

g, =tan ma (3.3)

To simplify the analysis of the resonant circuit, the following equations are used. The ratio of
coupled inductance to magnetizing inductance is give(8l¥, R, in Figure 3.6 represents the

equivalent load resistance at the output of the resananit.

k — Lcll

34
L., (34)

As the output power increasd®,. approaches zero. At fullbad, the resonant frequency is

determined byC1; and the equivalent inductandg, which is theparallel combination of

resonant and magnetizing inductances.

1
L C (3.5

eq—rll

We =

L — LCllell

a LC11+ Lmll (3.6)
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Vresll(ac) +

@ oL (T Rac g/recll(t)

Figure3.6i The equivalent circuit of the proposed topology

At no-load, R;c will be opencircuit, and the resonant frequency is definedChy andL

1

W = 37
Lmllcrll ( )

The full-load and ndoad relative angular operating frequencies are presented; I§$.8)

andy, (3.9), respectively, where represents the angular operating frequency.

W = w
(N 3.8
W (38)
W _l_W k+1

The relative operating frequency at-load ¥, in (3.9) shows that it is always higher than
Considering the fadhat the circuit alwaysperates at a switching frequenalgove resonance,

(3.9 implies that at fuHload, the resonant frequeneyis closer to the switching frequency.

A. Resonant current of the invert@feq1)

The resonant curreni,dgi) is derived from theac componerd of the input voltage to the
resonant circuities1ag in (3.2), and hences given by(3.10, where Zi| is the magnitude of the

input impedance of the resonant circand: zis the phase angle of the input impedance.
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o Q
ireq1 = & ‘F| |\/1- cos2hpD)sin(2phf.t +4, - )3 (3.10)
h=1 T
a’+[hwQu/k +a)l’
1Zin| = Rec Ja' - ] - (31D
hug Thw L+ 17K +Q
18 1 .8 . ad Q Q
7, =tan é;a(,hWrQ(ka +1)2 tan é@_ hvy (17 k)§ (3.12
To simplify the equations, the variatilis defined by3.13
2
a=1- (hut) (313

The relative angular operating frequency;) is given by(3.14), where¥, represents the

angular resonant frequen¢3.15. Qis the quality factor and is given 1§$.16).

w="
v (3.14)

W= 1

0~ 31

LcllCrll ( 5)

R,

Q=—=
L., (3.16)

From(3.10, thermsresonant current and the peak value of the fundamental resonant current
can be given by(3.17) and (3.18, respectively. The ratio of the transformer magnetizing
current, i, to i, is then given by(3.19. It can be inferred from(3.20 that increasing the
switching frequency and decreasingnd quality factocan reduce the circulating current in the
circuit, resulting in lower conduction loss. This equation can be examined with resgpecttto

can be seen that &sapproaches zero (by havihgY D), the circuit can be approximated as a
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seriesresonant converter and the current through the parallel brapchecomes zero. Hence,
circulating current and conduction losses will decrease as the digg; ficreases. Gnversely,

the efficiency suffers with a smally1 as more current will flow through the parallel branch.

1/2

_V es a;é- cos(2,0hD)8u(a

Ire _7e,a- 2 AR 31
“oga® (hzlf (317
| _ /2, J/1- cod2pD)
rest1_max p ‘Z, ‘ (318)

. & Q@
M =k4- j—>
| 4

B. Voltage Gain

The voltage gain of eadBLL resonant circui{Figure 3.6) is given by(3.21) as a function of,,

k, andQ.
Vrecll - - VVrZ
Vieaiag  Ka+ jwQA+ka) (3.21)
Viea1 ‘ — VV,Z .
Vresl:l(ac) \/(ka)z + (W, QL+ ka))Z (3.22

The series capacitan theresonant circuit@;11) blocks the dc component of voltagg.q .

From(3.2), thermsvalue of resonant voltaggssi iac) iS given by

_V, &, 1- cof2hpD)g”’
Vresl:l(ac) - ;éﬁ h—zg (3-23)

Then, the total voltage gain of the converter, considering the veltag@rupler rectifiers,

can be given by
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N 1/2
. 2€. 1- cos(2hpD)9
sh'm“ed —— 1

V011 _ é n u (3.24)
Vil pyka) +[hmQa+ka)f

The maximunrmsvoltage ofViegq1c)occurs abD=0.5.

1/2

Vresl:l(ac) _ \/E é,a l g _ 1 3.2
N, ~ e T o u 5 .
Vv, P &-oaah® i 2 (329
. 1 _p?
A 54 3.26
h=odd h2 8 ( )

Hence, the total voltage gain of the converteDaD.5 can be given bg3.27), wherek is
given by(3.4).

Voll _ 4h2m2

Vi | Jka)? + [ QL+ ka)l

(3.27)

A plot of the voltage gain as a functionwofandk has been shown figure3.7. It is shown
that each curve peaks at a different valuk. dtis value i iicas and represents the point where
L ,=0. To achieve ZVSthe operating frequency should always be above the resonant frequency.
This means that should be selected abokgiica. It also can be seen froRigure 3.7 that higher
voltage gain can be achieved by higkeOn the other hand, according (@19, increasingk
can increase the circulating current. Therefore, thseaetradeoff between the voltaggain and
the achieved efficiency. A plot ¢8.27) for a constank (k=0.5) and as a function af, andQ is

shown inFigure3.8.
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The next step in designing the converter is to ensure that ZVS will be maintained for all load
conditions with a minimized circulating current. To do this,ttire-OFF currents of the switches
should be analyzed. For example the touRf switch currents of, and S, provides information

aboutwhetherS, andS; are turneN under zero voltageondition

C. Turn-OFF currents (I, I4) of S1, Si

Theturn-OoFF currens of S;; andS;; can be found bthe resonant currentg; att = DTs

2 a\av _ o
L=1,=a %}%,/1- cod2hpd 5S|n(2phD +q, - fZi)8 (3.29
h:1(; i -

To turn-ON $; and Ss; under zero voltage switchirgpnditions as shown irFigure 3.4, the
resonant current should force the antiparallel diodes to conduct prior torth@N instantsof
the switches. Hencé, andl, must be positiveThe rormalizedturn-OFF current ofS;; and &1
(I, and 14) as a function of duty cycl® for ¥,=2 and Q=5 is shown inFigure 3.9. The
equivalent ac resistané®., the dc input voltag®i,, and theangular resonant frequengy are
chosen as the base valudisis shown that the curves with highehave the greatest magnitudes,

resulting in higher conduction loss.

D. TurnoFF currenss (I, I3) of S5 and S

Similarly, theturn-OFF currents of switcheS;; andS;; are found by evaluatin@.10 att=0 as

shown in(3.29. A plot of (3.29 for different sets of parameters is also showhigure3.10

QOO

(3.29

1, =1, :;ai_l%rw%/iz\i/wl— cog2npd)sin(g, - £,,)
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The same reasoning can be applie®&to S3;. To allow current flow through the antiparallel

diodes and achieving zero voltage switchingSar S, |2 andl; must be positive.
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E. Snubber capacitor selection

To achieve ZVSturn-oN, the snubber capacitors should be completely discharged into the
resonant circuit within the dead time periadhich allows using comparatively large snubber
capacitors. As a result, voltage across the switches begins to rise slowly andrZO&F can

be achéved. The slowest charging and discharging occurs atlghtand higHine. Therefore,

the upper limit of the snubber capacitor value is dictated at light load and high line. At light load,
it was assumed that all currents flow throughi.. The C¢q can also be given by a series

connection of two snubber capacitors &g (3.30.

2 1

C.=| +—1" (3.30)
“ Csnubber C:rll
W, = L = \/ 2 P (3.32)
snubber™ - .
LmllCeq Lmllenubber I—mllcrll

As a general rule of thumb to achieve reasonableaatageturn-OFF for all conditions, the
MOSFET snubber capacitors should charge in no less thamh2ret; is the fall time of the

switch current aturn-OFF, andtg>2ts;.

2p
td 2 Ay 2 2tfi (3.32

snubber

Moreover, the magnetizing inductance must store enough energy to completely discharge

the two snubber capacitors.

1 1
> Lol 2 ZCsnubbe . (333
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3.1.4 Simulation, Experimental Resultsand Performance

To demonstrate the function@gliof the proposed converter,4aviW wind turbine system with

an outputc voltage ofl8 kV was simulated in PSIM for the proposed modular converter shown
in Figure3.2. The input voltage is selected to be Bv3and to transfer this amount of powsix
modules were employed, witivo in series (=2) andthreein parallel (n=3). Note that in the
proposed toplogy the voltage stress across each switch is half addiiek voltage, due to the
multistringarrangement of the power SiC MOSFETSs. Hence;livadige SIC MOSFET moduse
from CREE (CAS300M17BM2) were utilized fom 4 MW modular converter. Experimental
results on two 3. kW, 0.52.7 kV modules are also provideBer module system specifications

and components parameters for both simulation and prototype are summaifiabté 2.

3.1.4.1Design Procedure

The design steps of the simulation and prototype components are as follows:
1. Resonant Tank Values

The equivalent output ac resistance can first be obtained by

<

2
o

2
R = 2P 100M (3.34)

SO

The switching frequency is assumed to be arounlHz. To achieve a voltage gain of 5.4
for each module, according Fagure 3.7 andFigure 3.8, k andQ are chosen to be 0.5 and 3.5
respectively. With respect to theitgl ratio D, the maximum voltage gain occurs £0.5.

Hence according t(8.27), ¥, is calculated to be 1.2, is then calculated aordingly:



LC

_Re _
= e = 346/
== oug (335

Table3.2i Specifications an€ComponentdJsed in theSimulation and thé.aboratoryScalePrototype

Per Module Converter Specifications

Simulation Prototype
Per module rated powelP4;,) 670kw 3.7kW
DC-link voltage ) 3.3kVpc 500Vpc
Per module outpudc voltage 18KVorc 2. 7kVie
(Voll)
Per module voltage gain ~5.4 ~5.4
Switching freqfs(at full-load) ~16.8kHz ~17.4kHz
Circuit Components Parameters (Per Module)
Simulation Prototype
. CAS300M17BM2 SCT3022AL
S|CSLM(~)§4FET5 (CREE) (ROHM)
o (1. 7kvV, 32 (650V, 93A, 22nq)
Snubber capacitors BFCZ_37894243 ECQE6153KF
Co~C (Vishay) (Panasonic)
st sl (24nF, 2k\ho) (15nF, 630\4c)
Inout capacitors C20AZGR5220AASK EZP-E50107MTA
P P (KEMET) (Panasonic)

Ci11~Cin

(22UF, 2.3k\ho)

(100pF, 500\c)

Resonant capacitors
Crll

2 x B25856K2204K3
(EPCOS)
2 x 0.2uF, 4k\hc

2 x BFC238330204
(Vishay)
0.2uF, 1000\¢c

Threewinding transformer
Lmn

720uH (1:1:1)

720uH (1:1:1)32mq ,
I—Leakagé:L2 HH
N87 Ferrite Core

Coupled inductor

335uH (1:1),48mq

L 335uH (1:1) L Leakage©BUH
en N87 Ferrite Core
I MSCOSOSDAl.ZOB GP2D005A170B

SiC diodes SiC Schottky Diode ) .

SiC Schottky Diode
D1y~ Dyn (1.2kV, 65A) (1.7kV, 5A)
(4 in Series) o
OUDUL CADAGITONS TS50W1INRF B32774D4106K
putcap (CDE) (EPCOS)

Cll - C22

(1uF, 5k\he)

(1eF, pol. 3k
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With k = 0.5, Lz is then equal t692¢ H  w itutngratiaof 1:1,andC;;is obtained by

1

C, =——— =400nF
(20 L,

(3.36)

The snubber capacitors are calculated accordif@.81) i (3.33: Cq1 ~ Cu1 = 24nF; so

that close to ZCS turaFF arerealizedfor all switchesn the circuit.
2. High-Frequency Transformer
a) Choice of material

According to theproperties ofmagnetic material illustrated inTable 3.3, with the range of
switching frequency of around Xz and availability of the core types, MnZn Ferrite core with

the material of N87 from TDK is selected.

b) Choice of inductance factor; AL/N? value

The relative temperature coefficidtitof N87 according to the table of material properties is on
average about 4xTIK. Since the required temperature coefficient of effective permeahility (

value of the ungapped PM cassabout 64x10/K [77], the effedve permeability can be found

- 3 >5
Y m= a, _64210 ~160

a =
F alm 4310°

=
m (3.37)

Hence, with the core type PM 87/70 amgt160, inductance factor can be found from

datasheet: A= 1250nH.
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c¢) Choice of winding material

Litz wire with 1000 strandof AWG44 wires (i.e., 1000x0.05mm) covered bynatural silkis
used The total cross section of thétz wire is calculated 1000x0.002 rfm2 mnf. The dc

resistance of this aforementionketiz wire can be found by3.38) [78].

@.019™ @1.029" _ 2873 1.015 1.025
N 1000

S

Ry =8

= 2.990hm/1000ft (3.39)

where Rs is the maximumdc resistance of the individual strands and for AWG44 is 2873
ohms/1000ft. Ng is the number of bunching operations aNd is the number of cabling
operations which in this case both are 1; and findllys the number of individuatrands. The

acto dcresistance ratio is then given by

° ~2 o 2

a
i =1+ K§N5_D1§ G=1+ Z%Mg 3543107 =1.0006 (3.39)
Roc &D, 2 c 0085 = '

whereK is constant and depends Mg ForNe=1000,K is 2.D; is the diameter of the individual
strands over the copper abd is the diameter of the finished cable over the strar@ss the

eddy-current basis factor and is given by

o A o A
2P fw§ _80002/20°10°8 _ ., i
21044 0 = 1044 9 (340

d) Number of turns and current density
For an A value of 1250nH and a desired inductance of 20, t he e qu)®yiéelden N=( L

24 turns. The current density is selected to Bémm? [79]. Thermscurrent of the transformer

primary winding is 17A. Hence, two paralleLitz wire (1000x0.05mm) is used to achieve a
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current density of 4.2/mm?. The secondary and tertiary windings consist of onlyldtewire.

The detailed specificationsf the high frequency transformer are presentedable 3.4. A

picture of the high frequency transformer is also showrigare3.11

Table3.3i Properties of Magnetic Properties

Magnetic Material Properties

Material Name Trade Name Initial Permeability | Flux Density (Tesla)] Typical Operating
Composition € Bs Frequency
Permalloy 80-20 NiFe 25000 0.660.82 1k-25k
Amorphous Nanocrystalline 30,000 1.01.2 250k
Ferrite MnZn 0.7515k 0.30.5 10k-2M
Ferrite NiZn 0.20-1.5k 0.30.4 0.2M-100M

Table3.4i Specifications of the High Frequency Transforrdélized in theProposedConverter

Flux Relative Effective
) effective magnetic . . Magnetizing| Parasitic Leakage
Core density o Turns Litz wire )
permeability cross Inductance | Resistancg Inductance
(B) -
(€e) sectionAg
N87 (TDK) 0.050mm
Ferrite Core | 300mT 160 910 mnf | 24/24/24 x1000 720eH 32mq 12¢H
PM 87/70 strands
Table3.51 Specifications of the Coupled Inductor utilized in BxeposedConverter
Flux Effective
Core Density Magnetic Tumns | Litz Wire Magnetizing Par_asmc Leakage
®) Cr_oss Inductance | Resistancg Inductance
SectionA,
Fen!?lti?Core 0.050mm
280mT 910 mnf 12/12 x1000 350eH 58mq 43¢H
two stacked strands
E 65/32/27
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Figure3.11i A picture of HF threavinding 1:1:1 transformer (weight 1.3kG, height: 70mm, diameter: 87mm)

MnZn Ferrite 65mm

Core (N87)

1000x0.05mm

€Y (b)

Figure3.12i (a) Structure of the coupled inductfn) a picture okexperimental coupled inductor

3. Coupled Inductor

The coupled inductor was designed based on the appnosethfor the high frequency
transformer. Two ferrite E core (65/32/27) form TDK were stacked together to meet the design
criteria as it is shown iffable3.5. To reduce the skin effect and mitigdite proximity effect,
high-frequencyLitz wire was also used for each winding. The structure of the coupled inductor

anda picture of the implementembupled inductor are shown Figure3.12
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4. Voltage Quadrupler Rectifier

According tosection2.3.1.1 the stress of the voltage across the diodes and capacitors in the
voltage quarupler i¥y/2. The current going through the diodes in the voltage quadrupler is also
equal to thalc output curent. Hence, the diodeand capacit@voltage rating can be selected
accordingly. For design and selection of voltage quadruple rectifier components and other

components refer tbable3.2.

3.1.4.2Simulation Results

Figure 3.13 shows the key simulation results ffull-load condition, where the duty ratio is
D=0.5. As illustrated, ZV3urn-ON and close to ZC8urn-orF are achieved for all the switches.
Thermscurrent going through each switch module is 2l&nd the stress of voltage across each
switch is 1.65kV which make it possible to utilize new 1.KV CREE SiC MOSFETSs.
Figure3.14shows the measured current and voltage waveforms across the diodesintbee
high frequency voltaggquadrupler moduke It can be observethat soft switchings achieved
for all the diales. The balanceautputvoltages of the threwinding HF transformer dull-load
conditionis also shown ifrigure3.15 Figure3.16shows the total 8 kVpc output voltage, input
voltage of 3.3kVpc and the balanced input voltages to the vokagadruplers.A peak

efficiency of 98%was measedin the simulated system.
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Figure3.13i Per modile switching waveforms at fulbad simulation
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Figure3.14i Voltge-quadrupler diods waveforms at fulload simulation

Figure3.15i Threewinding HF transformer voltages at fidlad simulation
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Figure3.16i Totaldcoutput voltage, input voltage and the balanced input voltages to the vqliageuplers

3.1.4.3FExperimental Results

To further verify the performance of the prepd topologytwo modules with the rated power of

3.7 kW eachandinput voltage of 500V were built in the laboratory. Tdeoutput voltage for

each module is 2.kV, with a gain of 5.4. To provide a solid validation of the presented work,
circuit component parameters of the experimental prototype is exactly similar to the simulation.
Per module system specifications is illustratedable 3.2. Due totheidentical operation of the

modules, results have been shown for only one module. SiC MOSFETs from ROHM were
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utilized in the prototype implementatioand SiC Schaoky diodes were employed for high
frequency rectifying stage A picture of the experimental prototype consisting two modules is

shown inFigure3.17.

In the experimental prototype, the switching frequency is KH& and the duty ratio is
D=0.5. The switching waveforms and theurn-ON and turn-OFF transitions are illustrated in
Figure3.18 This figure shows that the proposed converter can maintaintdvi$N and near
ZCS turn-OFF in both pairs of switches.Figure 3.19 shows the measured current and voltage
waveforms across the diodes in the output high frequency veaiizagrupler modules. As
illustrated,a smooth transition due the soft-switching operabn of the SiC Schottky diodes has
been obtained. It is also evident that there are no voltage spikes across the output diodes. Hence,
the commutations of the diodes are almost lossless. The secondary and tertiary voltages of the
high frequency isolatingransformer inFigure 3.20 demonstrate a balanced performance of the
circuit. The efficiency performance of the converter fall-load condition is shown in

Figure3.21, where a peak efficiency of 98.7% has been achieved.

The circuit was also tested at reduced load condition (20% of the rated pbaveegulate
the output voltage of each module at RMpc, the switching frequency was increased to 18.1
kHz. The switching waveforms iRigure 3.22demonstrate that the circuit can also achieve ZVS
and ZCS at reduced load conditidrne measured efficiency for the liglolad condition is 95%

thatis shown inFigure3.23



Figure3.17i A picture of modulataboratory scale experimental prototype
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Figure3.20i Measured output voltages of the HF isolating transformer
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Figure3.22i Measured switching waveforms in one module at reduced load condition (20% of rated power)

The dynamic response of the proposed converter with the step chahganput voltage is

shown inFigure 3.24 As can be seen, the switching frequency is increased formkiz.t

vi=500 V to 19.2kHz atv;=600 V to maintain the output voltage at 2k¥ with a variable
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frequency control. DSP Texasstrument TMS320F28335 was employed to implement the
closed loop. The secondary and tertiary currents of the transformer with the step change in the

input voltage are also shown kigure 3.25 These waveforms once again verify the balanced

performance of the converter.

Figure 3.26 shows the thermal images of the key components of the circuit including
switches, output rectifiedtiodes,and high frequency transformer at rated power. The temperature
measurements showed that the operating temperature of the switches and dioddshatewvel

the deviceds maxi mum operating temperature.

The simulation and prototype efficiency for various power levels from 20% power level to
rated poweris shown inFigure 3.27. A peak efficiacy of 98.7% was measured for the

prototype andnefficiency of 98% was obtained fdMW wind turbine simulation.
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Figure3.23i Measured input and outppbwer in one module at reduckdd condition (20% of rated power)
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3.2 StepUp Converter Module Configuration with a 1:1 Turns-

Ratio Multi -Winding Transformer

To increasgower handling (current carrying) capaaitfythe converteproposedn the previous
section; and tdully incorporateall the switcles intransferring the power to the output load and
capture more power from the input inver@novelstepup dc-dc converter module that consists

of three resonant suiodules interconnecting with 1tumsratio multi-winding transformer

and coupled curreffed voltage doubler modules is preseniedhis section The presence of
three resonant summodules circuit connecting via a threending twophasetransformer in the
proposed circuit is able to capture more power from the input inverter. In addition, the proposed
converterusesa coupled inductor at the input of the high frequency rectifying stage to form a
currentfed highgain rectifier. The cuentdriven structure of the higbain rectifier guarantees

smooth performance of the diodes. Hence, the diode reverse recovery losses are eliminated.

3.2.1 Circuit Descriptions and Operating Principles of the Proposed

Converter

The proposed circuit consists of an inverter withltistring connection, three resonant circuit
sub-modules connected to a multinding transformer, and a coupled hifyfequency, voltage

doubler rectifier modules. The high frequency inverter in each medu consi sts of

f

stringo of switches so that the vol tdctink stres

voltage V). Figure3.28shows the proposed modulde-dc stepup converter configuration. In

each module, the resonant inverter consists of four switches. The swiheS,\j turn ON



during the intervaD,Ts,and switches &, Ss) turnoN during the interval (Dy) Tsn, WhereDy,

andTs rrepresent the duty ratio and the period ofritiemodule respectively.

The isolatedCLL resonant circuit consists of the capacit@®s,~C:4n, a coupled inductor
(Lcn) thatis isolated by a unity turnsatio transformerT,) with the magnetizing inductance of
Lnn The converter incorporates transformer nonidealities (i.e., leakage and magnetizing
inductances) into the basic operation of EL resonant circuit. The proposerrcuit also
benefis from implementingdc-blocking capacitors in series with themarywinding of theHF
transformer to avoid core saturation. ZM8n-ON can be achieved for all the switches by the
energy stored in the magnetizing and coupled induatdrieh flows through the switches
antiparallel diodes. Near ZQ8rn-OFF can also be obtained by discharging the snubber capacitor

across each switch prior to the rising edge of the gate signal.

In high power systems, using magnetic coupling is often mmaleparticularly when high
voltage gain is requirefQ]. In the proposed circuit, the coupled inductor is integrated at the
input of highfrequency, higkgain rectifiers to improve theefficiency, reliability and
performance by reducing the component stress and balancing the amdewdltagesharing
[56]. Owing to the inherent current balamg effect of the coupled inductor, the output voltages
of each rectifying stagevd;, and vypn) are also balanced. Furthermore, tlmmbination of
coupled inductor and high frequency voltage doubler builds a ctfe@ntonverter in the
proposed circuit. The currefed converter can achieve a large range of soft switching for the
high-frequency rectifier diodes and consequently pravidigh efficiency over a wide range of

operating point$30].
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Figure3.30i Operating waveforms of the proposed converter (only one module)

As discussed in1.4.1.3 the main drawback of thdc-dc converters with the coupled
inductors is the damaging effects of the leakage inductance, i.e., voltage ringing and high spiking
on semiconductors. However, in the proposed converter the leakage inductance of the coupled
inductor is used to benefit the fmmance as it incorporates with the series capacitors and
magnetizing inductance of the transformer to form a resonant circuit. By operating all the
resonant circuit modules above resonanceCiheresonant circuit can produce a ssiftitching
condition for all the semiconductor switches and the rectifying diodes over a wide range of

operating points.
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In the proposed circuit, a fuliridge voltage doubler rectifier is employed at the output stage
of the converter. The main advantages of thiswave wltage multiplier rectifier (VMR) over
the halfwave VMR are the reduced voltage stress on output capacitors (half of the output
voltage) and the balanced voltage stress on both capacitors and [@bjdds should bealso
noted that the voltage across the input capacitors are maintained balanced using the technique
discussed insection2.4.3.7 The operating principles of the proposed converter can be analyzed
according to the operating waveforms whoin Figure 3.30 The key operating stages of one
module of the proposed circuit within a switching cycle are analyzed as shdviguire 3.31

with the red arrows indiceag the flow of the different currents in the converter.

[to<t<ty]: Prior to this interval snubber capacito€s, and Cy, have been discharged to the
resonant circuit and the voltage across these capacitors have reached zero. At the beginning of
this stagdy, the gate signals are appliedSg andS,,. Due to the negative portion pfon at this

interval switch currentsig, and iy, (which are equalto i.en) are negative. Hence, the
antiparallel diodes 0%, and&, are forced tdurn ON. Meanwhile, the voltage acroSg andSs,

are clamped tthedc-link capacitos (Ci1,, Cion) voltage, which is half of the inpwbltage Vi/2).

[ti<t<ty]: At ty, irean @ndiren become positive. The negative current flowing through antiparallel
diodes ofS;, and Sy, in the previous stage, now become positive, ang;sand Sy, are turned

ON under zero voltageondition Thisimplies zero turroN losses foiS;, andS,.

[to<t<ts]: At the beginning of this interval all the switches arr. The snubber capacitoGy,
and Cg, start discharging and by the end of this inter@gl, and Cg, will be completely

discharged into the resonant circuit. This allows the snubber cagdoitbe large enough to
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significantly decreasene turn-OFF losses of the switchedleanwhile, snubber capacito@n,
andCg, that arealready discharged into tesonant circuitit [ts<t<tg] start to charge slowlyAs
a result, voltage acro$, andSy, begin to rise slowly andearZCS turroFFis achieved fof5,

andSy, att,.

[ts<t<ty]: atts, the gate signals are appliedSg andSs,, andthe positiveeon flows through the
antiparallel diodes of5, and S3,. The wltages acrossS;, and &, remain atVi/2. At the same
time, the output voltages of the resonant circuits reverse their polaritid3,grehd D,,; start

conducting.

[ty<t<ts]: at t4, the positiveieon in the previous stage becomes negatasgd the antiparallel

diodes ofS;, and S, stop conductingSy, Ss, then turnoN under ZVScondition

[ts<t<tg]: atts, the gating signal 0%, and S, (Vgen andvysn) are removed. Snubbeapacitos
across switcls, andSs, (Con andCsp) start to charge. This alloviBe voltage acros$Sy, andSs,
to rise slowly, allowing close to ZCS twaFFto be achieved fog, andSs,. Due tothe negative
portion ofisegn atts, the snubber capacitof€«, and Cyy) begin to discharge intthe resonant

circuit. This stage ends when the gate signals are appl&gdadS,, again.
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[ta<t<ts] [ts<t<tq]
Figure3.31i Operating stages of the proposmxhverter module

3.2.2 Proposed Converter Analysis

In the proposed converter, the power is transferred from the input to the output by three resonant
submodules.Hence,the currents flowing through the resonant circuitsaf, ireen) are nearly

sinusoidal. This allows classical fundamental harmonic approximation (FHA) to obtain the



15¢

characteristics of the circuit; in which ontiie fundamental component of the square wave
voltages are assumed to contribute to the power transfer. Based on FHA, the equicaiénf c
one module is deriveés shown irFigure3.32 This circuit is used to perform the steady state

analysis of the proposed topology, with the following assumptions:

1) All the components, including semiconductor switches and diodeseate id
2) The delay between the switches gating sigisaieglected
3) The effect of snubber capacitisseglected

The circuit consists of three resonant smbdules connected to raultiwinding two-phase
transformer. The input voltages to the resonant circuitsgare Vsn, andvyqn. The Fourier series
representation of the input voltages to the resonant circuits are gi8miilyand(3.42, where
D, represents the duty cycld; is the phase angle that is given (43, fs is the operating
switching frequency; anld represents thketh harmonics. The series capacit@s, ~ C,4, block
thedc components of the resonant voltag@<!1) and(3.42. Hence, only th@ccomponentsre

considered irFigure3.32

irestn IICrln 1:1
i iLmnl‘ . Y
ﬁ Lmn T ° —
2 e Cron g Iy
iLmn2) o . " g
HCan % -
iLmnii‘ ) ) +
(1)
||Crln -
1]

Figure3.32i Equivalent circuit obne module in the proposed converter
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Vign=Vagn =
V(1- D) 2 a V | .
2 ?1%\/1005(—21/7%) sif 2 it 4y
N |
v,,=V.D, Q_\hfp ' \/1%#—3}0[%) sif 2thft 4 -
h:l(;
L& sin(2phD,) & p
=t 14, SiIkzonb, ) 9_p
g, =tan éﬁ cos(zonD, )8 2 D, (3.43)

Vv, ZA
Vsn = 2Vdin :zvdg n ';' ‘?a L\l (3.44)

A plot of (3.44) is shown inFigure3.33 It can be observed that the maximums voltages

Van Vasn, andVggn occurs aD,=0.5. Hence, witlD,=0.5, the first harmonic component\gfs,

Vsn @andvygn can be given byhe following:

V2

@ — ® = (-
Ven =+ 2VdsLn - 2VdsAn - 0 (3.45)

To simplify the analysis of the resonant circuit, the following design parameters are
introduced: the ratio of coupled to magnetizing inductance is givéndnd the ratio of resonant

capacitors is defined as as infollowing, respectively:

k=—=" (3.46)

(3.47)
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Open and shorcircuit conditions can be used to determine the corner and critical angular

resonant frequencies in the converter. The values are then gitlea fojlowing,respectively

_ 1

WNL B LmnC:r 2n (348)
1

Woe™ T C (3.49)

eqran

whereLeqin (3.49 is the equivalent inductance value of the parakehbination of the coupled
(Len) and transformer magnetizing inductancds,). The normalized angular operating

frequency €) is given by(3.51), wherey s, represents the angular operating frequency

= L (350

W, = —% (3.51)

The quality factoiQ, of the circuit is defined by3.52), whereR,. represents the equivalent
load resistance at the output of the resonant circuits. If KVL is applied around the outermost loop

in Figure3.32 the relationship betwees, andv;,, can be obtained as shown(§154).
Q= —an% (352
Re=—% (353

(Vrln +Vr2n)( JanWr +1) + 2Qn e

=0 (3.54)

From(3.54) it can be realized that:
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1) Vr1in=-Vi2n
2) Quu D which mean€,1,>> C o, and Q, <<1.

Having voltage doubler, the output voltage can be obtain€d.6%, whereV,;, andV,,, are

thermsvalues ofvi1, andv;,, respectively.

Vo = % (Vrln +Vr2n) = \/_varln (355)

Hence, the total voltage gain can be givernhgyfollowing:

5, 12

2

1588

[ i e

J2r8 3§ 2 3K +4
2P & . i (356)

W

A plot of (3.56 as a function ok and~¥, is shown inFigure 3.34 According to this figure,
with increasingk, the voltage gain is becoming more sensitive to the fregudrhis makes it
difficult to regulate the output voltage by variable frequency confioé ratio of transformer
magnetizing current,m, to I,1, can be given by3.57). According to(3.57), as the ratio of the
coupled to magnetizing inductank@écreasesthe circulating current increases. This can be also
seen by approachingm, to zero [mnY 0), when all the input current will flow through the
parallel branch.

Imnl

1 1
== k2 +_— -
2" Qw) (357

Therefore, to reduce the circulating current and to improve the controllability of the circuit

rin

via variable frequency control, it is desirable to select the magnetic componentskss thahe

neighborhood of 1 or.2Figure 3.35 shows the voltage gain of the converter under various



quality factorQ, with ZVS regions. According to this figure aif@.54), Q, is selected to be

between 0.1 0.2 in the following design example.

0 0.2 0.4 0.6 0.8 1
Duty Ratio D n

Figure3.33i NormalizedrmsSresonant voltagex,) as a function of duty ratib,,

Iv|

o

Total Voltage Gain [V

0 1 relative operating frequency w,

Figure3.34i Voltage gain of the proposed converdsra function ok and~,
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Total Voltage Gain |V o / Vi|

relative operating frequency ( wr)

Figure3.35 Voltage gain of the proposed circii, under various quality fact@p,
3.2.2.1Control Principles and Voltage Balancing Technique

The control block diagram of the proposed converter is showigire3.36 The output of each
module can be controlled via variable frequency control or pulse width modulation (PWM).
However, in thiswork variable frequency control is selected to regulate the owtgtage and

PWM can provide a standard maximum power point tracking (MPPT) function. It should be
noted that the analysis of the MPPT function is not considered isdti®n The phasor model,
discussed insection2.4.4 was used to obtain the smalfgnal model and contrab-output
transfer function. The derived model is then used to design the PI controller. The output of the
discretetime Pl controller isfed to the voltagecontrolled oscillator (VCO) to adjust the

switching frequency of the MV converter, using a TMS320F28335 Delfino Microcontroller.
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Figure3.36/ Modular control scheme with TMS320F28335 D&fitroller

3.2.3 Power Loss Analysis

The power loss of the proposéddc converter can be mainly classified to: power switch loss,

diode loss, capacitors power losgjltiphasdransformer and coupled inductor losses.

3.2.3.1Power Loss Analysis of the SIC MOSFETs

According to ROHM application not82], the power losses of SIC MOSFETs mainly contain:

conduction loss, switching losand MOSFET gate charge loss which are explained as follows:
1) Conduction Loss

Conduction losses of SIC MOSFETs, caused by MOSFETesistance, are calculated for

hatchingsectiors A andB in the switch currents (seperating waveforms ikigure3.30), where

the switches are in than state

4 n
— L L 2
I:f:ond_loss - a I Sji(rms) Ror‘(sji) (3.59

j=1 i=1
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whereRynsjiy is the MOSFET o#resistance and thens current in the switches can be obtained

from the resonant curreinton

. s &y a
i =a &——-.1- coq2hpD,)sin(2phf.t + Q
reson ?lng |\/ {2hpD,)sin(2p g, - /z.n)9 (359

where Ziy| is the magnitude of the input impedance of the resonant circuiizand the phase
angle of the input impedance. Since the harmonics components are negligible in the switching

losses, only the fundamental component is considered for the calculation whafssvitch

current.

V.
a0 1o = 3 Bt = - eodooD,)

3 a i t71+5in(21d:)n -2 Zin)' Sin(4pft1- 2, - 2/Zin)

(3.60)

Q
8
The maximumrms current of the switches can be calculated assuming that the switching

frequency equals the resonant frequency or whepproaches zerd.¥ 0 ) and consequ

(jzinv 0

V, . sin ) O
ISln(max) = IS4n(max) =p_lzl\/(1- 005(2,0 Dn)) Z@n +%8 (361)

Similarly, rmscurrent ofS;, andSs, andtheir maximuns can be obtainely

vV
lszn =lsan =./= liren] dt =— J@- cod20D,))
s2 s3 m[ 2 ] ,U‘Zi‘ 2p

3\/ t _ Sin(zmn+gizin)+8in(4pft4_ Zn:)n_ 2/Zin)

t, a
T, 4p g
é sin(20D, ) G
Iszn(max) S3n(max - \/1 CodzpD ?' D (sz ) a (363)

m—|

(362

R
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2) Switching loss

The switching losses of the SiC MOSFETs can be expressed as

4001 N . .
Psw_loss = a a [Evdsji(ton) (Dsji (ton) Qtr + td(on)) Gs

j=1 i=1

J X (3.64)

+ Evdsji(toff ) ®sji (toff) Qtr + td(off)) Gs]

wheret; is the switch rise time; is the switch fall timetgen) is theturn-ON delay time tyom IS
theturn-OoFF delay time andfsis the switching frequency. However, duethe ZVS turn-oN and

near ZC3urn-OFF of the switches, the switching loss is considered zero.

3) Gate charge loss

Gate charge loss is a power loss ascribed to MOSFET gate charging. It depends on the gate
electric charge (or the gate capacity) of the MOSFET and is calculated using the following
formula
4 n 4 n
Ps loss = Ja_1 Ial Q, ¥, &L, :fi el C, &2 &, (369

whereQy is the gate electric charg€y is the gate capacityandVy; is the gate drive voltage.

3.2.3.2Power Loss Analysis of the Diodes

Conduction losses of the body diodes of SIC MOSFETS in the proposed convectnsadered
for hatchingsectiors C andD in the switch currents (semperating waveforms ifigure 3.30).
The power losses of diodes consist of conductasses and switching losses. The conduction

losses are produced during conduction and the switching losses of diodes are caused by reverse
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recovery characteristics. However, in the higgguency voltage doublers, the smooth transition
due tothe ZCSturm-oN andturn-OFF of the SiC Schottky diodes, eliminate the diode switching

losses.

£n
. .. sy
Pcond_diode - a U DOi OFi av +RDi CDFi,rms (3.66)

i=1

whereUpy is the onstate zeracurrent voltage anBy is the onstate resistance of the diode.

3.2.3.3Power Loss Analysis of the Capacitors

The power losses of capacitors are provided by the ESR of capacitors. The ESR is related with
the operating frequency in the circuit. In the proposed converter the resonacitarapmake a
significant contribution to the total power loss as they blockdtheomponents to the resonant

circuit and reonant currents go through them

Il
iy

— 2
PC - ESROCsji,rms (367)

n

j i=1

Based on théissipation factor of the capacitor and the operating frequency, the ESR of each

individual capacitor can be calculated

ESR= tana’(")L

s™ji

(3.69)

The rms current of resonant capacitoigsj, considering only the fundamental component,

can be given by

V.
| = =—' /- 2hpD
cs2n cs3n p|zm| \/ COi IU n) (3.69)
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\VA
Icsln = IcsAn = Iin - : \/1' COQthDn)

p‘zin‘

3.2.3.4/Multiphase Transformer and Coupled Inductor L osses

The conduction loss of the inductor ahé multiphase transformer can be expressed as

n
—_ A a WA
I:)Ind_cond - 2a RLci_DCR C)Lci,rms
i=1
(3.70

P'I'R_cond = a RTR_ pri [I rzeszi + 2| rZeSLi ] +RTR_sec[3| Eci,rms]
i=1
whereR i pcris the dc resistance of the coupled induckxr i is the dc resistance for the
primary side of the transformeand Rrr seciS the dc resistance for the secondary side of the
transformer.l ¢ ms IS the rms value of the coupled inductor and the transformer secondary

windings and can be given by

Len,rms

L (371

SIS

Moreover, the core losses of the magnetic components can be calculated by Steinmetz

equation83]:

I:zzore =k C"D'D’a G:s[\jv (3.72
where parameterk, U andbar e ¢ on s B the pek acflud degsity, which can be
expressed as

—_ \/in DTn
T ANA 373

whereN is the number ofurns andAc is window area.
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3.2.4 Simulation, Experimental Results and Performance

Since most of the wind turbine generators currently available in North America and Europe
typically have a rated output voltage in the range from 575 toV6@(5], to demonstrate the
functionality of the proposed converter, a commercialM\W GE wind turbine with 690/ ac
platform is simulated in PSIM. After rectifying the 69Q@c, adc-link voltage of approximately

1 kV is applied to the input of the propaksdc-dc converter. The outpulc voltage Vo) is
specified to be 2&V. In this design, four modules were employed. discusseckarlier, the
voltage stress across each switch is half of the input voltage. This feature is illustrated in
Figure 3.37, where ZVSturn-oN and ZCSturn-OFF were achieved for the switches (parallel
connected SiC MOSFET modules from SEMIKRON). The switching #rqy atfull-load was
around 25.%Hz. A duty ratio ofD,=0.5 is chosen as the maximum voltage gain occurs at this
duty ratio.Figure 3.38 shows the measured current and voltage waveforms across the diodes in
one of the high frequency rectifying modute It shows that ZCSurn-ON and turn-OFF are
achieved for all the diodes. Voltage variation for different duty ratio is also presented in

Figure3.39
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D,=0.5

D,=0.4 & D,=0.6
D,=0.3 & D,=0.7

D,=0.2 & D,=0.8

D,=0.1& D,=0.9
Dy=0& D,=1
Figure3.39i Voltage variation for different duty rati@®()

To further validate the performance of the proposed topology, a labosaaley 2.8kW,
6kV-output proofof-concept prototype was built and tested. To realizi-Bnk voltage of
300V at the input of the converter, the framd acdc rectifier is suppkd from a thregphase
voltage of 175\c. The total voltage gain ithe same as the simulation specifications, which is
20. The experimental prototype consists of 4 modules, with SIC MOSFETs of model:
SCT3022AL from ROHM are utilized in the prototype irplentation. SiC Schottky diodes are
also employed for high frequency rectifying stagdhe system specifications and components
parameters for both simulation and prototype are summarizZ€dhile 3.6. Thedesign steps of

the prototype components are as follows:

1) The equivalenacresistance per moduR. is calculated fronthe following:

(3.74)














































































































































































































































































































































































